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resumo 
 

 

O principal objetivo deste trabalho foi o estudo do efeito da adição de resíduos 
inorgânicos alcalinos (cinzas volantes e lama vermelha), incorporados em esferas 
geopoliméricas inorgânicas, para controlo de pH e melhoria de processos anaeróbios 
durante o tratamento de resíduos orgânicos complexos.   
Numa primeira fase, foi estudada a adição de cinzas volantes a dois resíduos: efluente 
do primeiro estágio de branqueamento de uma fábrica de pasta e papel, com elevadas 
concentrações de compostos orgânicos pouco biodegradáveis (AOX) e pH muito baixo 
(≈ 2), e o subproduto da indústria de lacticínios (soro de queijo), com elevada carga 
orgânica e rápida tendência para acidificação em condições anaeróbias. A adição de 
cinzas permitiu a redução de AOX em 62 % e remoção de 65 % de matéria orgânica 
do efluente de branqueamento. Por outro lado, a quantidade de cinzas volantes 
adicionadas ao processo de degradação anaeróbia de soro de queijo foi insuficiente 
para instigar a fase metanogénica, levando a elevadas concentrações de ácidos 
orgânicos voláteis e baixa produtividade de metano. 
Na segunda fase, estudou-se a adição de esferas geopoliméricas, com cinzas volantes 
na sua constituição, a digestores anaeróbios descontínuos e semi-contínuos para o 
tratamento de soro de queijo, que possui um maior potencial de biodegradação. A 
adição de esferas com maior quantidade de cinzas (FA-based) na sua constituição 
obteve melhor produtividade em metano. Verificou-se também que o aumento da 
quantidade de esferas aumentava a produção de metano em cerca de 30 %. Além 
disso, a porosidade e quantidade das esferas influencia o desempenho anaeróbio. 
Maiores quantidades e maior porosidade das esferas melhoram a produção de metano 
em 82 %, mesmo após 2 adições consecutivas de substrato, comparativamente com 
a adição de alcalinidade química. Com 4 adições sequenciais de substrato, o sistema 
com esferas FA-based de alta porosidade também apresentou um desempenho muito 
bom a nível de estabilização de pH no digestor e uma melhoria de 8 % no rendimento 
de metano.  
Na terceira fase, estudou-se a adição de esferas geopoliméricas, com lama vermelha 
na sua constituição (RM-based), a digestores anaeróbios semi-contínuos para o 
tratamento de soro de queijo. Com o aumento da carga orgânica, os sistemas 
anaeróbios foram temporariamente inibidos, tendo recuperado após um período mais 
longo. A diferença no desempenho entre os digestores com adição de alcalinidade 
química e com a adição de esferas geopoliméricas RM-based foi evidente após 
inibição por acumulação de substrato.  As esferas promoveram uma lixiviação 
prolongada e lenta de alcalinidade, promovendo maior estabilidade do sistema e 
melhorando a produção de metano em 94 % e a remoção de matéria orgânica em 
44 %. Após a utilização nos digestores anaeróbios, as esferas mantêm a sua 
integridade, podendo ser recuperadas e reutilizadas noutras aplicações, como 
adsorventes de poluentes ou integradas em cimentos e argamassas. 
Com este estudo, pode-se concluir que a utilização de esferas geopoliméricas 
inorgânicas é uma estratégia inovadora e muito promissora para controlo de pH e para 
promover a estabilidade dos processos anaeróbios, contribuindo assim para o 
conceito de economia circular, utilizando resíduos (soro de leite, cinzas volantes e 
lama vermelha) em processos biológicos, para valorização em novos produtos 
(esferas geopoliméricas) e energia (metano). 
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abstract 

 
The main objective of this work was the study of the effect of the addition of alkaline 
inorganic residues (fly ash and red mud), incorporated in inorganic geopolymeric 
spheres, for pH control and improvement of anaerobic processes during the treatment 
of challenging organic wastes. 
In the first phase, the addition of fly ash to two different effluents was studied. It The 
effluent from the first bleaching stage of a pulp and paper industry was used, with high 
concentrations of low biodegradable organic compounds (AOX) and very low pH (≈ 2), 
as well as the by-product of a dairy industry (cheese whey), with high organic load and 
fast propensity to acidification under anaerobic conditions. The addition of fly ash 
allowed the reduction of AOX by 62 % and the removal of 65 % of organic matter from 
the bleaching effluent. On the other hand, the amount of fly ash added to cheese whey 
degradation process was insufficient to instigate the methanogenic phase, thus leading 
to high concentrations of volatile organic acids and low methane productivity. 
In the second phase, it was studied the addition of geopolymeric spheres, with fly ash 
in their constitution, to discontinuous and semi-continuous anaerobic digesters for the 
treatment of cheese whey, which has a greater biodegradation potential. The addition 
of spheres with a greater amount of ash (FA-based) in its constitution obtained better 
productivity in terms of methane. It was also found that the increase in the number of 
spheres boost the production of methane by about 30 %. In addition, the porosity and 
concentration of the spheres influences anaerobic performance. Higher amounts and 
greater porosity of the spheres improve methane production by 82 %, even after 2 
consecutive substrate additions, compared to the addition of chemical alkalinity. With 
4 sequential additions of substrate, the system with FA-based spheres with high 
porosity achieved also a very good performance in terms of pH stabilization in the 
digester and achieved a methane yield improvement of 8 %. 
In the third phase, it was studied the addition of geopolymeric spheres, with red mud 
in their constitution (RM-based), to semi-continuous anaerobic digesters for the 
treatment of cheese whey. With the increase of the organic load, the anaerobic systems 
were temporarily inhibited, recovering after a longer period. The difference in 
performance between digesters with the addition of chemical alkalinity and the addition 
of RM-based geopolymeric spheres was evident after inhibition by the substrate 
accumulation. The spheres promoted a prolonged and slow leaching of alkalis, 
promoting greater stability of the system and improving the production of methane by 
94 % and the organic matter removal by 44 %. After being used in anaerobic digesters, 
the spheres keep their integrity and can be recovered and reused in other applications, 
such as pollutant adsorbents or integrated into cements and mortars. 
With this study, it can be concluded that the use of inorganic geopolymeric spheres is 
an innovative and very promising strategy for pH control and to promote the stability of 
anaerobic processes, thus contributing to the concept of circular economy, using 
wastes (cheese whey, fly ash and red mud) in biological processes, for their 
valorization into new products (geopolymeric spheres) and energy (methane). 
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1 | Introduction  

“In a world where demands for freshwater are continuously growing, and where limited water 

resources are increasingly stressed by over-abstraction, pollution and climate change, neglecting 

the opportunities arising from improved wastewater management is nothing less than unthinkable 

in the context of a circular economy.”  

(United Nations World Water Assessment Programme, 2017)  

 

1.1 Motivation and Relevance  

1.1.1 From waste to energy: a sustainable approach  

Worldwide, energy demand is increasing due to rapid population growth and the inevitable 

associated activities. Similarly, waste materials, including solid waste and wastewater, are constantly 

being generated and their accumulation or inadequate management can lead to significant 

environmental and health problems. All sectors of our environment are affected when poor waste 

management is the main practice (Kaza et al., 2018):  

 oceans are contaminated due to dumped waste (organic and other, such as plastics) and 

wastewater discharges;  

 natural disasters, such as floods, are more common every day due to clogging drains 

with several wastes;  

 transmitted diseases and respiratory problems can be associated with the accumulation 

of untreated waste;  

 animals may be at risk when consuming waste without knowing it;  

 economic development is affected and does not benefit from untreated waste. 

In this sense, it is urgent to develop new technologies in the field of waste and wastewater 

management that, at the same time, meet the population’s requirements in terms of energy and 

preserve the maximum environmental resources. In parallel, there is a growing interest in the 

development of carbon-neutral fuels provided from biomass, thus taking advantage of natural 

resources. This change can help to reduce the impact of atmospheric carbon dioxide from the use 

of fossil fuels and, at the same time, contribute to the application of the circular economy concept 

(Mikheenko et al., 2019).  

The possibility of recovering energy from waste and wastewater is growing in interest and several 

countries have already implemented waste(water)-to-energy systems, as the case of Mexico, Egypt, 

the USA, China, Brazil and India (Rodriguez et al., 2020). These integrated systems produce energy 

from waste or wastewaters in the form of electricity, to be used in transport and energy to heat homes, 

with the potential to replace the use of natural gas. These waste(water)-to-energy systems are 

inexpensive to implement, renewable and represent a solution for waste and wastewater, which are 

considered to be a form of energy readily available in cities around the world.   

Anaerobic digestion (AD) process to convert the organic matter present in the waste or 

wastewater into methane-rich biogas (Figure 1) is a widely-used and well-established biological 

process, and it is very promising to be successfully integrated in the wastewater-to-energy treatment 

systems (Merlin Christy et al., 2014).  
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Figure 1| Waste(water)-to-energy process flow, encompassing a process of valorization through anaerobic 

digestion of waste or wastewater streams into added-value products, such as methane-rich biogas and 

digestate. 

 

Several solid wastes such as food and garden waste, municipal wastewater (contaminated with 

human waste) and industrial wastewater (from industrial activities) can be effectively converted into 

methane by an AD process, reducing their pollution load. Methane formed during anaerobic 

processes (composting and AD) contributes to global greenhouse gas (GHG) emissions if released 

to the atmosphere, being 34 times more powerful than carbon dioxide in terms of the impact on the 

greenhouse effect (Ashrafi et al., 2015). However, in waste(water)-to-energy systems, methane is 

used as an energy source in several applications, preventing its natural release into the atmosphere, 

as occurs if waste or wastewater has not been properly managed or disposed of without treatment.  

The energy vector (methane) produced in this cheaper approach can be used to replace costly 

and polluting energy sources, such as fossil fuels, to generate electricity, heat and fuel. In addition 

to this cost reduction during energy production, the digestate of the AD process can also be sold to 

be applied directly as a soil amendment, increasing the value of the generated products. The 

digestate can also be subjected to solid-liquid separation to obtain a compost (solid fraction) and a 

concentrated organic fertilizer (liquid fraction), both with the potential to be used in the agricultural 

sector as soil amendments. 

With new approaches to wastes and wastewaters management, considering them as valuable 

resources instead of residues, it is possible to reduce the pollution load generated in several 

industrial, domestic and agricultural activities and create value in the form of energy vector and other 

secondary products with added value. Consequently, the AD process has the co-benefit of reducing 

GHG emissions, while preventing the formation of odors and the release of pollutants into the 

environment, and contributes to the maintenance of air, soil and water quality. In addition, other 

waste and wastewater treatment technologies, already fully implemented, also provide the mitigation 

of GHG emissions, improve health and environmental benefits and provide significant co-benefits for 

the adaptation and sustainable development of communities (Intergovernmental Panel on Climate 

Change, 2007).  
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1.1.2 Sustainable Development Goals  

In 2015, all United Nations (UN) Member States adopted the 2030 Agenda for Sustainable 

Development. The 17 Sustainable Development Goals (SDG), as depicted in Figure 2, are a call for 

action and a list of guidelines for all the countries involved, and each SDG has several targets to be 

achieved until 2030 (United Nations, 2020).  

 

Figure 2| Sustainable Development Goals defined by the United Nations for 2030 (graphics from UN, 2020).  

 

The SDG defined that economic growth must be spurred and, at the same time, strategies must 

be adopted to end poverty, improve health and education and reduce inequality, with the ever-

present problem of climate change, channeling efforts to preserve the oceans and the forests (United 

Nations, 2020). In line with the defined SDG, some of them can be framed in the work developed 

here:  

 “SDG 6: Clean water and sanitation” is divided into eight main targets. One of the targets 

includes the reduction of pollution, elimination of dumping and minimizing the release of 

hazardous materials, with an increase in the amount of water to be treated, recycled and 

reused. Furthermore, the implementation of integrated water resources management is 

addressed in the SDG 6.  

 As defined in “SDS 7: Affordable and clean energy”, it is important to increase energy 

efficiency and the share of renewable energies in the global energy mix. Biogas 

generation can be included as it is considered as renewable energy from renewable 

sources (wastes and wastewaters). 

 “SDG 11: Sustainable cities and communities” highlights the importance of reducing the 

environmental impact of cities, paying special attention to air quality and the management 

of municipal and other waste.  

 The “SDG 12: Responsible consumption and production” proposes the promotion of 

sustainable management and the efficient use of resources and energy, reducing the 

release of pollutants in water, air and soil to minimize their effects on human health and 

in the environment, and reduction of waste generated globally through prevention, 

reduction, recycling and reuse.  
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 “SDG 13: Climate action” refers to all modifications or solutions that promote the fight 

against climate change and its impacts. It includes the increase of renewable energy use 

and all measures to reduce GHG emissions, being this SDG transversal and 

interconnected to other goals.  

 “SDG 14: Life below water” and “SDG 15: Life on land” are closely related and propose 

the conservation of oceans, water basins and forests, and the sustainable use of marine 

resources and terrestrial ecosystems.  

The current waste and wastewater management measures applied in some countries already 

contribute to the achievement of the goals established for 2030 by UN, which focus on sustainability. 

However, with the increasing amounts of waste and wastewater generated every year, it is of high 

importance to improve and optimize the waste(water)-to-energy systems, creating solutions for 

effective reduction of pollution and wastewater treatment. The development of waste(water)-to-

energy systems to manage both waste and wastewater, producing energy vectors like methane, is 

considered a renewable energy source. Potential applications for methane produced in the AD 

process can contribute to the reduction of fossil fuels consumption, replacing them in several 

applications. In addition, this integrated valorization process can reduce greenhouse gas emissions, 

avoiding inappropriate wastes deposition and the discharge of untreated wastewater. Thus, the 

proposed methodology for waste and wastewater valorization has the potential to contribute to the 

fight against climate change, the preservation of water and forest resources and the generation of 

clean and sustainable energy from materials that are discharged daily by human activities.   

 

1.1.3 Pulp and paper industry, dairy industry and alumina refining: 

How to connect them?   

Industrial activities generate a huge amount of solid and liquid waste. With the increase in 

environmental regulations, several sectors of the industry must adapt their practices to reduce the 

amount of waste generated in their production process and/or develop technologies to treat the waste 

and wastewater generated. In some industries, the complexity of waste hinders the success of 

technologies such as biological treatment. 

In the case of the pulp and paper (P&P) industries, they are major consumers of freshwater and 

are a significant source of wastewater. Some wastewater streams generated in the process, mainly 

from pulp bleaching, can be potentially polluting and dangerous for the environment and human life 

(Ashrafi et al., 2015). In addition, the biomass combustion for energy generation in the P&P mill 

generates solid residues, namely bottom and fly ashes (FA), and they must be properly managed 

(Weiss-Hortala et al., 2020). In the integrated approach proposed here, the two types of waste 

(wastewater from pulp bleaching and fly ash from biomass combustion) can be combined through 

the implementation of an anaerobic biological process. On the one hand, in the anaerobic process 

the organic load and some complex compounds are removed from the pulp bleaching wastewater 

and, on the other hand, fly ash can be used as mineral additives to correct the pH in the treatment 

of highly acidic wastewater and improve the AD process in terms of methane production. 

The dairy industries are considered the largest source of wastewater from food processing and 

use fresh water at all steps of the production process (Farizoglu and Uzuner, 2011). The high organic 

load and the high content of solids and fats in these wastewaters require specialized treatments to 
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minimize further environmental problems. Again, the development of anaerobic processes to treat 

this type of wastewaters has some advantages, such as energy formation, low sludge generation 

and low nutrient requirements, but it is important to strictly control the environmental conditions to 

avoid process failures. The use of fly ash (FA) from biomass combustion as an inorganic additive to 

control pH is a developing approach and is already used in a wide variety of substrates, such as 

biological sludge (Guerrero et al., 2019), sulfate-rich wastewaters (Montalvo et al., 2019), pulp and 

paper sludge (Huiliñir et al., 2015) or food waste (Huang et al., 2018). Thus, the use of FA as an 

inorganic additive in dairy effluents or by-products (such as cheese whey) can act as a process 

controller and enhancer regarding methane formation.  

The recovering of fly ash after its use in anaerobic treatment can be a problem and have the 

aggravation that they can only be used once. An innovative approach to overcome these constraints 

is the manufacture of geopolymer spheres, to be used as a buffer material in anaerobic processes 

(Novais et al., 2017). The incorporation of fly ash in the geopolymer spheres structure is 

advantageous since the raw materials normally used (metakaolin) are replaced by a residue. Thus, 

FA-based geopolymer spheres (FAGS) can be used in a wide range of applications, as in the case 

of anaerobic processes (Novais et al., 2018c), as they also have the minerals from fly ashes in the 

structure, with the advantage of easy recovery.  

The bauxite residue, also known as “red mud” is the largest industrial waste produced worldwide 

(Guevara et al., 2017). The huge amount of residue produced in the Bayer process for bauxite 

refining and its characteristics, such as extremely alkaline pH (> 10) and the presence of aluminum 

and iron in high concentrations, led to additional precautions regarding the treatment and disposal of 

bauxite residue. Several applications have already been explored to transform and valorize this 

residue, as reviewed by Klauber et al. (2011). An innovative application for bauxite residue is the 

incorporation of this residue in the geopolymer spheres (Novais et al., 2018a). The use of red mud-

based geopolymer spheres (RMGS) to control the pH in the AD of complex substrates is an 

innovative alternative to the use of bauxite residue.  

Thus, considering the three types of industries (chemical, food and mining) described, and some 

of the wastes generated in their production process, it is possible to integrate them as a new 

approach to the concept of waste(water)-to-energy, as depicted in Figure 3.  

 

Figure 3| Integration of different types of wastes in waste(water)-to-energy approach, divided into three 

phases, according to the type of inorganic waste added. In phase 1, the addition of fly ash (FA) powder to the 

AD of both pulp and paper (P&P) effluent and cheese whey (CW); in phase 2, the addition of fly ash-based GS 

(FAGS) and in phase 3, the addition of red mud-based GS (RMGS), both to the AD of CW for methane 

production.  

 

Solid wastes, such as FA and red mud (RM), can be used as inorganic additives in the powder 

form or in the form of geopolymer spheres (GS), in the AD treatment of liquid wastes, as effluents 

from pulp bleaching (P&P effluent) or by-products from dairy industry such as cheese whey (CW). 
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The use of different wastes in a treatment process, with the advantage of renewable energy formation 

as methane (CH4), is a paradigm shift regarding waste and wastewater management.    

Scientific interest in the application of these types of waste has increased in recent years, 

reflected in the number of publications by keywords, namely “red mud” or “bauxite residue”, “fly ash” 

and “cheese whey” (Figure 4).  

 

Figure 4| Number of publications for the three main wastes under study: “red mud or bauxite residue” from 

alumina refining industry, “fly ash” from biomass combustion and “cheese whey” from the dairy industry. Data 

collected from the SCOPUS database, in March 2020, and includes all the publications until 2019.  

 

The generation, characterization and use of fly ash in different processes makes them the most 

studied waste. This is linked to the general keyword “fly ash” related to several thermochemical 

processes, in addition to the applications known as soil pH corrector or incorporated in types of 

cement or mortars. Red mud, due to its challenging characteristics, has increased interest, tripling 

the number of publications in the last 10 years, most of them related to the attention paid to this 

severely alkaline waste and its disposal in line with the challenges of sustainable practices, including 

waste management. 

On the other hand, “cheese whey” has kept its number of publications in the last ten years, as it 

is considered a by-product and not a waste, and the technologies for its valorizations and production 

of added-value products are already implemented on an industrial scale. However, there is always 

room for the development of new technologies and the optimization of existing ones, justifying the 

growth in the number of publications. 

Crossing these terms referring to the types of wastes with the term “anaerobic digestion”, the 

technology developed in this work, it is possible to observe that less than 0.5 % of the published 

documents with “red mud” or “fly ash” also consider the application of an anaerobic process. On the 

other hand, as anaerobic technology is already used to treat dairy effluents, 9 % of the published 

documents regarding the use of cheese whey also explore the application of the AD process. Again, 

this reinforces the innovation of the integrated process developed, using AD technology to treat 

complex streams, with the addition of inorganic materials.    
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1.2 Objectives  

The main goal of this work was to provide new solutions for pH control in anaerobic digestion 

processes treating complex wastes, through the application of sustainable methodologies based on 

residue recovery. For this purpose, different streams, namely bleaching effluent from the pulp and 

paper industry and cheese whey, a byproduct from the dairy industry, were selected as a substrate 

for anaerobic digestion processes. Different solid wastes, such as fly ash from biomass combustion 

and red mud from bauxite refining, have been used as inorganic additives for anaerobic processes 

to promote pH stabilization, enhance the organic matter reduction and boost the energy formation in 

the form of methane.  

The anaerobic biodegradability of a given stream is highly important for its valorization, whether 

energetic (methane) or material (volatile fatty acids or ethanol). Consequently, the anaerobic 

biodegradability of both selected streams was evaluated in the presence of powdered fly ash with 

different origins, to understand the effect of adding inorganic wastes on pH regulation and, ultimately, 

on the methane formation. In addition, with anaerobic biodegradability tests, it was possible to select 

a proper substrate to be studied in more detail, implementing new strategies for pH control in 

laboratory-scale reactors.   

Usually, the addition of inorganic wastes to anaerobic processes focuses mainly on their effects 

on the process, neglecting the recovery and/or disposal of the inorganic materials used. For this 

reason, besides the addition of fly ash in the powder formulation, inorganic spheres incorporating 

residues (fly ash or a mixture of fly ash and red mud) in their composition were also used as new 

buffer materials for anaerobic degradation processes, with a material whose recovery is facilitated 

after its use in AD processes.  

Therefore, this innovative approach used for pH control has been implemented to evaluate the 

performance of anaerobic systems concerning pH control and increased methane production. In 

addition, the performance of reactors with inorganic spheres was compared to the performance of 

reactors without pH control and with the performance of reactors with the addition of chemical 

compounds (such as NaOH or carbonates) as buffer materials, widely used in the laboratory and 

industrial-scale reactors. For this purpose, anaerobic batch reactors and anaerobic sequencing batch 

reactors have been operated for long periods. These different reactor configurations made it possible 

to understand the effect of the addition of inorganic spheres with different characteristics and in 

different concentrations on the main anaerobic operational parameters. 

With this work, innovative buffer materials were produced from waste, with a huge potential to be 

used as inorganic additives in biological processes. The reduction or total replacement of virgin raw 

materials in different steps of the proposed approach, whether in the manufacture of inorganic 

spheres or in the replacement of chemicals used as buffer compounds for the anaerobic process, 

allowed the implementation of a more sustainable process, aligned with sustainable development 

goals.  
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1.3 Thesis Outline  

This thesis is divided in seven chapters, including the introduction section, the reference list and 

the appendices section.  

Chapter 2: “State-of-art” provides a general framework of the main issues relevant to this thesis, 

including the waste production from the pulp and paper industries, dairy industries and alumina 

industries, and the current solutions applied to several wastes. A review of relevant advances for pH 

control in anaerobic systems is also presented, including the use of new alkaline materials to replace 

the addition of the chemical compounds.  

Chapter 3: “Methodology” details the substrates and inorganic additives for pH control, used in 

the operated bioreactors. The experimental set-up and the conditions applied in the anaerobic 

assays, and the methodologies for monitoring the developed anaerobic processes are detailed in 

this section. This chapter also explains the parameters calculated to evaluate the anaerobic 

performance of the bioreactors. 

Chapter 4: “Results and discussion” is divided into three sections, as shown in Figure 5 for better 

understanding. The first and second sections are related to the use of fly ash as basic waste for pH 

control, and the third section is related to the use of red mud as the basic waste for pH control in the 

developed anaerobic digestion processes. In phase 1 (first section) the results and their discussion 

of anaerobic assays testing the addition of powder fly ash (from biomass combustion) to the 

anaerobic digestion of two types of substrates are presented: bleaching effluent from the pulp and 

paper industry and cheese whey by-product from the dairy industry. In phase 2 (second section) the 

results and their discussion for the anaerobic digestion tests are presented, using geopolymer 

spheres with fly ash in their constitution, as an additive for pH control in the anaerobic treatment of 

cheese whey. In phase 3 (third section) the results and their discussion are presented for the 

anaerobic digestion assays treating cheese whey and using geopolymer spheres with red mud 

wastes in their constitution.  

 

Figure 5| Schematic division of the work presented in this thesis. 

 

Finally, Chapter 5: “Conclusions and perspectives for future work” presents the general 

conclusions of the biological processes developed and presented in this work, as well as suggestions 

for future research in this field of knowledge.   
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2 | State-of-art 

2.1 Waste and wastewater production  

Driven by the increase in the world population in the last century, by the migration of populations 

to urban areas, by growing economies and by the change in lifestyle, the demand for energy and 

recourses has increased exponentially. In addition, global water use has increased six-fold in the 

past 100 years and will continue to grow by 1 % per year, increasing pressures on limited natural 

resources and ecosystems. In addition, the production of waste and wastewater has also increased. 

The management strategies for these wastes and wastewaters depend on local management and 

can be recovered, treated, used directly, indirectly or discarded without value recovery (Mateo-

Sagasta et al., 2015).  

 Currently, 2.01 billion tons of solid waste are generated worldwide, and the World Bank has 

estimated an increase of 70 % by 2050 unless measures are taken to reduce their generation (Kaza 

et al., 2018). Almost 45 % of the waste generated nowadays is organic, such as food and green 

waste (Figure 6 (a)), and metal, glass, plastic and paper and cardboard together represent 38 % of 

the total solid waste generated (data from 2018). Most waste is produced in developed (high-income) 

countries (Figure 6 (b)), thus showing a positive relationship with economic development. In low-

income countries, at least 90 % of waste is disposed of without proper management, increasing the 

health risk and emissions, directly affecting the quality of life of the populations.  

 

Figure 6| Main types of waste generated worldwide (a) and the annually waste generation by region (b), 

based on data presented by Kaza et al. (2018). 

 

Wastewater is considered to be the combination of one or more sources of water discharge, 

including domestic wastewater, water from commercial establishments and institutions and hospitals, 

industrial effluents and agricultural runoff (Raschid-Sally and Jayakody, 2008). Considering the 

wastewater generation worldwide, most of this resource is discarded without treatment or collection. 

Every year, about 80 % of wastewater produced globally is released into the environment without 

proper treatment (Rodriguez et al., 2020).  

With the change in consumption patterns and the increase in industrial activities, an increase in 

the demand for water resources was observed (Mateo-Sagasta et al., 2015). In addition, water quality 

directly influences public health, food security and several ecosystem services and functions. 

Untreated wastewater, in addition to environmental contamination, also contains pathogens, 

organics and other nutrients and can contain a variety of hazardous substances, including heavy 

   (a)                (b)  
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metals. Thus, water pollution limits opportunities for safe and productive use (or reuse) of water 

sources and this has become a problematic issue especially in regions that face water scarcity or 

where water-related infrastructure and services are inadequate.  

To change this scenario, an alternative is the implementation of efficient measures for the 

management of waste and wastewater, emphasizing the recycling and valorization processes, 

applying a more circular and, therefore, more sustainable approach. In addition, it is necessary to 

implement appropriate technologies to exploit the energy potential of both domestic and industrial 

wastewaters generated, besides its use as an alternative source of clean water or nutrients, and as 

a support for sustainable agriculture. The collection and treatment of waste and wastewater 

management are costly and require significant amounts of energy, but the potential chemical, thermal 

and hydraulic energy contained in these streams can be recovered and generate value, and the initial 

investment cost is easily covered.  

 

2.1.1 Bioenergy and the “European Green Deal”   

Energy from bio-based sources (biomass or biological commodity), also called bioenergy, is 

considered a renewable source of energy. Currently, energy from bio-based sources has the largest 

renewable share and accounts for approximately 66 % of the total renewable energy mix. Regarding 

energy consumption, bioenergy represents about 14 % of total energy consumption, with oil (39 %), 

natural gas (21 %) and coal (20 %) being the main contributors (World Bioenergy Association, 2020).  

Considering the period between 1990 and 2015, biogas is the third fastest growing renewable 

energy source worldwide, after solar photovoltaic and wind power. In Europe, 6 % of the total 

renewable electricity is generated from biogas and the currently produced methane represents about 

4 % of the total natural gas consumed (European Biogas Association, 2019).    

Although the high-energy potential of methane, it is one of the gases that causes global warming. 

The global warming potential (GWP) of methane, which measures the amount of energy that 

emissions of 1 ton of gas will absorb over a period of time, is 84 over a period of 20 years and 28 to 

36 over a period of 100 years (Myhre et al., 2013). The CH4 emitted today lasts about 10 years in 

the climate system, which is a shorter period than CO2 (thousands of years). However, CH4 also 

absorbs much more energy than CO2, and the effect of CH4 on global warming results from its high 

infrared absorbance and its role in the complex chemical reactions that occur in the stratosphere, 

also affecting ozone levels (Schaechter, 2004). Nonetheless, when captured instead of released into 

the atmosphere, methane is a clean source of energy and has the potential to replace natural gas of 

fossil origin, leading to a reduction in its environmental impact.  

For many years, the trend observed worldwide has been the increase in waste disposal in landfills, 

driven by the increase in human activities. This behavior also tended to increase the amount of 

methane released into the atmosphere. Other sources of methane are agricultural activities, due to 

the increased use of ruminants for the production of meat and dairy products and the increased 

development of rice paddies (Schaechter, 2004). However, nowadays, the interest of the world 

population in the environment has led to a change in consumption patterns, reducing the use of 

products with a production cycle related to high pollution discharges in the environment, such as 

meat and dairy products. This change in mentalities has also led to a change in the way the world 

deals with the waste generated and the emissions of gases.    
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One approach to achieve the reduction of GHG is to implement the AD process to dispose of 

livestock and agricultural wastes (Aydin, 2017). In many European countries, the gas released in 

landfills (where the organic fraction of waste decomposes) is captured and used in a cost-effective 

way, mitigating GHG emissions. In addition, GHG savings of 240 % can be achieved by producing 

electricity from biogas, when compared to the use of fossil fuels (European Biogas Association, 

2019). Besides the AD process to produce biogas from organic waste and wastewaters, the use of 

digestate also saves GHG emissions. Compared to the commonly used mineral fertilizer (fossil 

origin), the use of digestate allows the recovery of nutrients and contributes to the concept of circular 

economy applied to biological processes (European Biogas Association, 2019). 

“European Green Deal” is a concept introduced by current Commissioners since October 2019. 

The idea of the new concept is to make Europe the world´s first climate-neutral continent by 2050  

(European Comission, 2020). With the revision of legislation associated with climate change and 

GHG emissions, the new tight targets to be imposed in the coming years require the implementation 

of new sustainable technologies for the production of energy, with the potential to reduce GHG 

emissions. Consequently, the biogas industry will also be affected by tighter targets for the reduction 

of GHG compared to fossil fuels (European Biogas Association, 2020a). 

The need to reduce our carbon footprint is dramatic. All industries, policy makers and individuals 

must implement measures to mitigate climate change. AD is a well-known technology, with the 

potential to generate renewable energy, reduce GHG emissions and recover nutrients. This 

technology has the potential to meet, at the same time, the climate change goals of the Paris 

Agreement, which aim to reduce of GHG from 2020, thus reducing global warming to temperatures 

below 2 °C (preferably below 1.5 °C) until 2100 (Jain, 2019). The implementation of biogas producing 

systems can reduce GHG emissions by 10 – 13 %, which corresponds to 3290 to 4360 million tons 

of CO2 equivalents (European Biogas Association, 2020b). Biogas technology is also able to provide 

food security, correct waste management, protection of water bodies, soils and atmosphere, 

improved health and sanitation and job creation (Jain, 2019). The use of this alternative bioenergy 

source is one of the viable solutions to reduce the environmental footprint of producing more energy 

to meet the growing demands for water and services worldwide (United Nations World Water 

Assessment Programme, 2014).  

 

2.1.2 Circular economy approach   

The transition from the linear to the circular economy can be advantageous for both the economy 

and the environment. The linear economy approach is based on the production and consumption of 

products that are disposed of as wastes without further treatment. On the other hand, the concept of 

the circular economy is based on the premise that the economy can provide multiple mechanisms 

for creating value dissociated from the consumption of finite resources (Piscicelli and Ludden, 2016). 

Both linear and circular economy concepts are depicted in Figure 7. The concept of the circular 

economy is illustrated for biological nutrients.   
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Figure 7| Linear economy approach for virgin resources versus the circular economy approach for biological 

nutrients (adapted from Piscicelli and Ludden (2016)). 

 

In contrast to the linear economy concept, in the circular economy waste streams are treated and 

valorized. The implementation of biorefining processes can assist in the extraction of biochemical 

feedstock, such as high-quality materials and chemicals. AD or composting are processes suitable 

for producing energy and other byproducts, reducing the pollution load of a given stream. The main 

form of energy produced by AD or fermentation of biodegradable materials and contained in waste 

and wastewater is in the form of biogas, composed mainly of methane (CH4) and carbon dioxide 

(CO2). The energy produced is generally used in the plant or to the manufacturing process, and the 

byproducts, in the form of biofertilizer, returns to the soil, with the restoration of nutrients in the 

biosphere. This restoration helps to improve agriculture and closes the nutrient cycle, with the 

production of new feedstock.   
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2.2 Anaerobic digestion process for wastewater treatment 

 

2.2.1 History of the anaerobic digestion process 

The anaerobic digestion (AD) process is not new and has been widely studied since the early 

days of modern science. Ancient records report that biogas, the final product of anaerobic 

degradation of organic matter, has been used for heating water for baths since the 10th century BC 

in Assyria and the 6th century AD in Persia (Lusk, 1998). Some evidence indicates that biogas was 

used in China to heat brine during salt production, some 4000 years ago (Pullen, 2015). Additionally, 

Pliny reported the generation of combustible gas, presumably methane, during the Roman Empire 

(Schaechter, 2004).  

In the 17th century AD, chemist Jan Baptista Van Helmont established that the degradation of 

organic matter could release flammable gases and the Italian physicist Count Alessandro Volta 

concluded, in 1776, that the degradation of organic matter from plant material (with cellulose) and 

the production of such flammable gases have a direct correlation (Buswell and Hatfield, 1936). Later, 

in 1808, sir Humphry Davy proved that methane was one of the gases produced during the anaerobic 

degradation of cattle manure (Ahammad and Sreekrishnan, 2016). At the end of the 19th century, it 

was found that the formation of methane was somehow connected to microbial activity (Lusk, 1998). 

In 1868, Antoine Bechamp, a student of Louis Pasteur, was the first to establish that methane 

formation was a microbial process (Schaechter, 2004), and discovered the microorganisms 

responsible for the methane production from ethanol. This biologist found that the products 

(intermediates) formed during the anaerobic process depend on the type of substrate used. In 1876, 

Herter, a collaborator of Hoppe-Seyler, reported the stoichiometric balance of acetate from sewage 

sludge converted to equal amounts of methane and carbon dioxide (Ahammad and Sreekrishnan, 

2016).  

Latter, in 1930, A. M. Buswell and other researchers identified some anaerobic microorganisms 

and the suitable conditions for methane formation (Ahammad and Sreekrishnan, 2016). The 

stoichiometric formula developed by Buswell and Hatfield (1936) is still used today to predict the 

methane formed by a complete conversion of biomass. The works from Buswell explored several 

issues regarding the AD process, such as the fate of nitrogen in the process, the stoichiometry of 

reactions or the production of energy from agricultural and industrial wastes through anaerobic 

processes (Adelekan, 2012). 

During the 1950s, the concept of co-digestion (mixing two different substrates to achieve 

synergistic effects) was developed. In 1967, M. P. Bryant discovered two different bacterial species 

during the fermentation of ethanol: one breaks down ethanol into acetate and hydrogen, and the 

other converts CO2 and hydrogen into methane (Pullen, 2015). 

The first AD plant was built in 1859 to dispose of human waste from a leper colony in Matunga, 

near Bombay, India (Lusk, 1998). This pioneering construction was equipped with gas collectors and 

the gas produced in the tanks was used to drive gas engines (Buswell and Hatfield, 1936). In 1865, 

several researchers suggested the name “methane” for the gas called “marsh gas” or “carbonated 

hydrogen”, until then (Pullen, 2015). In Europe, this anaerobic technology was implemented in 1895 

in England, for the recovery of gas from waste management, to be used as fuel for street lamps in 

Exeter, England (Lusk, 1998). As in India, in England, a system was installed with gas collectors to 
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recover the gas produced. Later, Dr. Travis constructed a two-phase digestion process in Hampton, 

England, and patented it in 1903. In Germany in 1906, Dr. Karl Imhoff implemented the well-known 

Imhoff tank, where the sedimentation and fermentation phases are separate (Buswell and Neave, 

1930).  

During the 20th century, several types of digesters were developed, designed according to the 

feedstock to be treated and the main goals of the treatment. The implementation of anaerobic 

digesters on farms has been widespread and many farmers have paid to implement this technology 

locally. However, anaerobic digesters are normally not fully integrated into the farming system, 

limiting the use of byproducts (digestate) as fertilizers (Adelekan, 2012). Since the ’80s, the AD 

process for biogas generation has been widely applied in the treatment of industrial wastewaters and 

in the stabilization of municipal solid waste. However, it was only in the 90’s that the energy potential 

of agricultural feedstock was recognized and led to a sharp increase in the development of the sector 

(European Biogas Association, 2019). 

Interest in anaerobic technology is increasing all over the world and several plants have already 

been constructed to not only treat the organic waste and wastewaters but also to recover valuable 

products, such as biogas and digestate (Adelekan, 2012). In addition, the upgrade of biogas 

(removing carbon dioxide and trace gases present in biogas to increase the total methane share and 

obtaining a gas that meets the standards of natural gas) produces biomethane (European Biogas 

Association, 2019), which is more economically attractive than biogas and is highly applicable as a 

fuel and as a substitute of natural gas.   

The biogas industry has been growing in recent years and, today, Europe is the largest producer 

of biogas. In 2017, the world production of biogas was 1.33 exajoules, representing an increase of 

more than 150 % in the last 10 years, and Europe accounted for more than half of that production 

(World Bioenergy Association, 2020). In 2018, 18,202 biogas plants and 610 biomethane plants are 

functioning in Europe, which represents three times more plants than in 2009. From 2017 to 2018, 

the number of biogas plants increased by 2 % and the number of biomethane plants increased 13 %, 

driven by the rapid evolution of the biomethane market, with a growing interest in renewable and 

alternative energies (European Biogas Association, 2020a). Currently, most European biogas 

production is converted to electricity and heat in combined heat and power (CHP) units, due to EU 

Directives on electricity and heating and cooling. The electricity produced is injected directly into the 

local electrical grid and heat is used in local applications (heating systems or outdoor swimming 

pools). As a comparison, the total installed electric capacity of European CHP units using biogas is 

greater than 10 GW, equivalent to 10 nuclear plants, with the huge advantage of the lack of nuclear 

risks (European Biogas Association, 2019).   

In Portugal, in 2017, 64 biogas plants were accounted for, mainly landfill and sewage waste, 

which is equivalent to six biogas plants per 1 million inhabitants. The average installed electrical 

capacity of Portuguese biogas plants is 1.4 MW, slightly above the European average installed 

electrical capacity (close to 1 MW). Until now, no biomethane plants were operating in Portugal, with 

the biogas generated in Portugal being used directly for heating and power generation (European 

Biogas Association, 2018). 

Although significant growth has been observed in the biogas industry in recent years, the 

modernization and industrialization of agriculture is not reflected in the intensification of the biogas 
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development, mainly due to the lack of optimization in the stability and operability of the process 

(Mao et al., 2015). The increase in the size of farms is expected to continue with increasing size in 

biogas plants, taking advantage of the potential of organic wastes and wastewaters for the energy 

and other byproducts formation.  

 

2.2.2 Definition and applicability of anaerobic digestion process 

The decomposition of organic material can take place as an abiotic process (degradation by 

chemical or physical processes) or a biotic process (metabolic breakdown by living organisms, such 

as bacteria, fungi and protozoa) (Merlin Christy et al., 2014). Decomposition by microorganisms can 

be either in aerobic or anaerobic conditions. Aerobic degradation converts organic matter into CO2, 

water, nitrates and sulfates, and requires oxygen during the biological process. The inability to 

degrade some organic compounds and the formation of high amounts of sludge make aerobic 

degradation an unattractive treatment process for several wastes and wastewaters, compared to the 

anaerobic degradation process.  

AD is an extremely efficient and diversified process that uses waste materials to produce energy, 

gas, heat, fertilizers and fuel. This technology is considered truly renewable, since it uses a biological 

process to degrade biomass from renewable origin, in comparison with natural gas, which is of fossil 

origin. In nature, this process occurs without human interaction in marshes, ponds, swamps, paddy 

fields, lakes, landfills, oceans, and also in the intestinal tract of animals and humans (Merlin Christy 

et al., 2014).  

AD is a series of biological processes driven by a wide variety of microorganisms in sealed 

containers in the absence of oxygen, consisting of the degradation (reduction) of plants and/or animal 

materials in their mineral form (Merlin Christy et al., 2014). During the reduction of organic matter, it 

is produced biogas, composed mainly by methane (≈ 60 %) and carbon dioxide (≈ 40 %), with traces 

of other gases (water vapor and hydrogen sulfide). The remaining organic material is called 

“digestate” and is rich in organic matter and nutrients such as nitrogen, phosphorus and potassium 

(Koszel and Lorencowicz, 2015).  

Organic materials of diverse origins are the “input” for a biogas producing system. Depending on 

the material’s source and characteristics, some materials will be digested more easily than others 

will. The organic matter to be treated anaerobically may include animal manure, food scraps 

(including fats, oils and greases from restaurants), agricultural residues, wastewaters and 

wastewater solids, and byproducts of food and beverage production (Pullen, 2015). The plants can 

be implemented to produce energy on a small scale (for households and farms) or on a large scale 

(for part or entire cities) (Jain, 2019).  

Within the digester, naturally occurring microorganisms, under controlled conditions regarding 

temperature and preferably in the oxygen absence, break down (also called “digestion”) the organic 

material of the waste into intermediates for beneficial use or disposal, such as biogas and digestate. 

As long as the microorganisms inside the digester remain alive and fed, they will continuously 

produce biogas and digested material (Pullen, 2015). During the anaerobic process, organic matter 

is stabilized, pathogens and odors are reduced and the total solids from the organic material feed 

decrease through its partial conversion into biogas. 
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Biogas produced under anaerobic conditions is mainly composed of methane, which is the main 

component of natural gas, and represents the energy vector of biogas (Jain, 2019). It also contains 

carbon dioxide and small amounts of water vapor and trace compounds such as hydrogen sulfide. 

To replace natural gas in almost any application, biogas must be processed to remove non-methane 

compounds (biogas upgrading), forming the so-called “biomethane” or “renewable natural gas”. The 

level of purification that the biogas is subject to is highly dependent on the final application of the 

gas. Biomethane can be used in a wide range of applications, including to produce heat and 

electricity, as vehicle fuel or inject into natural gas pipelines and be used as the fossil-derived natural 

gas (Pullen, 2015).   

The digested material, including liquid and solid material, has a high content of carbon and 

valuable nutrients, such as nitrogen, phosphorous and potassium (Koszel and Lorencowicz, 2015). 

In the digestate, solid and liquid fractions must be separated, according to the final application. 

Depending on the feedstock used for the anaerobic process, the digestate formed can be used 

directly or after processing, as fertilizer, compost, soil amendments, or as animal bedding (Pullen, 

2015). The use of digestate as a fertilizer replaces the use of mineral fertilizers, since the elements 

N, P and K are readily available to be absorbed by plants (Koszel and Lorencowicz, 2015).  

The final destination of biogas and digestate depends on local markets and needs (Pullen, 2015) 

and the scale of the biogas plant. The AD process applied to waste/wastewater management 

includes municipal and industrial wastewater treatment, septic tanks and sludge digesters for sludge 

treatment. It can also include agricultural waste management and hazardous waste management, 

inserted into a biogas plant. 

AD technologies have some advantages compared to aerobic technologies, as listed in Table 1. 

The lower sludge generation in anaerobic processes results from lower biomass/substrate yields of 

anaerobic microorganisms compared to aerobic microorganisms. Anaerobic processes have fewer 

nutrient requirements and enable higher loading rates than aerobic processes, also allowing greater 

destruction of pathogens (Chen et al., 2014). Furthermore, anaerobic biomass can be preserved for 

several months and tolerate adverse environmental conditions, such as low temperatures and the 

presence of inhibitory substances. Nevertheless, anaerobic processes generally achieve less 

efficiency in organic matter removal, compared to aerobic processes. These differences are related 

to the lower affinity for the substrate (higher Ks values) in anaerobic processes, which can be 

overcome with efficient post-treatment (Fonseca and Teixeira, 2006).  

Table 1| Comparison between anaerobic and aerobic processes (Fonseca and Teixeira, 2006; Hatti-Kaul and 

Mattiasson, 2016).  

 Anaerobic process Aerobic process 

Capital and operational cost Low High 

Energy consumption Low High 

Sludge generation Low High 

Process time High Low 

Organic matter removal 80 – 90 % 90 – 98 % 

Biomass growth Low High 

Pathogens destruction High Low 
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Among the many benefits of AD already exposed, it is worth mentioning also some environmental 

and social advantages of this technology, which are closely related to the implementation and 

operation of biogas plants (Jain, 2019), namely: 

 the low water input of the anaerobic process makes this bioprocess attractive, comparing 

it even with the generation of other biofuels;  

 the generation of renewable energy, namely the biogas to be used by direct combustion 

and biomethane, after biogas upgrading, to be used as vehicle fuel or as a natural gas 

substitute in the grid; 

 the mitigation of climate change, avoiding emissions of fossil fuels, when replaced by 

biomethane, and reducing direct methane emissions from landfills, capturing gas and 

using it in form of biogas (direct use or upgrade);  

 the contribution towards a circular economy, using waste and wastewater as a source of 

energy, and returning nutrients to the soil in the form of fertilizers;  

 the improvement of urban air quality, with the substitution of fossil fuels in vehicles by 

biomethane and avoiding the uncontrolled release of methane in landfills (mainly related 

to developing countries); 

 the contribution to food security, with decreasing dependence on inorganic fertilizers 

(from fossil sources) and the use of organic nutrients and carbon from the digestate (from 

renewable sources);  

 the improvement of health and sanitation achieved through better-quality waste 

management, reducing odors from the waste dumping (when waste is landfilled) and 

protecting water bodies, by reducing the carbon load in wastewaters;  

 the economic development related to the infrastructure for the biogas generation and the 

revenues from digestate selling and biogas upgrading to biomethane and other valuable 

products.  

Besides the use of anaerobic processes for the treatment of solid wastes and wastewaters in 

plants or for the remediation of contaminated soils and groundwater, anaerobic microorganisms can 

also be used in several biotechnological applications. Recent investigations focus on the use of 

extracellular enzymes from anaerobic microorganisms (bacteria and archaea) in the hydrolysis of 

polysaccharides for the chemical and pharmaceuticals manufacture. Some studies also focus on the 

genetic manipulation of anaerobic microorganisms to prevent the formation of byproducts or to help 

degrade new complex substrates, and on the use of anaerobic microorganisms in well-established 

industrial biotechnological processes, to improve the overall production processes (Hatti-Kaul and 

Mattiasson, 2016).   

 

2.2.3 Biochemistry of the anaerobic digestion process  

Cell growth generally involves a respiratory (electron transport phosphorylation) or fermentative 

(substrate-level phosphorylation) conversion of substrates into products, also called catabolism. This 

conversion releases energy in the form of adenosine-5-triphosphate – ATP. The energy that cells 
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obtain from catabolic reactions is used for the synthesis of new cells and for the maintenance of 

existing ones (anabolism). In metabolism, the production of ATP and the biomass formation are 

coupled (Gavala et al., 2003). 

All biological metabolic processes require electron donors (a reducer) and electron acceptors (an 

oxidizer). In the case of aerobic microorganisms, they use oxygen as an electron acceptor, reducing 

it to CO2. When oxygen is absent in anaerobic environments, anaerobic microorganisms must find 

alternatives for electron acceptors, such as NO3
-, Fe3+, SO4

3+ or CO2. In the case of anaerobic 

fermentation, the organic compounds present in the wastes are the electron donors, and the internal 

cell products function as electron acceptors. Anaerobic metabolism generates less ATP yield than 

aerobic metabolism, due to the lack of an electron transport chain. In anaerobic metabolism, 

microorganisms (bacteria or fungi) can produce ethanol and organic acids, among other intermediate 

products (Hatti-Kaul and Mattiasson, 2016).  

The anaerobic process to produce biogas is based on the synergistic relationships between 

different microbial consortia, mainly between acid-producing and consuming microorganisms. The 

metabolic activities of microorganisms in the AD process led to the definition of four distinct phases 

(Ahammad and Sreekrishnan, 2016). Figure 8 shows the metabolic steps of the anaerobic 

degradation process, highlighting the four main reactions: hydrolysis (complex organic matter is 

broken down into soluble organic molecules), acidogenesis (fermentation of soluble organic 

molecules into VFA and hydrogen), acetogenesis (formation of acetic acid and hydrogen) and 

methanogenesis (conversion of acetic acid and hydrogen into methane).  

 

Figure 8| Biochemistry of anaerobic degradation of complex organic matter to generate methane-rich biogas. 

In the presence of sulfate, intermediates such as VFA, acetate and hydrogen, are diverted from the methane 

generation and used for sulfate reduction with the generation of hydrogen sulfite.  
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Some industries, such as pulp and paper and mining, use large amounts of sulfur compounds. 

These compounds generally increase the sulfate concentration in wastewaters and can cause 

disturbances during anaerobic treatment. In the presence of sulfate, competition for substrates (VFA, 

acetate and hydrogen) increases between methanogens and sulfate-reducing bacteria, decreasing 

the formation of CH4 and increasing the amount of H2S formed (Paulo et al., 2015). This alternative 

use of organic matter was included in Figure 8.  

Several microorganisms from the Archaea and Bacteria domains are involved in the degradation 

of organic matter, presenting a synergistic relationship during anaerobic metabolism (Aydin, 2017). 

Some of the most representative microorganisms involved in each step of the AD process, including 

the sulfate reduction step, are shown in Table 2 and discussed in the subsequent sub-sections.  

Table 2| Representation of the most common microorganisms involved in each AD metabolic step, namely 

hydrolysis, acidogenesis, acetogenesis and methanogenesis. Despite its competitive nature in the methane 

formation, the sulfate reduction was also included as a metabolic step of the anaerobic degradation of organic 

matter. 

AD step Most common microorganisms involved  

Hydrolysis 

       
       Pseudomonas sp.          Hartmanella sp.           Acetivibrio cellulyticus              Clostridium sp.  

Acidogenesis 

    
                                            Lactobacilus sp.        Propionibacterium sp. 

Acetogenesis 

    
      Acetobacter sp                 Syntrophobacter sp. 

Methanogenesis 

          
       Methanosarcina sp.          Methanosaeta sp.     Methanococcus sp.    Methanospirillum sp. 

Sulfate 
reduction 

 
Desulfovibrio desulfuricans 

 

https://www.google.pt/url?sa=i&url=https%3A%2F%2Fmicrobewiki.kenyon.edu%2Findex.php%2FClostridium_sporogenes&psig=AOvVaw0Gdne4WaMItDAXp0QR_jum&ust=1592072203785000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCJC1qbPx_OkCFQAAAAAdAAAAABAE
https://www.google.pt/url?sa=i&url=https%3A%2F%2Fwww.researchgate.net%2Ffigure%2FDesulfovibrio-desulfuricans-ND132-micrograph_fig4_333149454&psig=AOvVaw0rB7GJiHYBo5TSUNSNnSgz&ust=1592309125029000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCMCJ0fXjg-oCFQAAAAAdAAAAABAD
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The central microorganisms in the methane formation are methanogens, which generate CH4 

during growth. These microorganisms are members of Archaea, one of the three domains of life, 

which also includes Bacteria and Eukarya, as proposed by C. Woese, based on the 16S rRNA 

sequence. These microorganisms are unicellular, without a nuclear membrane or intracellular 

compartmentation, resembling Bacteria, but have some genetic features that resemble Eukarya 

(Schaechter, 2004). This group of microorganisms has the oldest evolutionary history of all 

prokaryotes, dating back to the geological ages of the Earth (Botheju, 2011). For this reason, these 

microorganisms have unique features, such as different cell membranes, enzymes and enzyme 

cofactors, and can thrive in extreme growth conditions such as environments with high temperature, 

high salinity or highly reduced O2-free anoxic (Schaechter, 2004). 

 

2.2.3.1 Hydrolysis   

Hydrolysis (also called solubilization) is the first stage in the anaerobic organic matter degradation 

process. During hydrolysis, complex organic compounds, such as carbohydrates, lipids and proteins, 

are broken down into monomeric compounds, such as sugars, fatty acids and amino acids, due to 

the action of extracellular enzymes (Ahammad and Sreekrishnan, 2016), excreted by hydrolytic 

microorganisms to decompose the undissolved particulate material. This break down of organic 

matter is represented by reaction (1), with the generation of simpler sugar (glucose) from complex 

carbohydrates (Van et al., 2019). Examples of extracellular enzymes are cellulases (which break 

cellulose into glucose), amylases (which break starch into glucose), proteases (which break casein 

and other proteins into amino acids) and lipases (which break triglycerides into fatty acids and 

glycerol) (Seadi et al., 2008).  

 (𝐶6𝐻10𝑂5)𝑛 + 𝑛𝐻2𝑂 
   𝐻𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠   
→           𝑛𝐶6𝐻12𝑂6 (1) 

Hydrolysis can be considered as the rate-limiting step, depending on the type of substrate to be 

degraded (Ariunbaatar et al., 2014) and the amount of particulate organic matter (Botheju, 2011). 

When vegetable complex substrates with high cellulose, hemicellulose and lignin content are treated, 

hydrolysis is the speed determination step (Seadi et al., 2008). Hydrolysis allows for simpler 

assimilation of materials by microbial cells and facilitates the consumption of organic compounds by 

the acidogenic microorganisms (Meegoda et al., 2018). Hydrolysis products are used sequentially 

by microorganisms involved in the other steps of the AD process, for their own growth and 

metabolism.  

Several types of microorganisms, such as Bacteria, Fungi and Protozoa, perform this step of 

anaerobic conversion, and the substrate composition has a determining role in the composition of 

the microbial population (Aydin, 2017). Usually, the same microorganisms capable of enzymatically 

degrading complex organic molecules also use the simplest molecules as a substrate for the 

acidogenesis step (Insam et al., 2010). Clostridium sp. can thrive in extreme environments and helps 

in the degradation of bio-waste (mainly cellulose), being the most common strains. Other species, 

including Acetivibrio, Bacteroides or Ruminococcus, are also common in anaerobic environments 

such as hydrolytic microorganisms (Insam et al., 2010). For the degradation of protein-rich materials, 

predominantly present in domestic wastewaters, Clostridium sp., Bacillus sp. and Proteobacteria are 

generally common (Aydin, 2017).  
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2.2.3.2 Acidogenesis   

In the acidogenesis step (also called fermentation), the products of the hydrolysis step are 

converted into fatty acids, intermediate products of the anaerobic stabilization of organic matter. 

During this step, different types of fatty acids (long chain and short-chain fatty acids) are produced 

(Ahammad and Sreekrishnan, 2016). The reactions for glucose conversion into acetic acid (Equation 

2), propionate (Equation 3), butyrate (Equation 4) and ethanol (Equation 5) can be described as 

follows (Van et al., 2019):  

 𝑛𝐶6𝐻12𝑂6  
   𝐴𝑐𝑖𝑑 𝑓𝑜𝑟𝑚𝑖𝑛𝑔 𝑚𝑖𝑐𝑟𝑜𝑜𝑟𝑔𝑎𝑛𝑖𝑠𝑚𝑠   
→                           3𝑛𝐶𝐻3𝐶𝑂𝑂𝐻 (2) 

 𝐶6𝐻12𝑂6 + 2𝐻2 → 2𝐶𝐻3𝐶𝐻2𝐶𝑂𝑂
− + 2𝐻+ + 2𝐻2𝑂 (3) 

 𝐶6𝐻12𝑂6  →  𝐶𝐻3(𝐶𝐻2)2𝐶𝑂𝑂
− + 𝐻+ + 2𝐶𝑂2 + 2𝐻2 (4) 

 𝐶6𝐻12𝑂6  →  2𝐶𝐻2𝐶𝐻2𝑂𝐻 +  2𝐶𝑂2 (5) 

When lipids are in large amounts in the waste, long-chain fatty acids (LCFA) (with more than 

twelve carbon atoms) are generally produced (Bruss, 2008). Volatile fatty acids (from 2 to 6 carbon 

atoms) are also generated from the fermentation of simple sugars such as glucose (from 

carbohydrates), the most common being acetic (C2), propionic (C3) and butyric (C4) acids (Akiba et 

al., 2018; Aydin, 2017). For amino acids, they can be degraded via two main ways: pairs of amino 

acids are degraded through the oxidation-reduction Stickland reaction, and single amino acids are 

degraded in the presence of H2-utilizing bacteria (Kovács et al., 2013), through the specific 

fermentative pathway of each amino acid (Merlin Christy et al., 2014). 

During acidogenesis, fermentative bacteria (acidogens) use organic matter to produce other 

intermediates, such as alcohols, ketones, hydrogen (H2), carbon dioxide (CO2), ammonia (NH3) and 

hydrogen sulfide (H2S) (Ahammad and Sreekrishnan, 2016; Chen et al., 2014). The amounts of 

intermediates formed depend on the conditions inside the digester, with a focus on the pH variation 

and its correlation with the VFA content (Meegoda et al., 2018). The proportion of individual VFA 

species is important for the overall digester performance since both acetic and butyric acids are the 

preferred precursors for the methane formation (Merlin Christy et al., 2014). Generally, acidogenesis 

is the fastest step in the anaerobic process (Merlin Christy et al., 2014), and an unbalanced 

acidogenesis can lead to acidification of the medium, causing inhibition in several microorganisms, 

mainly in methanogens. The accumulation of electron sinks like propionate or butyrate are 

responsible for the increase of hydrogen concentration in the medium (Merlin Christy et al., 2014). 

Among all the microorganisms present in a digester, such as bacteria, protozoa, fungi and yeasts, 

obligatory and facultative anaerobic bacteria (Table 2) carry out the fermentative conversion of 

simple molecules (sugars, amino acids and fatty acids) into products (VFA and alcohols) (Gavala et 

al., 2003). Hydrolytic and acetogenic microorganisms generally grow ten times faster than 

methanogens, which contributes to the rapid conversion of hydrolyzed organic matter (Merlin Christy 

et al., 2014). 

 

2.2.3.3 Acetogenesis   

The products from acidogenesis that cannot be used directly by methanogenic microorganisms 

(VFA species with more than two carbon atoms and alcohols with more than one carbon atom) are 
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converted by oxidation into methanogenic substrates, such as acetate, H2 and CO2, during the 

acetogenesis phase of AD (Seadi et al., 2008). Acetogenic reactions are not energetically favorable, 

with G°’ values higher than 0 kJ/mol (Aydin, 2017), and the growth kinetics for acetogens is slower 

than for acidogens (Van et al., 2019). The conversion of propionate to acetate is only achievable with 

low hydrogen pressure (Merlin Christy et al., 2014). The conversion of propionate (Equation 6), 

butyrate (Equation 7) and ethanol (Equation 8) to acetate releases molecular hydrogen (H2). The 

CO2 and H2 conversion to acetate releases water and can be described by the reaction presented in 

Equation 9.   

 𝐶𝐻3𝐶𝐻2𝐶𝑂𝑂
− + 2𝐻2𝑂 →  𝐶𝐻3𝐶𝑂𝑂

− + 𝐶𝑂2 + 3𝐻2 (6) 

 𝐶𝐻3(𝐶𝐻2)2𝐶𝑂𝑂
− + 2𝐻2𝑂 → 2𝐶𝐻3𝐶𝑂𝑂

− + 𝐻+ +  2𝐻2 (7) 

 𝐶𝐻3𝐶𝐻2𝑂𝐻 + 𝐻2𝑂 →  𝐶𝐻3𝐶𝑂𝑂
− + 𝐻+ + 2𝐻2 (8) 

 2𝐶𝑂2 + 4𝐻2  →  𝐶𝐻3𝐶𝑂𝑂
− + 𝐻+ + 2𝐻2𝑂 (9) 

In acetogenesis, microorganisms can use CO2 as an electron acceptor and H2 as the major 

electron donor during energy metabolism and autotrophic growth via acetyl Coenzyme A (CoA) 

pathway (Hatti-Kaul and Mattiasson, 2016). The degradation of lipids is performed via -oxidation 

pathway, producing acetate from LCFA formed in the previous AD step. In this case, LCFA with an 

even amount of carbons can be degraded directly into acetate, while LCFA with an odd number of 

carbons is first degraded to propionate (Meegoda et al., 2018). These degradation reactions occur 

mostly in anoxic habitats since enzymes extremely sensitive to oxygen (O2) are involved in this 

process (Merlin Christy et al., 2014). 

The acetate production is a critical step for the success of the AD process since this acidic specie 

is the main precursor to the methane formation. Acetate can be formed by direct fermentation (mixed-

acid fermentation) from soluble organic molecules during acidogenesis, but the major part is 

converted from intermediates (propionic or butyric acids, or others) by acetogenic bacteria 

(Ahammad and Sreekrishnan, 2016). Two groups of acetogens are commonly found in anaerobic 

environments, with two different types of acetogenic mechanisms: 

 Obligate hydrogen-producing acetogens (OHPA) or obligate proton-reducing bacteria: 

through acetogenic dehydrogenation, they produce acetate, carbon dioxide and 

hydrogen from VFA by anaerobic oxidation (Gavala et al., 2003). This is the dominant 

mechanism in the acetogenesis of AD and often the term “acetogenesis” refers to 

acetogenic dehydrogenations, specifically the anaerobic oxidation of long and short-chain 

fatty acids. The most common examples of OHPA are Syntrophomonas sp. and 

Syntrophobacter sp. (Merlin Christy et al., 2014). 

 Homoacetogens: through acetogenic hydrogenation, they produce acetate as the only 

final product from carbon dioxide and hydrogen (Gavala et al., 2003), by anaerobic 

respiration; this mechanism is less dominant in acetogenic dehydrogenation.  

The production of H2 during acetogenesis (Equations 6, 7 and 8) led to an increase in the 

hydrogen partial pressure. This intermediate product inhibits the metabolism of acetogenic bacteria 

(mainly OHPA) and is converted into methane during methanogenesis by acetoclastic methanogens. 

Thus, both acetogenesis and methanogenesis steps occur in parallel, taking advantage of the 



2 | State-of-art 

27 

symbiosis of the two microorganisms groups (hydrogen interspecies transfer), avoiding inhibition by 

the product accumulation, and favoring the growth of both syntrophic microorganisms (Aydin, 2017).  

 

2.2.3.4 Methanogenesis   

Methanogenesis is the final stage of AD and is often the rate-limiting step when easily 

biodegradable substrates are treated (Ariunbaatar et al., 2014). The rate of methanogenesis also 

depends on the ratio of hydrolytic to methanogenic microorganisms (Meegoda et al., 2018). At this 

stage, methanogens convert acetate or carbon dioxide and hydrogen into methane (Ahammad and 

Sreekrishnan, 2016). In an AD system, about two thirds of methane is produced from acetate, while 

the remaining methane is produced from the conversion of H2 and CO2 (Seadi et al., 2008), as 

presented by the following Equations (Van et al., 2019):  

 𝐶𝐻3𝐶𝑂𝑂𝐻 
  𝐴𝑐𝑒𝑡𝑜𝑐𝑙𝑎𝑠𝑡𝑖𝑐 𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑔𝑒𝑛𝑠   
→                       𝐶𝐻4 + 𝐶𝑂2 (10) 

 𝐶𝑂2 + 4𝐻2  
  𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛𝑜𝑡𝑟𝑜𝑝ℎ𝑖𝑐 𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑔𝑒𝑛𝑠   
→                            𝐶𝐻4 + 2𝐻2𝑂 (11) 

Other organic compounds can also be used as a substrate for methanogenic microorganisms, 

such as carbon monoxide (Equation 12), formic acid (Equation 13), methanol (Equation 14), 

methylamines (Equations 15, 16, 17 and 18), dimethyl sulfide and metals (Equation 19), although to 

a lesser extent than the main substrates (acetate, H2 and CO2) (Gavala et al., 2003; Shah, 2017). 

 4𝐶𝑂 + 2𝐻2𝑂 →  𝐶𝐻4 + 3𝐻2𝐶𝑂3 (12) 

 4𝐻𝐶𝑂𝑂𝐻 →  𝐶𝐻4 + 3𝐶𝑂2 + 2𝐻2𝑂 (13) 

 4𝐶𝐻3𝑂𝐻 → 3𝐶𝐻3 + 𝐶𝑂2 +  2𝐻2𝑂 (14) 

 4(𝐶𝐻3)𝑁𝐻2 + 2𝐻2𝑂 → 3𝐶𝐻4 + 𝐶𝑂2 + 4𝑁𝐻3 (15) 

 2(𝐶𝐻3)2𝑁𝐻 + 2𝐻2𝑂 → 3𝐶𝐻4 + 𝐶𝑂2 + 2𝑁𝐻3 (16) 

 4(𝐶𝐻3)3𝑁 + 6𝐻2𝑂 → 9𝐶𝐻4 + 3𝐶𝑂2 + 4𝑁𝐻3 (17) 

 2(𝐶𝐻3)2𝑆 + 3𝐻2𝑂 → 3𝐶𝐻4 + 𝐶𝑂2 + 𝐻2𝑆 (18) 

 4𝑀𝑒0 + 8𝐻+ + 𝐶𝑂2  → 4𝑀𝑒
2+ + 𝐶𝐻4 + 2𝐻2𝑂 (19) 

The conversion of VFA to methane is an endothermic process and does not occur naturally. To 

facilitate this conversion, a cooperative symbiosis occurs between fermentative bacteria and 

methanogenic archaea, with the interspecies electron transfer (IET) as the main driving force that 

contributes to the use of energy during the AD process (Ajay et al., 2020). IET can occur in three 

main modes, namely the interspecies hydrogen transfer (H2 as electron carrier), the interspecies 

formate transfer (formate as electron carrier), and direct interspecies electron transfer (DIET), 

between oxidizing bacteria and methanogens (Zhang and Zang, 2019).  

The predominant pathway for the exchange of electrons between fermentative bacteria and 

methanogenic archaea is the IET using H2 and formate. However, DIET has several advantages, 

such as lower energy consumption, without the need for redox mediators to electron exchange or 

complex enzymatic steps, thus having clear thermodynamic advantages (Zhang and Zang, 2019). 

For the methane production, three different DIET mechanisms can occur, namely the DIET via 
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Monomethylamine 

Dimethylamine 
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conductive pili (conductive nanowire in microorganisms), the DIET via membrane-bound electron 

transport proteins, and the DIET via abiotic conductive materials, which can build a bridge between 

fermentative bacteria and methanogenic archaea, thus enhancing the methanogenic activity (Ajay et 

al., 2020). Several researchers, to improve the AD process and the methane formation, have studied 

the addition of conductive materials, such as iron and carbon-based conductive materials. This issue 

will be further discussed, in section 2.6.  

The microorganisms of the phylum Euryarchaeota from the Archaea domain are the main 

methane producers (Table 2) (Aydin, 2017). These microorganisms have many unique co-enzymes, 

such as F420, which are involved in one of the most chemically demanding redox reactions in 

biology, the single-carbon reactions of methanogenesis (Ney et al., 2017). Coenzyme F420 is a 

characteristic electron carrier associated with a pathway in which bicarbonates are reduced to 

methane via hydrogen (Dai et al., 2017). 

Archaea microorganisms involved in the methanogenesis step belong to three different classes: 

Methanobacteria, which includes the genus Methanobacterium, Methanococci and 

Methanomicrobia, which includes the genus Methanosarcina, Methanosaeta, Methanoculleus and 

Methanospirillum (Tabatabaei et al., 2010). Parallel to this classification, methanogenic 

microorganisms can be divided into two main groups, according to their metabolic routes for the 

formation of methane:  

 Acetotrophic (or Acetoclastic) methanogens: convert acetate to methane and produce 

CO2 as a metabolic byproduct; are the dominant microorganisms. Includes 

Methanosarcina sp. (high concentration of VFA and low pH) and Methanosaeta sp. (low 

concentration of acetate). Methanosarcina sp. can perform methanogenesis through the 

acetoclastic or hydrogenotrophic pathway (Aydin, 2017) and can use a wide variety of 

substrates to produce methane, such as acetate, methanol, monomethylamine, 

dimethylamine, trimethylamine, H2/CO2 and CO (J. Zhang et al., 2020).  

 Hydrogenotrophic methanogens: convert H2 and CO2 into methane; they are less 

dominant in the microbial community of the AD process than acetoclastic methanogens 

and mediate the syntrophic relationship between methanogens and acetogens. These 

methanogens play an important role in methanogenesis, maintaining low hydrogen 

partial pressure and supporting the growth of OHPA, to carry out the anaerobic oxidation 

of fatty acids. Hydrogenotrophic methanogens are more resistant to environmental 

changes than acetoclastic methanogens (Merlin Christy et al., 2014). Methanobacterium, 

Methanoculleus and Methanospirillum are the common hydrogenotrophic methanogens 

in mesophilic and thermophilic digesters. 

The operational conditions applied to the digester are determinant for the methanogenic 

microorganism’s activity. These microorganisms are strict anaerobes, thus the presence of oxygen 

inhibits the methane formation. Several authors claim that methanogenic microorganisms cannot 

synthesize the enzyme superoxide dismutase, used by aerobic microorganisms to neutralize oxygen 

and radicals such as O2
2-, O2

- and OH. (Botheju, 2011). Thus, the activity of other important 

methanogenesis enzymes is also affected, contributing to the sensitivity to the oxygen presence of 

the methanogenic microorganisms.  
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The neutral pH is favorable for the metabolic activity of methanogens and other parameters such 

as temperature, ammonia content, feedstock characteristics and feeding rate are also of high 

importance in the performance of these microorganisms (Schaechter, 2004; Van et al., 2019). Both 

OHPA and acetotrophic methanogens have slow growth rates (Schaechter, 2004), with acetotrophic 

methanogens having a much shorter doubling time than hydrogenotrophic methanogens (Van et al., 

2019). For this reason, methanogenesis is often the rate-limiting factor in anaerobic degradation. To 

compensate for their slow metabolic activities, the reactors must be operated with high retention 

times of 14 days or greater (Schaechter, 2004).  

The anaerobic system must have tight control, avoiding overloads of readily fermentable 

substrates, which can result in a rapid accumulation of H2 and fatty acids, and avoiding the 

introduction of toxic compounds that disturb the microbial balance. The accumulation of fatty acids 

generally results in a pH drop and a possible inhibition of the entire process (Schaechter, 2004). 

Moreover, the decrease in the amount of methanogenic microorganisms, mainly acetoclastic 

methanogens (the most sensitive to pH and ammonia concentrations), may be indicative of instability 

in the microbial community (Aydin, 2017).   

 

2.2.3.5 Sulfate reduction 

Wastewaters with a high sulfate content present an additional problem in terms of anaerobic 

degradation performance (Liu et al., 2015). The AD process for the methane formation can be 

inhibited in the presence of sulfate, since sulfate-reducing microorganisms, obligate anaerobes that 

degrade simple organic compounds with sulfate as the final electron acceptor (Hatti-Kaul and 

Mattiasson, 2016), compete with methanogens for compounds like hydrogen. In addition, sulfate-

reducing microorganisms will also compete with acetogens for compounds such as propionate and 

butyrate, and with hydrolytic and acidogenic microorganisms for other simple organic molecules (Dai 

et al., 2017). In anaerobic environments, sulfate-reducing microorganisms produce hydrogen sulfite 

(H2S) as a metabolite from the sulfate. The degradation of sulfate is undesirable since the H2S formed 

causes bad odors and reduces the methane yield, increasing toxicity and can induce the failure of 

the AD system (Liu et al., 2015).  

The conversion of acetate and H2 coupled with sulfate reduction (Equations 20 and 21, 

respectively) has a thermodynamic advantage over methanogenesis, with less Gibbs free energy, 

under standard temperature (293.15 K) and pressure (1 atm) conditions. For acetate, the conversion 

coupled to methanogenesis has G0’ = -31 kJ, compared to the conversion coupled to sulfate 

reduction, with G0’ = -47.6 kJ. Similarly, the conversion of H2 coupled to methanogenesis has 

G0’ = -135.6 kJ, compared to the conversion coupled to sulfate reduction, with G0’ = -151.9 kJ 

(Paulo et al., 2015). In addition, sulfate-reducing microorganisms have a higher affinity for H2 than 

methanogens.    

 𝐶𝐻3𝐶𝑂𝑂
− + 𝑆𝑂4

2−  →  𝐻𝑆− + 2𝐻𝐶𝑂3
− (20) 

 4𝐻2 + 𝑆𝑂4
2− + 𝐻+  →  𝐻𝑆− + 4𝐻2𝑂 (21) 
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2.2.4 Methane-rich biogas 

The biogas composition is highly dependent on the feedstock used in the AD process, the 

digestion system and temperature, among other operational factors. The energy content of biogas 

from the AD process is in the form of methane (Seadi et al., 2008). Methane is an odorless, colorless 

and flammable hydrocarbon gas, which burns with a light blue flame, like natural gas. Methane is 

also a major component of natural gas (Merlin Christy et al., 2014). Considering an average methane 

content in biogas of 50 %, the heating value of this gas is 21 MJ/Nm3, the density is 1.22 kg/Nm3 and 

the mass is 1.29 kg/Nm3, similar to air (Seadi et al., 2008). 

The main applications of biogas from the AD process are integrated in Figure 9. Biogas can be 

used in power stationary turbines, which, in turn, creates a source of bioenergy. In addition, biogas 

can be cleaned in a process known as biogas upgrading, to ensure that it is only pure methane (also 

called biomethane) and then used and piped into the main gas system (as a substitute for natural 

gas), or used as fuel in vehicles after gas compression. Carbon dioxide can also be recovered and 

then used as a feedstock in greenhouses or used for reconversion into new fuels. Biogas can also 

be processed into new high-value products such as bioplastics or biochemicals, such as methanol 

(Jain, 2019), through anaerobic oxidation of methane performed by archaea and sulfate-reducing 

bacteria (Thauer and Shima, 2008). 

 

Figure 9| Uses of biogas produced in AD process.  

 

Biomethane has several advantages over hydrogen, although both gases are needed for the 

success of the European energetic transition. The injection of biomethane into existing infrastructures 

does not damage them, while hydrogen can corrode the existing grid and cause damages. In 
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addition, the small size of the molecules and the energy density of hydrogen led to difficulties in 

storage when compared to methane (European Biogas Association, 2019).  

One way to improve the anaerobic process and, consequently, achieve high methane 

productivity, is to implement a pre-treatment technique. This approach includes biological, chemical, 

mechanical and thermal pre-treatments (Liew et al., 2020). These are commonly applied to complex 

substrates with a high content of lignocellulosic material and help to increase the bioavailability of 

organics in waste, leading to easier hydrolysis and acidification (Meegoda et al., 2018). The 

pretreatment methods for waste can also be applied to obtain suitable by-products from the 

hydrolysis step and to improve the quality of the nitrogen and phosphorus components to be recycled 

(Ariunbaatar et al., 2014). Despite their advantages, physical and chemical pretreatments are 

considered expensive because they are highly energy demanded and generally have high 

operational costs (Liew et al., 2020).  

 

2.2.5 Key parameters that affect the anaerobic digestion process 

Several environmental or growth factors, such as pH and alkalinity, temperature and the presence 

of toxic compounds, such as VFA, oxygen or ammonia, and operational parameters, such as organic 

loading rate and hydraulic retention times affect the anaerobic process. In addition, the biogas 

potential of the feedstock, the design of the digester, the inoculum quality and the nature of the 

substrate also influence the biogas production. These parameters affect the activity of microbial 

anaerobic consortia (Van et al., 2019), particularly the most sensitive microorganisms such as 

methanogens.  

In a biogas plant, several parameters are monitored to evaluate the performance of the process. 

Besides some economic parameters, essential from the point of view of economic viability, several 

operating parameters are considered in a biogas plant. The main operational parameters are 

temperature, operational pressure, reactor volume, gas quantity, HRT, organic load, methane 

concentration in biogas, specific biogas production and yield. It is also evaluated the gross energy 

and electricity production, output to the grid and efficiency of the CHP plant (Seadi et al., 2008; Van 

et al., 2019).  

 

2.2.5.1 pH and alkalinity  

The pH is a measure of the acidity or alkalinity level of a solution or substrate mixture (in the case 

of the AD process). Inside the digester, the pH depends on the partial pressure of CO2 and the 

concentration of alkaline and acidic compounds in the liquid phase. The pH affects the growth of 

microorganisms, mainly methanogenic microorganisms. It also affects the dissociation of some 

important compounds for the anaerobic process, such as organic acids, ammonia, or sulfide (Seadi 

et al., 2008). Alkalinity is a measure of the amount of bases in the solution, capable of neutralizing 

hydrogen ions (H+) from acidic species. The most common buffering agents are bicarbonate (HCO3
-

) and carbonate (CO3
2-) ions and are able of attenuating large pH variations in biological systems, 

which can occur during microbial activity (Mattson, 2014).  

Usually, acidogenic microorganisms have a lower optimum pH value than methanogenic 

microorganisms (Table 3). Some authors report a wide pH range for the hydrolysis step, between 4 
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and 11, with values between 6 and 8 reported as the most favorable for the hydrolysis of organic 

material (Van et al., 2019). In the acidification step, the pH directly influences the composition of the 

VFA mixture formed by the microorganisms. Although highly tolerant to high VFA concentrations, 

acidogenic microorganisms are strongly inhibited by pH values below 4.0 (Van et al., 2019), with an 

optimum range between 5.5 and 6.5 (Mao et al., 2015). Other authors report a wider range for the 

action of acidogenic bacteria, between 4.0 and 8.5 (C. Zhang et al., 2014), being acidogenic 

microorganisms less sensitive to pH variations than other microorganisms within the AD process 

(Liew et al., 2020). Acetogenic microorganisms work better in environments with light-acidic 

conditions, with an optimum pH of around 6.0 (Van et al., 2019).  

Table 3| Optimum pH range for different steps of anaerobic conversion of organic matter into biogas, 

considered by different authors.  

AD step Optimum pH range 

Hydrolysis 
5.0 – 7.0 (Meegoda et al., 2018)  

4.0 – 8.0 (Van et al., 2019) 

Acidogenesis 

4.0 – 8.5 (C. Zhang et al., 2014) 

4.0 – 6.5 (Speece, 1996) 

5.5 – 6.5 (Mao et al., 2015) 

Acetogenesis 6.0 – 6.2 (Van et al., 2019) 

Methanogenesis 

6.5 – 7.2 (C. Zhang et al., 2014) 

7.0 – 8.0 (Seadi et al., 2008) 

6.5 – 8.2 (Mao et al., 2015) 

 

Methanogenesis occurs at pH values between 6.5 and 8.2 and, generally, neutral pH (7.0) is 

considered as the optimum (Mao et al., 2015). An AD system with pH values below 6.6 is reported 

to have adverse conditions for the growth and activity of methanogenic microorganisms, as well as 

the release of free ammonia when pH values are higher than 7.8 (Van et al., 2019). Other authors 

report a restricted optimum pH for the methanogenic step, between 6.5 and 7.2, favoring the growth 

of methanogens (C. Zhang et al., 2014).   

In a mesophilic AD process, a decrease in pH below 6.0 or an increase above 8.3 severely inhibits 

the process. In the mesophilic digesters, dissolved CO2 forms carbonic acid when in contact with 

water, leading to a pH decrease; otherwise, in thermophilic digesters, the solubility of carbon dioxide 

in water decreases, due to the increase in temperature, and, consequently, the pH increases (Liew 

et al., 2020). 

Additionally, the accumulation of VFA in the liquid phase leads to a decrease in pH values, and 

the effect of inhibition caused by VFA is higher in anaerobic systems with lower pH values. The 

accumulation of ammonia leads to an increase in pH, driven by the degradation of substrate proteins 

(Shah, 2014). To avoid these pH fluctuations, chemical alkalinity in the form of bicarbonates must be 

added to the digesters, to balance pH changes and avoid drastic pH variations.   

 

2.2.5.2 Temperature  

Temperature is among the most important operational factors in the AD process since it influences 

the activity of enzymes and co-enzymes and also the methane yield and the digestate quality (C. 

Zhang et al., 2014). In addition, temperature also influences the state of the substrate, regarding 
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solubility, metabolic rate and ionization equilibria (Van et al., 2019). The AD process can be 

conducted in a variety of temperature ranges, with different microbial stabilization (Aydin, 2017). 

Generally, the anaerobic degradation process can take place in three ranges (Seadi et al., 2008):  

 Psychrophilic: < 20 °C 

 Mesophilic: 30 – 40 °C 

 Thermophilic: 43 – 55 °C 

Despite this wide range of operation, a fluctuation in the temperature of the digester from that in 

which the culture has adapted can affect gas production, without directly affecting the production of 

VFA. Consequently, VFA can accumulate in the digester, leading to process failure (Buswell and 

Hatfield, 1936). In practice, the digestion temperature is applied according to the feedstock 

characteristics. Due to the sensitivity of anaerobic microorganisms, temperature variations inside the 

digesters should be minimized to less than 1 °C/d for thermophilic digestion and 2 – 3 °C/d for 

mesophilic digestion (Shah, 2014; Van et al., 2019). 

The overall performance of an AD process increases with increasing temperature (C. Zhang et 

al., 2014). Both hydrolysis and acidogenesis steps can be enhanced by increasing the digestion 

temperature. However, the enhancement of hydrolysis and acidogenesis can have an adverse effect, 

with rapid VFA accumulation and the difficulty of slower acetogenic and methanogenic 

microorganisms to metabolize these intermediates can result in a pH decrease and, ultimately, in a 

process failure (Merlin Christy et al., 2014).  

At psychrophilic conditions, methanogens have slower growth rates than in mesophilic or 

thermophilic conditions, and a previous acclimatization step of the inoculum is often required (Ware 

and Power, 2017), exposing anaerobic microorganisms to the lower temperatures they are used to, 

during a certain period of time. Only a few reactors at large scale are operated at psychrophilic 

temperature, being these systems highly dependent on geographic location, with generally lower 

ambient temperatures (Meegoda et al., 2018).  

Mesophilic temperature is used in most biogas plants around the world, requiring less heating 

capacity than thermophilic plants (reduced operating costs), with the asset of more stability regarding 

methane production at mesophilic conditions. In addition, the mesophilic process is less sensitive to 

environmental changes than the thermophilic process, with a higher diversity of microorganisms 

(Merlin Christy et al., 2014). Furthermore, the rate of solubilization at mesophilic conditions is 

significantly lower, for food waste under thermophilic conditions (C. Zhang et al., 2014).   

On the other side, thermophilic digesters are able to achieve higher biogas yields and accelerate 

the degradation rates, lowering the retention time and also reducing the amount of pathogens in the 

digestate (Seadi et al., 2008), with the disadvantage of the requirement of high energetic inputs and 

costs (Meegoda et al., 2018). Thermodynamically, a higher temperature in the digester is beneficial 

for endergonic reactions, such as the breakdown of propionate into acetate, CO2 and H2, but 

unfavorable to exergonic reactions, such as hydrogenotrophic and methanogenic conversions (C. 

Zhang et al., 2014). Therefore, a two-phase anaerobic system is considered ideal, with a thermophilic 

system for hydrolysis and acidogenesis steps and a mesophilic system for methanogenesis step 

(Merlin Christy et al., 2014). 
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2.2.5.3 Nutrients 

The macronutrients that constitute microbial cells, namely carbon (C), nitrogen (N), phosphorus 

(P) and sulfur (S), are essential for the maintenance of living microbial organisms. In addition, the 

presence of micronutrients (or trace elements) such as iron, cobalt, nickel, selenium, molybdenum 

or tungsten are also very important for the growth and survival of microorganisms (Tabatabaei et al., 

2018). These trace elements are of vital importance as a support for enzymatic activities and 

chemical reactions (Mao et al., 2015), as summarized in Table 4.  

Table 4| Toxicity level, the importance for microorganisms and the biological function of the most 

representative micronutrients for anaerobic systems (Mao et al., 2015; Paulo et al., 2015; Shah, 2014).   

Element Toxicity 
Importance for 

microorganisms 

Stimulatory concentration 

(mg/L) 

Inhibitory concentration (mg/L) 

(Romero-Güiza et al., 2016) 

Biological 

function 

Stimulatory effect 

in AD 

Fe Low High 
Stimulatory: < 0.3 

Inhibitory: -- 

Essential for 

cytochromes, 

ferredoxin and as a 

constituent of 

enzymes 

Promotes organic 

degradation and 

help the 

hydrogenotrophic 

metabolism 

Mo Low High 
Stimulatory: < 0.05 

Inhibitory: -- 

Present in formate 

dehydrogenase 

and formyl 

MF-dehydrogenase 

Improves biogas 

production rate 

Mn Low High 
Stimulatory: < 0.027 

Inhibitory: -- 
– – 

Mg Low High 
Stimulatory: < 720 

Inhibitory: -- 
– – 

Zn Moderate High to moderate 
Stimulatory: 0.03 – 2 

Inhibitory: 7.5 – 1500 

Present in 

hydrogenases 

Enhances methane 

content 

Ni Moderate High to moderate 
Stimulatory: 0.03 – 27 

Inhibitory: 35 – 1600 

Present in the 

synthesis of acetyl-

CoA and needed 

for the synthesis of 

cofactor F430 

Reduces ammonia 

and sulfide toxicity 

and stabilizes VFA 

levels 

Cu Moderate High to moderate 
Stimulatory: 0.03 – 2.4 

Inhibitory: 12.5 – 350 

Present in some 

superoxide 

dismutases 

– 

Co Moderate High to moderate 
Stimulatory: 0.03 – 19 

Inhibitory: 35 – 950 

Required to build 

up the Co-

containing corrinoid 

factor III and 

present in 

methyltransferase 

– 

Cr Moderate High to moderate 
Stimulatory: 0.01 – 15 

Inhibitory: 27 – 2500 
– 

Improves biogas 

production rate 

W Moderate Moderate 
Stimulatory: < 0.04 

Inhibitory: -- 
– 

Promotes process 

start-up and 

eliminates foam 

Se Moderate Moderate 
Stimulatory: < 0.04 

Inhibitory: -- 

Needed for the 

synthesis of 

cofactor F430 and 

benzoyl-CoA 

Improves process 

stability and 

enhances the 

growth of 

microorganisms 

Cd High Low 
Stimulatory: < 1.6 

Inhibitory: 36 – 3400 

Limited biological 

function 
– 

As, Ag, Sb, 

Hg, Pb, U 
High Low – 

Limited biological 

function 
– 
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Macronutrients such as C, N, potassium (K), P and S are also essential for the activation and the 

functioning of microorganisms. Carbon is usually supplied by the substrate source and is required 

as energy and for the synthesis of cellular material. Nitrogen is essential for protein synthesis, 

potassium is required for maintaining the cell wall permeability, phosphorus is incorporated into the 

synthesis of nucleic acids and sulfur is used in numerous enzymes and is essential for the growth of 

methanogenic microorganisms (Mao et al., 2015). Na is also essential for the metabolism of 

methanogenic microorganisms, playing an important role in the formation of ATP and NADH 

oxidation (J. Zhang et al., 2020). The requirements for macronutrients depend on the microbial 

composition of the consortia and on the growth yields of microorganisms. 

Depending on the concentrations, both macronutrients and micronutrients have a stimulating 

effect on the anaerobic production of biogas, as depicted in Figure 10. At low concentrations, the 

activity of microorganisms is usually stimulated. For some elements such as arsenic (As), silver (Ag), 

antimony (Sb), mercury (Hg), lead (Pb), or uranium (U), the toxicity is very high at very low 

concentrations and there are no clear stimulating effects or biological importance for the activity of 

microorganisms (Mao et al., 2015).  

 

Figure 10| General effect of the concentration of the elements in the medium on the rate of biological 

reactions (based on McCarty (1964b). 

 

The extent of the stimulatory concentration range depends on the element, ranging from just a 

fraction of mg/L for some metals to more than one hundred mg/L for elements like sodium or calcium 

(McCarty, 1964a). Above the optimum concentration for biological activity, the rate of biological 

reactions begins to decrease and reaches the crossover concentration, initiating the inhibition of 

microorganisms, and less activity is observed than without the presence of the elements. At very 

high concentrations, the activity of microorganisms can be totally inhibited and can lead to failure of 

the anaerobic process. However, in most anaerobic processes, microorganisms have the ability to 

adapt to high concentrations of inhibitory compounds, thus increasing the optimum concentration for 

some elements, as depicted in Figure 10 (McCarty, 1964a).  

The stimulating effect is more evident in the AD of solid wastes that do not have these elements, 

such as energy crops and crop residues, animal manure and organic fraction of municipal solid waste 

(Mao et al., 2015). The lack of macro or micronutrients can cause instability in the AD process (J. 
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Zhang et al., 2014). In anaerobic processes, the optimal ratio for macronutrients is considered 

600:15:5:1 (C:N:P:S), corresponding to low amounts, because only a small amount of biomass is 

developed (Shah, 2014). The optimum C:N:P ratio for the enhancement of methane is reported as 

200:5:1 (Mao et al., 2015).  

 

2.2.5.4 Presence of toxicants 

Anaerobic treatment is sensitive to the presence of toxicants. A wide variety of compounds, either 

organic (like VFA or other organic compounds) or inorganic (like ammonia, sulfide, or other 

potentially toxic elements) can inhibit the anaerobic process and, ultimately, cause failure. In addition, 

the presence of oxygen or high content of salts in the system can disturb the activity of anaerobic 

microorganisms and cause inhibition of the anaerobic process.  

 

2.2.5.4.1 Volatile fatty acids  

The stability of an anaerobic process is reflected by the amount of intermediate products 

accumulated. The main VFA species produced during AD of organic waste are acetic, propionic, 

butyric and valeric acids, and they are ultimately converted into CH4 and CO2 by syntrophic 

acetogens and methanogenic microorganisms. However, when high organic loads are applied, an 

excess of VFA in the medium can lead to drastic pH decreases, inhibiting methanogenesis. 

Nevertheless, when the AD system is properly buffered, the accumulation of intermediates does not 

reflect the pH values and the VFA accumulates beyond the maximum, causing inhibition. Buswell 

and Hatfield (1936) stated that the maximum VFA concentration inside a digester should not exceed 

2 – 3 g/L (measured as acetic acid). In addition, for a stable methanogenesis step, the VFA 

concentration must remain below 0.2 g/L, and inhibition occurs frequently when acetic acid exceeds 

3 g/L (Van et al., 2019).   

The VFA composition in a digester is significantly influenced by pH (Mao et al., 2015). At low pH 

values, the main VFA species are acetic and butyric acids, while at slightly alkaline pH values (≈ 8), 

acetic and propionic acids are the main constituents of the mixture (Merlin Christy et al., 2014; C. 

Zhang et al., 2014). The concentrations of acetic acid and propionic acid can be used as an indicator 

of the AD performance and of possible imbalances in the digestion process. When the ratio between 

propionic and acetic acid is higher than 1.4, or the concentration of acetic acid exceeds 0.8 g/L, AD 

systems can fail due to acidic conditions (C. Zhang et al., 2014).  

 

2.2.5.4.2 Organic compounds  

The performance of anaerobic processes can be affected by the presence of organic compounds. 

Some of these compounds can accumulate inside the digester since they adsorb to the surface of 

the sludge and are poorly soluble in water. With the accumulation of such compounds in the cell 

membranes of microorganisms, the ion gradients are disrupted and can cause cell lysis (Chen et al., 

2008).  

Several organic compounds are reported to negatively influence the anaerobic digestion process. 

Some of them include phenols, chlorophenols, halogenated aliphatic compounds, acrylates, 
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aldehydes, ketones or pyridine. In addition, recalcitrant compounds commonly present in 

wastewaters can also inhibit the activity of methanogenic microorganisms.   

LCFA have also been reported to have adverse effects on anaerobic digestion. LCFA are fats 

that have several carbons in their chain and include unsaturated and saturated fats. They can be 

found in oily/fatty wastes and wastewaters from the food processing industries, such as ice cream, 

dairy products, fish and slaughterhouses. These compounds are neither easy to treat by conventional 

treatment methods nor are suitable for biological decomposition (Chen et al., 2014). They promote 

a low release of gas bubbles by the granules, forming insoluble aggregates with LCFA adsorbed on 

the surface of the granular sludge. These aggregates tend to float on the surface of the wastewater 

and the presence of LCFA can hamper the supplementation of a substrate to the microorganisms 

present in the granules (Leitão et al., 2006). 

 

2.2.5.4.3 Ammonia  

Ammonia, formed with the biodegradation of proteins and other nitrogen-rich substrates, is an 

important compound for the anaerobic degradation process, existing mainly in the form of ammonium 

ion (NH4
+) and free ammonia (NH3) (C. Zhang et al., 2014). In the aqueous phase, the equilibrium 

between ammonium ions (NH4(aq)
+), free ammonia in solution (NH3(aq)), ammonia in the gas phase 

(NH3(g)), hydrogen ions (H+) and hydroxyl ions (OH-) is observed (Sung and Liu, 2003). Although its 

important role in the growth of microorganisms, NH3 can act as an inhibitor in certain high 

concentrations (Chen et al., 2014), and this inhibition is particularly important when dealing with 

nitrogen-rich wastes (Dai et al., 2017). 

The toxicity of NH3 is highly influenced by temperature, increasing with increasing digestion 

temperature (Seadi et al., 2008). This toxicity can be caused by the facilitated diffusion through the 

cell membrane and, consequently, hindering the normal cell functioning, disrupting the potassium 

and proton balance in the cell, or by the direct inhibition of the methane synthesizing enzyme 

(Kayhanian, 1999). Among the diverse microbial populations in an anaerobic system, acetoclastic 

methanogens are more sensitive to high concentrations of NH3 than hydrogenotrophic methanogens 

(C. Zhang et al., 2014).   

In addition, the increase in pH leads to an increase in the NH3 content (Seadi et al., 2008). NH3 

also enhances the buffer capacity of the AD system, whereas the VFA formed during acidogenesis 

can be neutralized by NH3. Ammonia can react with VFA, avoiding inhibition by low pH and providing 

enough VFA amount for the methane formation (C. Zhang et al., 2014). To avoid the inhibitory effect 

caused by the excess of NH3 content, its concentration must be kept below 80 mg/L (Seadi et al., 

2008). At higher concentrations (600 – 690 mg/L), the AD system has lost stability and methanogenic 

microorganisms are inhibited (Van et al., 2019).  

 

2.2.5.4.4 Sulfide  

Industries such as petrochemical plants, tanneries or pulp and paper plants, generate waste 

streams containing sulfides. When these streams are treated anaerobically, the sulfate-reducing 

microorganisms, besides to decreasing the rate of methanogenesis and the quantity of methane 

produced by competition for available carbon and/or hydrogen, also generate sulfide, which can have 
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an inhibitory or toxic effect on the methanogens and in sulfate-reducing microorganisms (Chen et al., 

2014). Values for half of the maximum sulfide inhibitory concentration are commonly reported 

between 160 and 220 mg/L, with acetotrophic methanogens being more affected than 

hydrogenotrophic methanogens due to the presence of its undissociated form (H2S) (Yamaguchi et 

al., 1999). For a satisfactory performance regarding organic matter removal, the sulfide content must 

be kept below 100 mg/L (Demirel and Yenigün, 2002). 

Sulfide toxicity is often associated with interference with the assimilation of sulfur, affecting 

intracellular pH, and also with the facilitated passage of neutral molecules such as H2S through cell 

membranes, reacting with intracellular components (Chen et al., 2014). 

 

2.2.5.4.5 Potentially toxic elements  

Some elements are vitally important for the synthesis of cells, such as carbon (C), hydrogen (H), 

oxygen (O) and nitrogen (N). Others, such as sodium (Na), potassium (K), magnesium (Mg), calcium 

(Ca), aluminum (Al), chromium (Cr), cobalt (Co), copper (Cu), zinc (Zn) and nickel (Ni) are also 

required by anaerobic microorganisms (Table 4), as these elements play an important role in the 

synthesis of enzymes and in the maintenance of microbial cells (C. Zhang et al., 2014). However, 

high concentrations of some elements such as Cr, Co, Zn, Fe, Cu, Cd and Ni, can be of particular 

concern for microorganisms (Chen et al., 2008). 

Some compounds are considered toxic to microorganisms because they are not biodegradable 

and can accumulate in living organisms to potentially toxic concentrations (Paulo et al., 2015). For 

anaerobic microorganisms, these elements can cause inhibition due to their action on the function 

and structure of the enzymes (C. Zhang et al., 2014). They can enter the process with the feedstock 

or be generated along the digestion process. In most cases, if the toxicity levels are not very high, 

the microorganisms will be able to adapt and tolerate their presence. In some cases, anaerobic 

microorganisms are able to degrade the “new” compounds, depending on the environmental 

conditions inside the digester and the key parameters for their operation.  

 

2.2.5.4.6 Oxygen  

In an anaerobic system, small amounts of oxygen can be harmful to the methanogenic 

microorganisms and other anaerobic microorganisms involved (McCarty, 1964b). In the sludge 

granules formed within the anaerobic reactor, methanogenic microorganisms are well protected from 

oxygen, due to the different layers formed by different microorganisms (Botheju, 2011). In this group, 

the facultative oxygen-consuming microorganisms are essential to creating anaerobic conditions for 

methanogens, metabolizing part of the available substrate and removing oxygen. Thus, these 

specific microorganisms are able to create anaerobic microenvironments, rapidly consuming the 

oxygen dissolved in medium and allowing the survival of methanogenic microorganisms (Leitão et 

al., 2006), reducing oxygen stress in strict anaerobes (Botheju, 2011).  

Some authors have improved methanogenesis and reduced oxygen-induced inhibition by 

immobilizing methanogenic microorganisms in a polymeric support (Lalov, 2001), thus protecting 

methanogenic microorganisms inside the support material. In large-scale plants, the discharge of 

effluents with high amounts of polluting compounds or oxygen can cause inhibition, depending on 
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the concentration. When an overload of oxygen occurs, the facultative oxygen-consuming 

microorganisms present in the granules can use this element before it affects methanogenic 

microorganisms. However, if the overload exceeds the maximum capacity of these microorganisms 

to consume oxygen, methanogens may be inhibited by the presence of this element (Leitão et al., 

2006).  

 

2.2.5.4.7 Salinity  

The wastewater produced in several food industries has a saline content. The level of inhibition 

caused by salinity depends mainly on the concentration of sodium ions. This element is considered 

essential for the growth and activity of microorganisms, in low concentrations. Proper concentration 

of sodium enhances the methanogenic activity and can improve methane yield (J. Zhang et al., 

2020). The salinity in the medium can affect methanogenic activity, thus reducing methane 

production (J. Zhang et al., 2020). The high concentration of sodium can cause an imbalance of 

cellular osmotic stress, which can lead to plasmolysis or cell death (S. Wang et al., 2017). It can also 

lead to an increase in the suspended solids content in the effluent, a reduction in the organic matter 

removal and the inhibition of overall bacterial metabolism (Chen et al., 2018). 

Inhibitory concentrations of sodium depend on the type of waste under treatment (Chen et al., 

2008). McCarty (1964b) referred that sodium concentrations between 100 and 200 mg/L have a 

stimulatory effect within an anaerobic system, whereas concentrations between 3500 and 5500 mg/L 

have a moderate inhibitory effect (McCarty, 1964a), and can result in a decrease in methane yield 

by approximately 35 – 40 % (S. Wang et al., 2017). Concentrations above 8000 mg/L are strongly 

inhibitory to anaerobic microorganisms and are considered toxic for biological reactions (McCarty, 

1964a). As with other elements, the effect of sodium on the rate of biological reactions occurring in 

microorganisms is described by the pattern depicted in Figure 10.  

Several microorganisms are able to adapt to high salt concentrations, such as microorganisms of 

the genus Methanosarcina sp., which grow in aggregates and form irregular cell clusters, increasing 

their tolerance to high concentrations of sodium and other toxic ionic elements (J. Zhang et al., 2020). 

It is also reported by several authors that the archaeal community is easily affected by high salinity 

(S. Wang et al., 2017), and acetoclastic methanogens show higher resistance to high salinity 

conditions than hydrogenotrophic methanogens (S. Wang et al., 2017; J. Zhang et al., 2020).  

 

2.2.5.5 Hydraulic retention time 

The hydraulic retention time (HRT) is denoted as the time that liquid remains in the digester and 

is determined by the ratio between the volume of the reactor and the flow rate. It determines the time 

in which the microorganisms and the substrate are in contact, enough to complete the transformation 

of organic matter (Van et al., 2019). This parameter is closely related to the organic load and has an 

inverse relationship with it (Meegoda et al., 2018). This operating parameter is associated with the 

microbial growth rate and also depends on the temperature and the substrate composition (Mao et 

al., 2015). 

Normally, short HRT represents reduced operational costs, but it is associated with acidification 

of the digester and can cause inhibition of the anaerobic process (Meegoda et al., 2018), resulting 
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in insufficient utilization of the digester components (Mao et al., 2015). Long HRT implies high-

volume digesters and increases investment and operating costs (Van et al., 2019). Nevertheless, 

long HRT (20 to 200 days) is required in conventional anaerobic digesters to ensure complete 

digestion of a given influent (Liew et al., 2020). To achieve constant and maximum methane yields, 

long HRT coupled with a low organic load is preferred (Mao et al., 2015).  

 

2.2.5.6 Organic load 

The organic load applied to a digester is related to the amount of organic matter fed per day, in 

continuous digesters (Meegoda et al., 2018). The organic loading rate (OLR) is given by the ratio 

between the organic concentration and the HRT. Both HRT and OLR are dependent on process 

parameters that influence microbial growth, such as temperature, pH and characteristics of the 

substrate (Van et al., 2019). 

The robustness of the microbial population is very important in these types of systems, allowing 

the continuity of the anaerobic treatment and avoiding failures. The increase in OLR increases the 

biogas yield; however, the equilibrium and productivity of the AD can be disturbed, leading to the 

temporary inhibition of microbial activity (Mao et al., 2015). When high amounts of organic matter are 

added to an anaerobic system, accumulation of VFA can occur through rapid hydrolysis and 

acidification, and has the potential to inhibit methanogenesis and can lead to reactor failure. In 

specific cases, such as the treatment of oil and grease waste and glycerol, some authors reported 

the adaptation of the microbial population to the imposed organic shock, recovering from the 

inhibition of methanogenesis caused by the high VFA content (Ferguson et al., 2016). The increase 

in temperature to thermophilic conditions and the effluent recirculation have positive effects in 

relieving overload inhibition (Mao et al., 2015).  

 

2.2.6 Configurations of anaerobic bioreactors  

Many different configurations of anaerobic reactors have been developed over many years. 

Figure 11 shows the most common bioreactor configurations applied to the anaerobic treatment of 

highly polluted wastewaters (high-rate anaerobic process), such as dairy effluents (Bachmann et al., 

2008). In addition to the configurations represented in the figure, the AD process can be performed 

in an anaerobic fermentation tank (similar to a continuous stirred reactor but without stirring), in an 

anaerobic rotating biological contact reactor (AnRBC) or in an anaerobic percolating filter (APF) 

(Bachmann et al., 2008).   

Anaerobic digesters can vary in configuration, retention times, requirement of pre or post-

treatment, operating temperature, among others, depending on the substrate (Jain, 2019). The 

operation of anaerobic digesters can be performed either as a batch or as a continuous reactor. In 

batch mode, the substrate is added to the reactor at the beginning of the operation, while in 

continuous mode the substrate is constantly added to the reactor (Merlin Christy et al., 2014). 

Considering physical separation, AD processes include single-stage, two-stage and three-stage 

systems (Van et al., 2019). Other reactor operation modes can be performed, according to the 

conditions to be imposed and the characteristics of the substrate to be treated. The solids content in 

the digester determines the designation of the systems, as “liquid” (Total solids (TS) between 4 and 



2 | State-of-art 

41 

10 %), “wet” (TS < 20 %) or “dry” (TS > 20 %). Dry digestion is typical of substrates such as energy 

crops (maize, miscanthus, among others) and silages.  

 

Figure 11| Bioreactor configurations for anaerobic treatment of highly polluted industrial wastewaters 

(graphics from (Bachmann et al., 2008)): (a) Anaerobic contact reactor; (b) Anaerobic filters (AF) with down-

flow and up-flow; (c) Anaerobic fixed film reactor (AFFR), with two different supporting structures; (d) Up-flow 

anaerobic sludge blanket (UASB) reactor; (e) Anaerobic fluidized bed reactor (FBR). 

 

Batch reactors are very common in AD processes, mainly for the treatment of solid wastes. In 

batch reactors, the four main steps of AD occur sequentially, with the consumption of substrates by 

each type of microorganisms and the production of their suitable product. The depletion of substrates 

had led to a decrease in the microorganism’s population, and the retention time of these types of 

reactors is often longer than other reactor types, with long start-up periods.  

For fed-batch reactors, also called anaerobic sequential batch reactors (AnSBR), the same tank 

is used for treatment and fermentation steps. This single-tank fill-and-draw unit is considered a good 

option for the treatment of a wide range of wastewater strengths, allowing for good process control 
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and high process efficiency, with high biogas yield. The simplicity and flexibility of use, the cost-

effectiveness, the final effluent quality and the lower process inputs, and the mechanical 

requirements that conventional reactors have are a significant advantage. However, high volumes 

are required, as well as some type of stirring, which is necessary to ensure the transfer of the 

substrate to the microorganisms in the granulated biomass (Mao et al., 2015).  

Continuous systems are also very common, mainly for liquid wastes, with continuous loading of 

organic material and continuous organic matter removal and methane production. In continuous 

systems, contrary to what occurs in batch systems, the four main steps of AD occur at the same 

time. When a continuous system reaches a steady state, there is no VFA accumulation, because 

they are immediately converted into methane after formation (Meegoda et al., 2018). The continuous 

stirred tank reactor (CSTR) was the first high-rate anaerobic reactor and is known for its reliability 

and versatility, being widely used to treat streams with a high solids content (Mao et al., 2015). 

Coupled to the CSTR, a settling tank is commonly used, to settler sludge and recycle microorganisms 

into the main reactor (Figure 11 (a)). 

High-rate anaerobic reactors, such as UASB (Figure 11 (d)), AF (Figure 11 (b)), FBR (Figure 11 

(e)), AnSBR or expanded granular sludge bed (EGSB) can treat high organic loads per day with 

lower reactor volume, obtaining high efficiencies treating highly biodegradable substrates (Fonseca 

and Teixeira, 2006). These systems are characterized by high SRT due to biomass immobilization 

or granulation and are designed to operate at high HRT without the risk of biomass washout (Hatti-

Kaul and Mattiasson, 2016). In addition, these bioreactors allow the recovery of the biogas produced 

to be reused (Liew et al., 2020). Almost all organic materials can be digested under anaerobic 

conditions, except for stable woody materials, since anaerobic microorganisms are unable to 

degrade lignin (Appels et al., 2008).  

The UASB reactor is a simple, compact, inexpensive and common technology, widely used for 

the treatment of effluents (Mao et al., 2015). In the UASB reactor (Figure 11 (d)), biomass is 

immobilized by the aggregation of microorganisms into large granules, to form a biofilm at the bottom 

of the reactor (Aydin, 2017), ensuring good contact between biomass and wastewater (Mao et al., 

2015). The efficiency of the treatment is highly dependent on the quality of the granules formed 

during the startup period. The granules can form different layers that include acetotrophic 

methanogens in the interior, OHPA in the middle layer and acidogenic (fermentative) microorganisms 

in the outermost layer. In the three-phase separator (gas-liquid-solid), anaerobic granules, treated 

water and gas are separated and the biogas is collected at the top of the reactor (Schaechter, 2004). 

The functioning of EGSB is similar to the UASB, but with a much higher upward flow velocity and 

with the recirculation of the effluent (Paulo et al., 2015). Generally, EGSB is used for the continuous 

treatment of low-strength soluble and complex substrates from small and medium-sized industries 

(Mao et al., 2015).  

In fixed film reactors, such as AF, AFFR (Figure 11 (c)) and FBR (Figure 11 (e)), microorganisms 

grow attached to physical support, made of plastic, ceramic, glass, or sand, forming a biofilm 

(Schaechter, 2004). The immobilization technique allows the reduction of the microorganism’s loss 

during an operation at high flow rates (Aydin, 2017). In AF, no mixing technology is employed and 

the organic material can flow through submerged support materials, being degraded by the 

microorganisms attached to the support material. These types of reactors can be operated under 

either an up-flow or down-flow (Figure 11 (b)), and recycling can be applied when very high-strength 
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wastewaters are treated (Mao et al., 2015). For the FBR, the immobilization supports are kept in 

suspension and mixed by the high upward velocity of the incoming wastewater (Paulo et al., 2015). 

FBR allows higher OLR values and greater resistance to inhibitors and the growth of a thin biofilm 

allows for a good mass transfer, compared to AF technology (Mao et al., 2015). 

High-rate anaerobic reactors face some operational problems, despite their robustness, high 

removal of organic matter (> 80 %) and the possibility of high up-flow velocity at low HRT. AF and 

AFFR may face clogging of the fixed bed due to the high solids concentration. In UASB and EGSB, 

sludge floatation, foam and scum formation are common problems due to the high concentration of 

lipids in the wastewater (such as dairy effluents) (Liew et al., 2020).  

Comparing the different configurations available for anaerobic treatment, EGSB seems to be the 

most advanced reactor configuration, being the most efficient for medium-strength wastewaters, with 

high resistance combined with high efficiency. The investment and operational costs associated with 

these technologies must be realized, considering the substrate under treatment. Thus, the 

development of the optimal cost to optimal input/output ratio for the digestion process ensures the 

overall sustainability of biogas technology (Mao et al., 2015). 

  



Sustainable methodologies based on residue recovery for pH control in anaerobic digestion 

44 

2.3 Pulp and paper industry 

The current digital world has led to a decrease in the demand for paper, either for writing, for 

newspapers or magazines. However, new markets and applications for pulp and paper products 

continue to increase, such as cardboard, tissue paper, textile applications, or pulp for personal care 

products (Cherian and Siddiqua, 2019). The need to replace plastic (produced from non-renewable 

sources) with paper in packaging applications is a sustainable alternative since the paper is derived 

from renewable feedstock (wood) and decomposes naturally. Thus, although the development of 

technology has led to changes in consumption patterns, the need for paper continues to grow, which 

makes the P&P industry one of the most important industries worldwide. 

The P&P industry is considered one of the largest industries in the world (Bajpai, 2017), and the 

fifth largest energy consumer worldwide, behind industries such as chemical, iron and steel, and oil 

and gas refining (Energy Information Administration, 2019). The total consumption of primary energy 

in 2017 in the members of the Confederation of European Paper Industries (CEPI) reached 1.3 

million TJ, and it includes the use of biomass (60 %), gas (33 %), coal (3 %), fuel oil (2 %) and other 

fuel sources. Electricity generated through a combined (on-site) heat and power plant accounts for 

96 % of total electricity consumption (CEPI, 2019) and, for this reason, these industries are 

considered as energy-intensive manufactures (Energy Information Administration, 2019).  

According to CEPI, the 500 pulp, paper and cardboard producing companies in 18 countries in 

Europe produced 38.3 million tons of pulp and 92.2 million tons of paper and cardboard in 2018 

(CEPI, 2019). CEPI members account for 92 % of the European P&P industries and represent 21 % 

of the total world pulp production. Portugal is the third largest European pulp producer, behind 

Sweden and Finland. In terms of wood consumption for pulp manufacturing, 72 % are softwood (such 

as pine and spruce) and 28 % are hardwood (such as birch, eucalyptus, beech, ash, aspen, maple, 

acacia, oak, among others) (CEPI, 2019).  

In addition to the high-energy demand, the P&P industries also generate solid waste, wastewater 

effluents and air emissions. Thus, these industries play an important role in the European climate 

change mitigation strategy. With direct CO2 emissions of 32.22 megatons in 2017, a 44 % reduction 

in specific CO2 emissions was observed in the last 16 years, reaching 0.30 ktonCO2/ktonproduct in 2017 

(CEPI, 2019). Methane is also released in some steps of the paper life cycle, namely in fuels burning 

and decomposing of paper in landfills (EPN, 2018). For these reasons, the concern is focused at 

reducing CH4 and CO2 emissions to the atmosphere during the overall process of P&P 

manufacturing. An alternative is to increase the use of recycled paper; this measure not only reduces 

the impact by reducing the energy need in the manufacturing process but also avoids the landfill of 

waste paper, thus preventing the release of CH4 from paper decomposition into the atmosphere.  

In Portugal, P&P production is one of the most vital industrial activities. These industries have 

implemented, in recent years, measures to reduce GHG emissions and contribute to the concept of 

the circular economy. According to CELPA – Associação da Indústria Papeleira, the water used in 

the manufacturing process is normally recycled and reused or, alternatively, is treated and 79 % of 

the treated water returns to the process. For the energy generation in the CHP plants, 70 % of the 

fuel used is considered as biofuel, that is, biomass and lignin from wood. Every year are generated 

3.44 TWh of electricity, 73 % of which is used directly at the P&P mill for the process and 

maintenance of the facilities. In addition, several wastes generated in the process are valorized as 
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energy or used as materials for the development of new products (by either P&P industries or other 

associated companies), and only a small fraction (24 %) of the waste is discharged without added 

value valorization (CELPA, 2018).    

 

2.3.1 Pulp making process 

Pulp derived from wood is the main raw material in the production of different types of paper. The 

pulp is also used as an absorbent material in diapers and other sanitary products (Cabrera, 2017). 

The process to produce pulp consists of several steps. Considering the use of new wood materials, 

which represent a large share of the pulp production, the process can be divided into three main 

steps: preparation of raw materials, separation of the fibers and bleaching process. The recovering 

of chemicals is also an important step that, although not directly in the pulp production line, 

contributes to its success and sustainability.  

 

2.3.1.1 Preparation of raw materials 

Before treatment, be it mechanical, semi-chemical, or chemical, the raw materials (softwoods, 

hardwoods and non-woody biomasses) are prepared, converting them into appropriate size and 

shape for the following processing. The logs are debarked and cleaned with water since the bark is 

a contaminant in the chemical pulping process. The clean logs are cut into identical small chips, thus 

maximizing the efficiency of the pulping process. Typically, very small or very large chips are 

separated and used for energy recovery (biomass burning) or are reprocessed for further treatment 

(Kramer et al., 2009).  

 

2.3.1.2 Separation of the fibers 

A resin called lignin binds the wood fibers tightly. In the pulp producing process, lignin must be 

eliminated and only fibers (cellulose) are extracted. Thus, the treatment process aims to separate 

the biomass components, namely, cellulose (40 – 50 %), hemicellulose (25 – 30 %) and lignin 

(25 – 30 %) (Naqvi et al., 2010), into individual components. After separation, the fibers are 

suspended in water in a slurry, to be used in the papermaking process. The treatment process is 

performed either by separation or by solubilization of the lignocellulosic components. Pulping 

processes can be divided into mechanical, semi-chemical and chemical pulping, according to the 

methodology and instruments used (Kumar et al., 2020).  

 

2.3.1.2.1 Mechanical and semi-chemical pulping 

In mechanical pulping processes, no chemicals are used in the process. In this process, the pulp 

fibers are separated from the raw materials by physical (mechanical) energy, such as grinding or 

shredding. In some mechanical processes, thermal and/or chemical energy is used for the raw 

materials pretreatment stage (Sandberg et al., 2020). The mechanical pulping process is used 

worldwide and grinding is the oldest mechanical pulping technology, developed in Germany in the 

19th century (Lönnberg, 2009). The semi-chemical pulping process combines both mechanical and 

chemical methods, with the wood chips being initially softened or partially cooked with the addition 

of chemicals and then, mechanically pulped (Cabrera, 2017).  
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There are four main types of mechanical and semi-chemical pulping:  

 Stone ground wood pulping (SGWP): in this process, the small logs are ground against 

artificial bonded stones made of aluminum oxide or silicon carbide grits. This process has 

a high yield, but the fibers can be very short; in this case, the addition of expensive 

chemical fibers is needed to provide a strong pulp to withstand the pressure of the paper 

machine (Lönnberg, 2009).    

 Refiner mechanical pulping (RMP): in this pulping process, the wood feedstock (such as 

logs, wood scraps, or sawdust from lumber mills) is ground between two grooved discs. 

Combined with the high yield obtained, this process produces longer fibers with greater 

strength (Lönnberg, 2009).  

 Thermo-mechanical pulping (TMP): a pre-steaming step was introduced in the RMP 

process, to soften the lignin. This pre-treatment produces longer fibers and the highest 

quality mechanical pulp is obtained. This process is high energy-intensive and a further 

bleaching process is required to produce high-quality paper products (Takada et al., 

2020). 

 Chemithermomechanical pulping (CTMP): for the CTMP, a chemical pre-treatment is 

performed, prior to the TMP treatment. The chemical addition allows a less destructive 

separation of the fibers, resulting in longer and more flexible fibers with a high fiber 

content in the pulp. Like the TMP process, CTMP is a high energy-intensive pulping 

process (Grötzner et al., 2018).  

The mechanical pulping yields are higher than the typical yields obtained in chemical pulping 

processes (90 – 98 % versus 40 – 50 %, respectively). However, due to the short length of the fibers 

obtained by grinding, the fiber strength and the aging resistance of the pulp are low. In addition, the 

brightness and opacity of TMP pulps are lower than chemical pulps, due to the high lignin content 

(Takada et al., 2020). Thus, the applications of most mechanical pulps are limited to the production 

of lower quality papers, such as newsprint, magazines and cardboard.  

The effluents generated in the mechanical pulping processes typically contain moderate to high 

organic matter contents, between 2 and 10 gO2/L (expressed as chemical oxygen demand - COD), 

as well as high amounts of easily biodegradable compounds, such as carbohydrates and acetic acid 

(Meyer and Edwards, 2014).  

 

2.3.1.2.2 Chemical pulping 

Chemical pulping is the most common pulping process used worldwide. This type of pulping is 

preferred because the lignin removal is highly efficient (Takada et al., 2020). During the chemical 

pulping process, the majority of the lignin and hemicellulose contents are removed, resulting in low 

pulp yields (40 to 55 %), with a high degree of cellulose fibers (Meyer and Edwards, 2014). In this 

process, the lignin is separated from the remaining materials in a digester under pressure and using 

cooking chemicals. In the “cooking” of raw materials, such as wood chips, aqueous chemical 

solutions called “white liquor” are used, at high temperatures and pressure to extract the pulp fibers.  

The three main chemical pulping processes are:  
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 Soda pulping (alkaline): this pulping process is more effective when non-woody biomass 

is used (such as wheat straw, flax and bagasse). During chemical treatment, non-wood 

materials are treated with NaOH at temperatures below 160 °C (Kubes et al., 1980), to 

solubilize lignin by deprotonating the phenolic lignin subunits (Takada et al., 2020). 

 Sulfite pulping (acid): this process involves digestion of woody material at 140 – 170 °C 

using an aqueous solution of sulfite or bisulfite salt of Na, Mg or Ca, and delignification 

results from the cleavage of the lignin-carbohydrate bonds (Sangha et al., 2012) and 

sulfonation of lignin (Lora, 2008). This process has been displaced over the years by the 

Kraft pulping process due to the long cooking cycle and the complicated chemical 

recovery involved with sulfite pulping.  

 Kraft pulping or sulfate pulping (alkaline): this process is the main pulping process used 

worldwide, and although it presents relatively low yields (≈ 45 %), it is possible to obtain 

a pulp with better strength and brightness properties (Mesfun et al., 2014). In the Kraft 

process, the wood is digested with an alkaline mixture of NaOH and Na2S, at around 

150 – 170 °C (Naqvi et al., 2010), and the lignin is modified as it occurs in the soda 

pulping process (Takada et al., 2020).  

 

2.3.1.2.2.1 KRAFT PULPING PROCESS  

The Kraft process is the most used pulping process by P&P industries worldwide (Santos et al., 

2013). The pulp produced by the Kraft process has superior strength, high resistance to aging and 

the bleaching process is simplified. Figure 12 shows a flowchart of the Kraft pulping process 

integrated into a P&P mill. It comprises the chemical recovery steps, including the energy production 

from chemicals and biomass burning, and the connection between the pulp manufacture, the 

bleaching process and the paper manufacture. Two types of effluents were highlighted in the figure: 

fly ash from biomass burning (solid waste) and effluent from the bleaching process (liquid waste), 

which are detailed below.   

The Kraft process was developed with the main goal of removing lignin while preserving 

carbohydrates. The cooking of wood is performed with the addition of white liquor, an alkaline mixture 

of sodium hydroxide and sodium sulfite, to promote the lignin dissolution and the fiber release. The 

use of such chemicals is advantageous in terms of the final fiber strength but it leads to relatively low 

pulp yields, caused by the instability and degradation of carbohydrate during the alkaline reaction 

(Santos et al., 2013).  

The cooking of the wood chips is performed at high temperatures (150 – 170 °C) and pressure. 

The lignin structure is modified and depolymerized by the action of the strong alkaline solution and 

the presence of hydrosulfide ions. In this digestion process, 90 – 95 % of the lignin is solubilized in 

the pulping liquor. A wide variety of wood species can be processed by the Kraft pulping process 

and the exact conditions of the process depend on the type of wood used (softwood or hardwood) 

(Gellerstedt, 2015). After cooking for 2 to 4 hours, the liquor and the pulp mixture are discharged 

from the digester. They are separated into a series of washers (Environmental Protection Agency, 

2010). After washing, the pulp (fibers) is ready to be submitted to the bleaching process. The content 
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in lignin of softwood pulps is about 5 %, and this residual lignin is removed in the bleaching process, 

obtaining a brightening and high-quality pulp.  

 

Figure 12| Flowchart of a P&P mill, with Kraft pulping process and bleached pulp to produce paper. It is 

highlighted two of the wastes generated in the P&P industry: fly ashes from biomass burning and bleaching 

effluent from the pulp bleaching process.  

 

The Kraft process is the pulping process with maximum chemical recovery efficiency. The 

chemicals are collected after pulping and are set to the chemical recovery circuit. Figure 12 includes 

the three steps in the chemical recovery process, namely the black liquor concentration, the 

combustion of organic compounds and the causticizing and calcination. These steps are vital to the 

environmental and economic sustainability of the P&P industries and are detailed in the following 

sections. 

 

2.3.1.3 Bleaching process 

After chemical or mechanical pulping processes, the pulp obtained still contains high amounts of 

lignin and other colored compounds. To produce high-grade final products, the pulp must be 

bleached, to obtain a light-colored or white paper, preferred for many products and applications. The 

same bleaching process or sequence can be applied to any of the pulping processes (mechanical, 

semi-chemical, or chemical) (Environmental Protection Agency, 2010), detailed previously.  

The bleaching process removes the pulp color caused by the presence of residual lignin. The 

addition of two or more chemicals and the sequence in which they are used depends on several 

factors, including costs, the type of pulp to be bleached and the requirement for the final product. 
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The addition of chemicals to the previously washed pulp is performed in stages in the bleaching 

towers. Between each stage, bleaching chemicals are removed in the washers. From these 

successive washes, the effluents generated are collected and sent to the wastewater treatment plant 

(Environmental Protection Agency, 2010).  

The pulp fibers are delignified by the solubilization of additional lignin from the cellulose, in a 

process of chlorination and oxidation. Mechanical pulps are generally brightened with hydrogen 

peroxide and no chlorinated organic compounds are formed since no chlorine or chlorine-based 

chemicals are used. Chemical pulps are generally more complex to be brightened, and the processes 

normally comprise several stages. For many years, the most common bleaching agents (oxidants) 

used were elemental chlorine and sodium hypochlorite, due to their low cost and capacity to achieve 

high bright pulp. The use of such chemicals results in the formation of highly toxic and non-

biodegradable pollutants, such as dioxins. Over the years, they have been replaced in almost all pulp 

mills by other bleaching agents, such as chlorine dioxide (ECF – elemental chlorine-free – bleaching), 

hydrogen peroxide, oxygen or ozone (TCF – total chlorine-free – bleaching) (Sharma et al., 2020).  

ECF bleaching is the most used bleaching process by pulp mills all over the world. The addition 

of chlorine dioxide is beneficial because it is a selective bleaching agent, which preserves the quality 

of the pulp, in comparison to conventional bleaching with chlorine compounds (Sharma et al., 2020). 

During ECF bleaching, chlorine dioxide reacts with the pulp, forming chlorite, hypochlorous acid and 

molecular chlorine. Molecular chlorine is responsible for the formation of adsorbable organic halides 

(AOX), although in minimal amounts compared to the conventional bleaching process (Sangha et 

al., 2012).  

Bleaching sequences are normally constituted by different bleaching methods. The most common 

methods involve bleaching with chlorine dioxide (D), oxygen bleaching (O), ozone bleaching (Z), 

extraction with sodium hydroxide (E), alkaline hydrogen peroxide (P), or sodium dithionite (sodium 

hydrosulfite) (Y). The D and EOP methods (a combination of three methods – E, O and P – in the 

same stage) are part of the ECF bleaching process and are often combined in the same sequence. 

The effluents from the D and EOP processes are often treated by anaerobic biological processes 

and both can contain high amounts of highly toxic chlorinated organic compounds (Meyer and 

Edwards, 2014).  

    

2.3.1.4 Recovering of chemicals 

In the chemical pulp mill industries, an additional step for the recovering of chemicals is 

performed, to recover the chemicals used in the wood cooking step. These recovery steps are 

considered essential in the chemical pulp industries, as they allow for the reduction of costs, 

reduction of the environmental impact of waste material (mainly black liquor), with the minimization 

of the raw materials use and with the recycling of chemical materials (Mesfun et al., 2014). In addition, 

the recovery of chemicals has the asset of co-generating steam and power, which is used as energy 

in the P&P mill.     

In Kraft (and soda) pulp mills, the liquor from the cooking step is called “weak black liquor” and 

contains wood lignin, organic materials, oxidized inorganic compounds (such as Na2SO4 and 

Na2CO3) and white liquor (cooking chemicals such as NaOH – soda – or a mixture of NaOH and 
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Na2S – Kraft). The “weak black liquor” comes from the pulp washers placed after the digesters (Naqvi 

et al., 2010).  

The process for chemicals recovery includes three steps:  

 Black liquor concentration: the concentration of weak black liquor is performed by a 

series of evaporators, to increase the solids content from 12 – 15 % to ≈ 65 %. It forms 

the so-called “strong black liquor”, capable of being combusted in the recovery furnace 

(Verma et al., 2019), in the next chemical recovery step. The condensate from the 

evaporators contains high concentrations of methanol and is sent to the treatment plant 

(Meyer and Edwards, 2014). 

 Combustion of organic compounds: in the recovery furnace, “strong black liquor” is 

burned and the inorganic chemicals are reduced to a molten smelt, enriched with Na2S 

and Na2CO3, after lignin decomposition. They are recovered from the bottom of the boiler 

and refined (Kramer et al., 2009). This combustion process generates energy in the form 

of electricity, which, in combination with the energy produced by the power boiler (wood 

burning), is used in the plant. 

 Causticizing and calcining: the inorganic salts recovered in combustion are dissolved in 

the weak wash water and form the “green liquor” (Naqvi et al., 2010), which is 

filtered/clarified to remove the dregs. “Green liquor” is causticized with the addition of 

lime, to convert the Na2CO3 to NaOH (Santos et al., 2019). The calcium carbonate 

formed is removed as lime mud (He et al., 2009) and it is washed and the lime is 

regenerated in the lime kiln. The “white liquor” recovered is filtered and reused in the 

wood cooking process.  

Typically, about 3.5 kg of steam is produced when 1 kg of black liquor solids are burned, 

depending on the efficiency of the recovery boiler. After the steam generation, it passes through a 

turbine to generate electricity and the amount generated depends on the turbine type and the quality 

of the steam. A mill, which produces 1000 ton/d of Kraft pulp, is capable of generating 25 to 35 MW 

of electricity by burning 1500 ton/d of black liquor dry solids in the recovery boiler (Tran and 

Vakkilainnen, 2008).   

 

2.3.2 Waste and wastewater generation in Kraft pulping process  

Due to the large consumption of resources, including raw materials such as wood, water, and 

energy (such as fossil fuels, in some cases), the P&P industries are also considered an important 

source of environmental contaminants in both traditional and emerging P&P producers (Kamali et 

al., 2016). In a P&P industry, several wastes are produced at different steps of the process. When 

virgin fibers are used, the amount of waste generated depends on the pulping process implemented 

(Cherian and Siddiqua, 2019). The Kraft pulping process generates about 100 kg of waste per ton of 

air-dry pulp (kg/tAD), whereas the semi-chemical and mechanical pulping process generates only 

about 60 kg/tAD (Monte et al., 2009). With the new approaches considered in recent years for waste 

management, the use of different wastes generated in P&P mills as resources is a step towards 

green energy and environmental sustainability, moving from the conventional linear concept to the 

circular economy.    
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For the Kraft process, including the chemical recovery cycle, the main solid wastes generated are 

ashes from biomass burning (power boiler) and combustion of chemical products (recovery boiler), 

dregs (also called green liquor sludge) from clarification of green liquor, lime mud from the 

causticizing process, and grits from the regeneration of CaO after calcination in a lime kiln. Barks 

and other wood residues are burned for energy production, therefore, they are not considered waste 

(Simão et al., 2018). Of these wastes, the most abundant are dregs, grits and biomass ashes, with 

dregs currently being the most challenging residues, since, so far, there is no viable solution for their 

recycling (Novais et al., 2018b).  

Industries highly water-dependent, such as P&P mills, are responsible for the suitable and 

sustainable management of water resources. Surface and groundwater are used in all the main 

stages of pulp and paper production (Figure 13). In addition to the process stages, water is also used 

in cleaning and cooling the machines and in the maintenance of the mill, being discharged as effluent 

to be treated in the mill’s wastewater treatment plant (WWTP) (Kamali et al., 2016). In the overall 

process, only a small fraction is lost embedded in the products (≈ 1 %) or lost by conversion into 

water vapor during the manufacturing processes (≈ 11 %). The remaining ≈ 88 % are returning to 

surface waters after physical or biological treatment at the WWTP (Wiegand et al., 2011). 

 

Figure 13| Simplified flowsheet for raw materials use and fate in a typical P&P mill (reproduced from Kamali et 

al. (2016) with authors authorization).  

 

Of all the wastewater streams generated during the pulp and paper manufacturing processes, the 

most abundant are the bleaching effluents. The bleaching process generates up to 85 % of the total 

volume of effluent discharged in a P&P mill. These effluents formed in the pulp bleaching process 

have different characteristics and are highly toxic (EPN, 2018). The most problematic effluents are 

generated during the bleaching process with chlorine dioxide, due to the formation of organochlorine 

compounds (Meyer and Edwards, 2014). These effluents from the bleaching process are rich in 

dissolved lignin, carbohydrates, color, organic matter (measured as COD), AOX and inorganic 

chloride compounds (Sridhar et al., 2011).  

The European Group for Integrated Pollution Prevention and Control prepared the reference 

document (BREF) with the description of the best available techniques for several industrial sectors, 

including the production of pulp, paper and cardboard (European Comission, 2015). In addition, the 

International Finance Corporation has defined some guidelines to be considered in the construction 
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of new P&P mills (International Finance Corporation, 2007). These guidelines and directives were 

defined to enhance and optimize industrial processes. Regarding the wastewater generation in the 

Kraft pulp process, the following measures from both commissions (European Comission, 2015; 

International Finance Corporation, 2007) must be considered (list adapted from Cabrera, 2017):  

 Dry debarking of wood;  

 Extended modified cooking to a low kappa number (batch or continuous);  

 Collection and recycling systems for temporary and accidental discharges of process 

water spills;  

 Closed screening;  

 Efficient washing of the pulp before bleaching;  

 Oxygen delignification before the bleaching plant;  

 Elemental chlorine-free (ECF) or total chlorine-free (TCF) bleaching;  

 Removal of hexenuronic acids by mild hydrolysis at the beginning of bleaching, for 

hardwood pulp, especially eucalyptus;  

 Partial closure of the bleach plant combined with increased evaporation;  

 Sufficient and balanced volumes of pulp storage, refuse storage and white water storage 

tanks to avoid or reduce process water discharges;  

 Recycling of wastewater, with or without simultaneous recovery of fibers;  

 Separation of contaminated and non-contaminated (clean) wastewaters;  

 Biological secondary wastewater treatment.   

 

2.3.2.1 Fly ashes from biomass burning  

Due to the high amount of FA produced worldwide, it is considered the fifth largest material 

resource in the world (Zacco et al., 2014). Fly ash (FA) is considered a waste and is generated during 

the combustion of biomass at high-temperature in power boilers. In the combustion process, the 

fused particles of volatile matter and impurities are carried upwards with the flue gases and, as they 

approach the low-temperature zones, they solidify to form fly ash. These fine ashes are captured 

from the flue gases in the bag filters and electrostatic precipitators. The remaining residue is 

recovered at the bottom of the boiler and is called bottom ash. Fly ash consists mainly of precipitated 

volatiles and fine particles, typically with a high specific surface area (Cherian and Siddiqua, 2019).   

The composition and quality of FA vary depending on the origin, and this defines the application 

of FA in different new products. In the recovery boiler of a P&P mill, the FA generated consists mainly 

of sodium sulfate (≈ 85 %) and sodium carbonate (≈ 15 %), and most of them return to the chemical 

cycle (Bajpai, 2015; Monte et al., 2009) because it contains important inorganics for the chemical 

recovery process. The FA from biomass/bark combustion consists mainly of calcium oxide, calcium 

carbonate and potassium salts (Bajpai, 2015). If fly ash from coal-burning is considered, the typical 

components are SiO2, Al2O3, CaO and Fe2O3, which exist in the form of amorphous and crystalline 

oxides or minerals (Zhuang et al., 2016).  

The chemical analysis of five different fly ashes from biomass burning in the P&P industries 

reported in the literature can be found in Table 5. Different types of ashes sources, that is, the 

biomass burned (wood and non-wood materials), led to distinct fly ashes characteristics. The 

composition is largely dependent on the source, that is, the forest species, the part of the plant burned 
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(that is, bark, wood, leaves), the plant age, the climate or type of soil and the process of biomass 

combustion, as combustion conditions and technology (for example, fixed bed or fluidized bed)  

(Martins et al., 2007; Zacco et al., 2014). 

Table 5| Chemical composition of different fly ash from pulp and paper industries; materials compositions 

expressed as oxides; LOI: loss on ignition.  

Oxides  
(wt. %) 

Novais et al., 
2018b 

Buruberri et 
al., 2015a 

Martins et al., 
2007 

Vichaphund et 
al., 2014 

Mäkelä et 
al., 2012 

SiO2 34.0 43.3 3.21 41.4 18.8 

TiO2 0.65 0.67 0.07 0.6 -- 

Al2O3 13.5 9.54 0.92 20.0 6.1 

Fe2O3 4.95 3.79 0.65 8.4 6.26b 

MgO 3.07 3.26 0.13 2.3 2.1 

CaO 16.5 23.6 0.27 14.1 38.7 

MnO 0.45 -- n.d. -- -- 

Na2O 1.52 1.51 n.d. 0.4 0.69 

K2O 5.49 4.30 0.27 2.0 0.09 

SO3 2.77 3.64 0.07 4.9 1.0 

P2O5 1.11 1.44 n.d. 0.4 1.35 

Cl 1.50 1.23 n.d -- 0.05 

LOI 14.3 3.90 78.9 4.8 -- 

P&P mill 
location 

Portugal  Portugal Brazil Thailand Finland 

n.d. – not detected  
a Values presented as % mass of each element (not oxide); Oxygen content: 15.6 %.  
b Total Fe concentration 

 

 

The volatile content is presented by LOI, that is, the unburned material for fresh and dry ashes 

from power combustion (Ribbing, 2007). The high LOI on FA analyzed by Martins et al. (2007) is 

indicative of an unfinished combustion process. The remaining FA presented a low volatile content, 

below 14 %. The main constituents of FA as oxides are silicon, calcium and aluminum, which account 

for 75 – 80 %, with different biomass sources. However, the presence of trace elements, such as 

chloride, can prevent some possibilities of reuse and recycling of wastes, due to the possible 

environmental impact associated with the residue application (Mäkelä et al., 2012).     

Depending on the ashes quality, they can be landfilled without valorization and at a cost 

associated with this practice (Monte et al., 2009). Several studies have been carried out to use fly 

ashes from the P&P industry in agriculture, as a soil additive, and in the construction sector, 

incorporated in new materials. The land applications of fly ashes, the most common application, 

should preferably be performed in acidic soils, since the application of ash increases the soil pH, due 

to the calcium carbonate presence (Augusto et al., 2008).   

Buruberri et al. (2015) used FA as a constituent of eco-Portland clinker, produced at lower 

temperatures than the conventional process employed in the industry, and in this case, the presence 

of chlorides did not affect the durability of the product, since a thermal treatment was applied. 

Vichaphund et al. (2014) used FA as a raw material for the zeolite catalyst to be applied in rapid 

pyrolysis processes, obtaining an enhanced process. 
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Other applications for FA include covering of mine tailings (Jia et al., 2014), demulsifier in crude 

oil emulsions (Adewunmi and Kamal, 2020), road building, waste stabilization (Zacco et al., 2014), 

surfaces for drying slime and be integrated in construction material for landfills (Ribbing, 2007). In 

addition, FA can act as a source of silica, alumina and iron, and for magnetite, cenospheres and 

carbon recovery (Zacco et al., 2014).  

 

2.3.2.2 Dregs, grits and lime mud 

During the clarification of the green liquor, an insoluble residue provided from the smelt 

solubilization is discarded and is called ‘dregs’. Dregs are mainly composed of sodium and calcium 

carbonates, sodium sulfide, a low organic fraction that was not totally burned in the recovery boiler, 

and other salts from the pulp production process (Modolo et al., 2010). Grits are a mixture of calcium 

carbonate and lime that did not react in the slaker (where causticization takes place). During 

causticization, the reaction between Na2CO3 (in the green liquor) and lime (from the lime kiln) 

produces NaOH and calcium carbonate, which are the main contributors of the lime mud (Modolo et 

al., 2010). The pH of this waste is strongly alkaline (between 10.0 and 12.8) (Manskinen et al., 2011) 

due to the presence of alkaline oxides.  

Dregs and grits are frequently landfilled, but this solution is environmentally unsustainable, not 

least because many landfills are reaching their limit and there is a need to reduce the quantity of 

wastes deposited. Several studies have been developed in recent years, to develop new products 

and applications for dregs, grits and lime mud, with a focus on applications for the construction sector.  

The presence of chlorine prevents the application of dregs in common recycling applications, 

such as their incorporation into cement or concrete (Novais et al., 2018b). Recent studies have 

evaluated the feasibility of use dregs as a cement replacement in concretes and mortars (Martínez-

Lage et al., 2016) or as an aggregate in the construction of road pavements (Pasandín et al., 2016), 

but the properties of developed materials were not suitable for the desired applications. The 

incorporation of dregs as a fine filler in the production of geopolymers, an eco-friendly alternative to 

Portland cement, has also been studied with promising results regarding the amount of waste 

incorporated in the final product, with good performance characteristics (Novais et al., 2018b).  

Grits are exclusively applied in new materials for the construction sector. These wastes were 

tested by Modolo et al. (2010) as asphalt pavements, with very promising results, since this waste 

presents compatible characteristics with the aggregate already used for road pavements. Grits have 

also been successfully applied to cement mortars, bituminous mixtures (Santos et al., 2019) and 

cement clinker (Torres et al., 2020). 

Depending on the treatment process, the lime mud may contain chlorine, which limits a wide 

range of applications for this highly alkaline waste. As the formation of cement occurs at high 

temperatures, the incorporation of this type of waste in the belite-based cement, incorporating 16 

wt.% of lime mud in it was successful, and the characteristics of the final products are suitable for 

indoor and outdoor plasters (Buruberri et al., 2015). Moreover, the application of lime mud to 

stimulate the growth of specific botanical species has been successfully tested, increasing the acidic 

pH of the soil in degraded regions (He et al., 2009). 
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2.3.2.3 Bleaching effluents 

The high demands for water in the pulp and paper processing led to the high amount of effluents 

generated. It is estimated that 230 – 380 m3 of water are required to produce 1 ton of paper, releasing 

180 – 300 m3 of wastewater. This wastewater consists of residual lignin and several organic 

compounds, mainly from the bleaching process (Mandeep et al., 2020), which led to high levels of 

chemical oxygen demand (COD) and biochemical oxygen demand  (BOD). The bleaching effluents 

also contain inorganics and suspended solid matter such as fibers and pieces of fibers, nutrients, 

color and toxic compounds (Catalkaya and Kargi, 2007).  

Over the years, the substitution of chlorine as a bleaching agent (elemental chlorine process) by 

chlorine dioxide (ECF process) in the pulp bleaching step has led to a reduction of chlorinated 

compounds in the wastewater generated, as well as a reduction in the amount of dioxins, 

polychlorinated compounds and chloroform (Cabrera, 2017). The sum of the chlorinated compounds 

is measured as an adsorbable organic halogen (AOX) in an aquatic environment.  

The characteristics of the wastewater generated depend on the type of wood, the degree of 

delignification of unbleached pulp, the bleaching sequence applied, the final brightness desired and 

the chemical and water consumption (Olli, 2008). Different types of wood (softwood vs hardwood) 

result in different levels of contaminants. Softwoods, such as pine, originate wastewater after the 

bleaching process with a higher amount of organic matter (measured as COD) and color than 

hardwoods, such as eucalyptus, due to the higher lignin content. Eucalyptus pulps generate more 

biodegradable effluents (Mealier et al., 2003) than softwood pulps, but the AOX levels in both 

softwoods and hardwoods are equivalent.  

 

2.3.2.3.1 Adsorbable organic halides (AOX) 

Comparing all streams generated in a P&P mill, bleaching effluents are the most toxic due to the 

presence of numerous chlorinated organic compounds generated in the bleaching process (Savant 

et al., 2006). Chlorination is, in many industries, the first stage of the bleaching step, and it is where 

the organochlorine compounds are formed (Bajpai, 2012). The reaction between the chlorine 

compounds of the bleaching agents, such as chlorine, chlorine dioxide and hypochlorite, and the 

organic matter present in the unbleached pulp, in the form of lignin and its derivatives, generates 

highly toxic and recalcitrant compounds (Singh et al., 2011). These chlorinated organic compounds 

are collectively measured as AOX – adsorbable organic halides. The “X” is related to halogens 

bonded to organic matter, including chlorine, bromine and iodine (Müller, 2003). For P&P 

wastewaters, AOX is a measure of chlorinated compounds content, since bromine and iodine 

compounds are absent. 

More than 300 different organic compounds have been identified in P&P effluents and, among 

others, AOX include chlorinated hydrocarbons, chlorobenzenes, chlorophenols, chlorocatecols, 

chloroguaiacol, chloroform, dioxins and dibenzofurans (Gupta et al., 2010; Kumar et al., 2013) 

(Figure 14). AOX compounds can be classified as acidic, phenolic and neutral compounds. They are 

partly responsible for the oxygen demand (BOD and COD), color, toxicity, mutagenicity and 

carcinogenicity of the effluents from the bleaching process (Bajpai and Bajpai, 1997).  
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Figure 14| Most common chlorinated organic compounds identified in P&P effluents.  

 

Organochlorine compounds tend to persist in nature due to their inherent recalcitrance (Bajpai, 

2012). These complex compounds can be divided according to their molecular weight, into low 

molecular weight (LMW) and high molecular weight (HMW) compounds. The LMW compounds 

(< 1000 Da) are the main contributors to the mutagenicity and bioaccumulation of AOX in organisms 

since they are able to penetrate the cell membrane due to its hydrophobicity. These LMW compounds 

are genotoxic and are known to bioaccumulate in the aquatic food chain, mainly in the body fat of 

animals of higher trophic levels. HMW compounds (> 1000 Da) are, in most cases, biologically 

inactive and, thus, have a small contribution to toxicity and mutagenicity (Savant et al., 2006). 

 

2.3.2.3.2 Treatment alternatives for bleaching effluents  

To treat complex effluents from the bleaching process in a P&P mill, several chemical-physical, 

electrochemical and biological treatments have been developed over the years. Table 6 summarizes 

the most common technologies applied to treat AOX-rich bleaching effluents, published in the last 

20 years, divided by biological, electrochemical, physical-chemical and combined treatments. 

Many of the biological treatments and technologies to treat AOX-rich bleaching effluents were 

developed during the 1990s and were previously reviewed by Savant et al. (2006). In these biological 

treatments, the efficiency is mainly focused on the organic matter reduction and some persistent 

compounds (such as AOX) and the color of the lignin are kept during the treatment cycle (Taseli, 

2008). Both aerobic and anaerobic processes are appropriate to treat effluents from the P&P 

industries, namely those from the bleaching stage, with a high content of AOX compounds and, 

generally, with very low biodegradability (Ashrafi et al., 2015). 

Aerobic treatment as an activated sludge treatment is commonly used for P&P effluents, with the 

advantage of easy operation and relatively low capital and operation costs (Ashrafi et al., 2015). 

However, the high amounts of sludge produced and the uncertain removal efficiencies for recalcitrant 

compounds are disadvantageous (Tsang et al., 2007). A conventional approach is to implement post-

treatment processes such as adsorption on granular activated carbon, to completely remove AOX 

from effluents. In addition, new reactor designs can be implemented, testing granular aerobic sludge 

to enhance the AOX removal, since microorganisms are able to tolerate high concentrations of toxics 

(Farooqi and Basheer, 2017). 
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Table 6| Summary of biological, electrochemical and chemical-physical technologies for the treatment of AOX-

rich bleaching effluents from P&P mills in the last 20 years.  

Type 
Treatment 

system 
Initial AOX 

concentration 
Operational 
conditions 

AOX 
reduction 

Organic matter 
reduction 

Reference 

Biological 

Aerobic 
granular sludge 

in SBR 
15 – 20 mgCl/L 

Incubation: 780 d 
OLR = 4.5 

kg/m3/d 
HRT = 6 h 

79 % 
< 5 mgCl/L 

COD: 88 % 
Farooqi and 

Basheer 
(2017) 

Up-flow 
anaerobic filter 

1st: 28 mgCl/L 
2nd: 42 mgCl/L 

Incubation: 70 d 
HRT = 20 d 

1st: 88 % 
2nd: 28 % 

COD: 20 % 
BOD: 70 % 

Deshmukh et 
al. (2009) 

Anaerobic 
batch 

bioreactor 
32.2 mgCl/L 

Incubation: 70 d 
pH of effluent = 7 

73 % 31 % 
Ali and 

Sreekrishnan 
(2000) 

Horizontal 
packed-bed 
anaerobic 

reactor 

16 – 22 mgCl/L 
Incubation: 418 d 

HRT = 25 h 
40 – 45 % 52 – 55 % 

Chaparro and 
Pires (2011) 

Sequential 
anaerobic and 

aerobic 
reactors 

-- 

Incubation: 7 d 
(anaerobic) + 7 d 

(aerobic with 
fungi or bacteria) 

Anaerobic: 15 % 
Aerobic (fungi): 

67 % 
Aerobic 

(bacteria): 82 % 
Combined: 82 % 

Anaerobic: 42 % 
Aerobic (fungi): 

88 % 
Aerobic 

(bacteria): 75 % 

Singh and 
Thakur (2006) 

Biological 
removal with 
pure culture: 

Pseudomonas 
aeruginosa 

8 mgCl/L 

Incubation (after 
isolation): 24 h 

T = 37 °C; 
150 rpm 

78 % -- 
Kumar et al. 

(2013) 

Batch reactor 
with pure 
culture: 

Penicillium 
camemberti 

 

Incubation: 10 d 
Acetate 

supplementation: 
2.0 g/L 

67 % 44 % Taseli (2008) 

Combined 

Coagulation + 
Anaerobic 

acidification + 
Aeration 

57 mgCl/L 
Incubation: 50 d 

HRT = 15 h 
pH = 7.2 

98 % 
0.92 mgCl/L 

COD: 88 % 
BOD: 81 % 

Chen et al. 
(2003) 

Horizontal-flow 
anaerobic 

immobilized 
biomass 
reactor + 
H2O2/UV 

23.8 mgCl/L 
Incubation: 112 d 

HRT = 19 h 
pH = 7-7.5 

55 % 
10.1 mgCl/L 

COD: 61 % 
BOD: 90 % 

(Ruas et al., 
2012) 

Chemical-
physical 

Fenton and 
Photo-Fenton 

reactor 
124 mgCl/L 

T = 60 °C; pH = 2 
[H2O2] = 177 mM; 

t = 10 min; 

Fenton: 85 % 
Photo-Fenton: 

95 % 
-- 

Ribeiro et al. 
(2020) 

Fenton and 
Photo-Fenton 

reactor 
1.94 mgCl/L 

Fenton: pH = 5; 
[H2O2] = 50 mM; 

t = 30 min 
Photo-Fenton: 
t = 5 min + UV 

Fenton: 89 % 
Photo-Fenton: 

93 % 
-- 

Catalkaya and 
Kargi (2007) 

Catalytic wet 
oxidation 

12 mgCl/L 

CeO2-based 
catalyst 

T = 186.85 °C; 
t = 1 h 

90 % 80 % 
Goi et al. 
(2006) 

 
Zerovalent iron 
nanoparticles 

(nZVI) 
90 – 10 mgCl/L 

nZVI 2 g/L:  
t = 60 min 
T = 60 °C  

pH = 2.0 – 4.0 

> 70 % -- 
Gameiro et 
al., 2019b 

Electro-
chemical 

Electrochemical 
treatment 

10 mgCl/L 
(synthetic) 

t = 10 min; 
C.D. = 6 mA/cm2 

> 99 % > 90 % 
Patel and 

Suresh (2008) 

 

The anaerobic treatment of bleaching effluents has also been widely studied, although its use in 

industrial P&P treatment plants is not as common as the use of aerobic processes (Ashrafi et al., 

2015). These treatments have the advantages of less sludge produced and energy generation 

(biogas). Several bioreactor configurations are being studied, such as up-flow anaerobic sludge 
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blanket (UASB) reactor, anaerobic filter, expanded granular sludge bed (EGSB) reactor, continuous 

stirred tank reactor (CSTR), anaerobic contact process (Kumar et al., 2020) and anaerobic 

membrane reactors (Kamali et al., 2016). The UASB reactor is currently the dominant anaerobic 

technology implemented in full-scale facilities since these biological reactors have high levels of 

stability during operation and moderate efficiencies for organic matter removal, which is satisfactory 

in terms of wastewater treatment.  

However, as with aerobic systems, most of anaerobic technologies do not have very high AOX or 

pollutants removal efficiency. The increase in hydraulic retention times (HRT) in anaerobic digesters, 

that is, the increase in the time that the effluent remains inside the bioreactor, helps to improve the 

process efficiency related to the pollutants removal since the pollutants and biomass remain in 

contact for longer periods. In both anaerobic and aerobic processes, the COD removal is satisfactory 

and in anaerobic systems, the removal of AOX and lignin is more successful than in aerobic systems 

(Ashrafi et al., 2015).   

A wide variety of physico-chemical treatments can be applied to P&P effluents, such as 

sedimentation, flotation, screening, adsorption, coagulation, oxidation, ozonation, electrolysis, 

reverse osmosis, ultrafiltration and nanofiltration technologies (Pokhrel and Viraraghavan, 2004). 

These technologies are designed to remove suspended solids, colloidal particles, toxic compounds, 

floating matter and colors from wastewaters (Ashrafi et al., 2015). Physico-chemical treatments are 

expensive (Bajpai, 2012) and most of the time generate a high amount of sludge, which needs to be 

treated (Sridhar et al., 2011). These techniques are advantageous as they allow a high pollution 

reduction. As an example, Sridhar et al. (2011) used the electrocoagulation process to test the 

reduction of color and organic matter in the bleaching effluents, achieving a reduction of 87 % in the 

organic matter removal and 94 % in the color removal. 

The insufficient treatment efficiency observed in some single technologies, such as the 

implementation of biological treatment alone) has led to the need for some authors to combine them 

to achieve considerable benefits. The economic and environmental aspects, as well as the potential 

synergistic effects of the studied combinations (called hybrid systems), led, in most cases, to higher 

pollution reductions and increases the performance of the treatment process (Kamali et al., 2019). 

Integrated systems can be a combination of two different chemical-physical treatments, one 

chemical-physical and one biological, or two biological processes, achieving a combined efficiency 

higher than individual efficiency.  

 

2.3.2.3.3 Anaerobic digestion of bleaching effluents  

Generally, effluents with a high content of chlorinated compounds are not suitable for anaerobic 

treatment without previous effluent dilution. Dilution may involve the co-digestion of bleaching 

effluents with less toxic streams or mix with the effluent from other biological treatments (Meyer and 

Edwards, 2014). In addition, the use of adapted microorganisms to the wastewater stream under 

treatment can dramatically improve anaerobic biodegradability. 

The biodegradability of AOX-rich bleaching effluents is affected by several physical, chemical and 

nutritional factors. The anaerobic degradation of organochlorides occurs via dehalogenation with the 

release of an inorganic chlorine atom. The rate of the reductive dehalogenation process decreased 

with the increase of the chlorine amount removed (Katyal and Morrison, 2007). The degradation of 
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chlorinated compounds by anaerobic microorganisms occurs only if the compounds are biologically 

available, and microorganisms such as acetogens and methanogens reductively dechlorinate the 

chlorinated compounds in a co-metabolic reaction (Deshmukh et al., 2009; Holliger et al., 1998). The 

electrons needed for reductive dehalogenation came from the oxidation of an electron donor such 

as H2, formed during the fermentation of organic compounds such as glucose or acetate (El-Hadj et 

al., 2007). Thus, supplementation of electron donors provides the most favorable conditions for the 

microbial dechlorination reaction to occur (Deshmukh et al., 2009).  

The initial reaction time, called the “lag phase”, is very important for the adaptation of 

microorganisms to the pollutant compounds, for the growth of the active microbial population (Bajpai 

and Bajpai, 1997) or for the consumption of a preferential carbon source. Adequate exposure time 

allows methanogenic microorganisms to not only resist in biorecalcitrant and bioinhibitory 

environments but also to thrive in them (El-Hadj et al., 2007).  

Nutritional factors such as the presence or absence of electron donors, sources of carbon, 

nitrogen, phosphate and micronutrients can also affect the biodegradability of chlorinated 

compounds (Savant et al., 2006). In addition, operational parameters such as type of reactor used, 

AOX concentration, hydraulic retention time, presence of co-substrate (such as glucose, methanol, 

ethanol or acetate), pH and temperature affect the efficiency of biodegradation.  
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2.4 Dairy industry  

Milk from animals has been used for human consumption since all recorded history. The 

transformation of milk into food products like cheese and butter for family use has been known since 

1000 B.C. Cheese whey generated by small farmers was usually applied as pharmaceutical and 

cosmetic medicine, but rarely used as food for humans. With the industrial revolution of the 

nineteenth century, the dairy industry began to expand and the volume of milk processed increased 

dramatically. In addition, whey generation has also increased and several environmental issues have 

been addressed, regarding the management of this highly polluted waste stream (Bachmann et al., 

2008). 

Nowadays, milk and other dairy products are an integral part of our daily lives and diets (Ganju 

and Gogate, 2017). Milk is the starting point in the dairy industries, where a wide variety of products 

such as yogurt, ice cream, butter, cheese and other milk products are manufactured through several 

different processes (Carvalho et al., 2013). Milk is largely produced worldwide and is one of the most 

valuable agricultural commodities, ranking third by a ton of production, contributing 27 % of the global 

added value of the feedstock (Food and Agriculture Organization, 2016). In the European Union, the 

dairy industry represents 4 % across the food industry and contributes 10 % to the creation of added 

value from feedstock (Naglova et al., 2017). In addition, the dairy industry is also a major contributor 

to the generation of industrial effluents in Europe (Carvalho et al., 2013).   

In 2019, milk production worldwide increased by 1.4 %, compared to 2018, reaching 852 million 

tons. The main producers are the European Union, India, Pakistan, Brazil, the Russian Federation 

and the USA. Countries like Australia, Argentina, Turkey, Ukraine and Colombia are also major milk 

producers, but their production decreased last year. In Europe, milk production was estimated at 226 

million tons. It represents the lowest annual growth rate since 2016 and is due to the reduction of 

dairy cattle members, driven by the poor quality of pastures, as a result of the heat and dry weather 

registered in the summer months in many European countries (Food and Agriculture Organization, 

2020).  

Dairy products exports increased in 2019 to 76.7 million tons, equivalent to an increase of 1 % 

compared to exports in 2018. Cheese, one of the dairy products, increased its share in exports by 

5 % compared to 2018, reaching 2.6 million tons (Food and Agriculture Organization, 2020). The 

dairy products market is expected to grow more than 5 % from 2019 to 2025, and this increase is 

related to the population growth and urbanization, and, consequently, to the increasing demand for 

food (Food and Agriculture Organization, 2016).  

Due to the large dimension of the dairy industry sector, the expected development can provide 

indirect assets in people’s livelihoods, for the environment and public health. In fact, feeding dairy 

cows, sheep or goats requires 1 billion ha, corresponding to 7 % of the total land on earth, and 

consumes about 2.5 billion tons of dry feed annually (Food and Agriculture Organization, 2016). For 

these dimensions, labor is required to respond to market needs, thus increasing the employability of 

dairy-related regions. In addition, milk-processing technologies (such as cheese or yogurt 

manufacturing) also require a high number of employees, which highlights the importance of the 

dairy sector at the economic level (Fernández-Gutiérrez et al., 2017).  

In Portugal, the average per capita consumption of dairy products, including milk, cheese and 

yogurts, was about 43 % higher than the average consumption in European Union, reaching 128.7 kg 
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per year in the last year (Eurostat, 2019). Although an increase in the daily sector is expected, 

consumption patterns are changing worldwide and non-dairy milk substitutes, such as soybean and 

nut-based drinks, are gaining market share (Bórawski et al., 2020). The dairy industries are evolving 

and innovating, and the demand for new consumers is a challenge for industries to expand the range 

of products currently available.  

Although the dairy industry has several cutting-edge technologies (Naglova et al., 2017), it also 

has some negative impact on the environment. Dairy activities led to the release of GHG, mainly 

methane and carbon dioxide, and other gases such as NO2 and NO. In addition, the production of 

whey has the potential to discharge millions of cubic meters of polluted wastewater, which can lead 

to eutrophication of rivers and lakes, if discharged without treatment. Also, the production of tons of 

solids, from manure, can increase the pH and the concentration of NH4
+ and NO3

- in soils, 

unbalancing their characteristics (Fernández-Gutiérrez et al., 2017). In dairy industries, washing 

processes can lead to pH peaks in the effluents generated, due to the nature of the chemical 

compounds used (Kasmi, 2018). Indirectly, the dairy industries also contribute to biodiversity loss 

and wildlife health, changing nutrients cycles (nitrogen and phosphorus) and land use (Clay et al., 

2020).  

Furthermore, the production and processing of milk require high amounts of energy and water, 

causing important environmental impacts (Clay et al., 2020). The effluents from the dairy industry 

are generated mainly during the processing and transformation of milk. The most pollutant milk 

transforming technology is cheese manufacturing, in which the production of 1 kg of cheese 

generates about 9 L of whey. Due to the high amounts generated, cheese whey is considered the 

main effluent of the dairy industry (Fernández-Gutiérrez et al., 2017).  

 

2.4.1 Dairy products  

Inserted daily in the Mediterranean diet, milk is a source of energy due to carbohydrates in the 

form of lactose, nitrogen (from proteins) and calcium (Ganju and Gogate, 2017). In addition to milk, 

other products are also processed by the dairy industries, using milk as raw material, mainly cheese, 

butter, fermented products (such as yogurt) and cream.  

From a global perspective, milk is the major product of the dairy industry, accounting for 75 % of 

global consumption. Cheese (12 %) and butter (3 %) are also widely consumed. Other processed 

products from the dairy industry are also widely consumed, including fermented products such as 

yogurt or kefir, cream, dairy desserts, whey and casein (Food and Agriculture Organization, 2016). 

In the European Union, 156.8 million tons of whole milk were processed in 2018, resulting in 10.3 

million tons of cheese and 2.4 million tons of butter and other fatty products, representing 67 % of 

the total whole milk available for processing. The remaining whole milk was processed for the 

production of cream (12 %), drinking milk (11 %), acidified milk (4 %), powdered products (3 %) and 

other products (3 %) (Eurostat, 2019).   

To ensure food safety and stability, milk is treated before processing. The most common 

treatments include pasteurization and ultra-high temperature (UHT) processes, both of which must 

guarantee the reduction of deteriorating microorganisms and the destruction of all pathogenic 

bacteria. Pasteurization can be applied to all dairy products, while the UHT process is applicable to 

low-viscosity liquid products. The application of these types of heat treatment will stop the bacterial 
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and enzymatic activity and prevent the loss of quality, reducing the perishability of the food (Santonja 

et al., 2019). In pasteurization, the milk is heated to 72 – 75 °C for 15 to 20 seconds, while in the 

UHT process the milk is subjected to continuous heat flow at high temperature (> 135 °C) for a short 

period. Pasteurized milk has a shelf-life of about 8 to 10 days and must be preserved at 5 to 7 °C 

(Karlsson et al., 2019). UHT milk preserved in Tetra Pak® packaging has a shelf-life of up to six 

months, without the need for refrigeration or preservatives (Tetra Pak, 2015).  

 

2.4.1.1 Milk 

Milk is an animal product containing lactose, proteins, fats and water, being the dairy product 

most consumed and processed. It is collected from animals such as sheep, goats and buffalos, but 

cow’s milk is the most important dairy product, accounting for around 81 % of the global milk 

production (Fernández-Gutiérrez et al., 2017). Milk can be divided into three categories, according 

to the fat content, namely whole milk, semi-skimmed milk and skimmed milk. It can be consumed 

raw or after processing, using technologies such as pasteurization, sterilization or ultra-high 

temperature to achieve a sterile and safe product (Carvalho et al., 2013).    

Condensed milk is obtained when part of the water is removed from whole or skimmed milk, by 

heat-treatment and concentration. This product is sweetened mainly when sugar is added, but it can 

also be unsweetened (also called evaporated milk). In most countries, condensed milk is used for 

baking and cooking, as a substitute for jam. It can also be incorporated into other dairy products 

(Park and Drake, 2016).  

Dry or powder milk is obtained by dehydration milk, in order to prevent or inhibit the growth and 

activity of microorganisms and to reduce the weight and volume of food, for cheaper transport and 

storage. Powdered milk has a wide range of applications, including incorporation into other dairy 

products, use in the bakery and chocolate industry, the production of baby food and use as animal 

feed. 

 

2.4.1.2 Cheese  

Cheese is one of the most consumed dairy products worldwide, with hundreds of varieties 

produced, and many of them are characteristic of a specific part of the globe (Fernández-Gutiérrez 

et al., 2017), with the majority of cheese varieties being produced in developed countries. In the 

European Union, Germany, France and Italy are the main cheese producers, achieving 53 % of all 

cheese manufactured in the EU. In Portugal, cheese production in 2018 reached 80 140 tons, 

corresponding to about 2 % of European production (Eurostat, 2019).  

Cheese is produced from the coagulation of milk protein (casein), which is then separated from 

the whey (liquid fraction). There are several types of cheese, but they are normally grouped by their 

texture, such as soft fresh, soft cured, surface mold cured, semi-soft, hard and extra hard. Cheese 

processing technologies vary according to the type of cheese to be manufactured, as well as the 

type of milk and microorganisms used (Jalilzadeh et al., 2015). 
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2.4.1.3 Fat and fermented milk products  

Butter is a fatty dairy product, obtained by whipping milk or cream. This dairy product can be 

divided into two main categories, namely sweet cream butter and cultured (or sour cream) butter, 

made from bacteriologically sour cream (Tetra Pak, 2015). Ghee is also a fatty dairy product, with 

more protein than butter, and is obtained by removing the water from the butter. This product is 

popular in countries from South Asia and has a very long shelf-life of up to two years (Alganesh and 

Yetenayet, 2017).  

Fermented kinds of milk are commonly used to obtain other dairy products, such as yogurt 

(Aryana and Olson, 2017), kurut (Wang et al., 2020) and kefir (Rosa et al., 2017), among others. 

These products are obtained after fermentation of milk, using microorganisms to achieve the desired 

level of acidity in the product. Yogurt is obtained by lactic acid fermentation and kefir contains a 

mixture of lactic acid and yeast fermentation (Tetra Pak, 2015).   

 

2.4.1.4 Other milk products  

The cream is the part of the milk that is rich in milk fat and can be extracted from the milk by 

centrifugation or skimming (Alvarez, 2008). Cream-based products are sterilized and homogenized 

when processed. Despite their liquid texture, they are not normally consumed as drinks but are 

incorporated into several food products. 

Other dairy products include proteins, namely whey and casein. Casein is the major 

phosphoprotein in milk, comprising about 20 % of the total protein content. The remaining 20 % 

includes whey and serum proteins (Han et al., 2019). This protein is extracted by enzymatic 

precipitation (rennet casein) or acidification of milk (acid casein), and is widely used in the food 

industry, including cheese and bakery products, and in the chemical industry, to be incorporated into 

paints and glues (Tetra Pak, 2015).   

Whey is the liquid fraction that remains after casein precipitation in the cheese manufacturing 

process (Zotta et al., 2020). It is also generated during casein and yogurt manufacturing, being one 

of the biggest reservoirs of food protein available (Tetra Pak, 2015). Due to its unique composition, 

with about 55 % of the total milk nutrients (soluble proteins, lactose, vitamins and minerals), whey 

has gained importance in the market, mainly in sports, clinical and infant nutrition. In addition to the 

nutritional additive, this byproduct of the dairy industry is also used in animal feed, in the food and 

bakery industry, incorporated in other dairy products such as ice cream or cheese and in yeast 

products, and used in the pharmaceutical industry. 

 

2.4.2 Cheese whey generation and characteristics 

 

2.4.2.1 Cheese whey production from raw milk  

Cheese is a food product present in many countries and cultures, since antiquity, being one of 

the oldest known types of manufactured foods (Yoon et al., 2016). Around the world, many varieties 

of cheese are produced, with different properties and characteristics. The manufacturing process of 

cheese from raw milk involves several procedures common to most types of cheese, as shown in 

Figure 15. The figure also highlights the whey formation in the process, as well as some technologies 
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used for whey transformation in a wide variety of products or their valorization in new materials or 

energy (based on information provided by Fernández-Gutiérrez et al. (2017); Ganju and Gogate 

(2017); Zotta et al. (2020)).   

 

Figure 15| Cheese manufacturing from raw milk with whey generation, with the integration of different 

technologies for whey valorization. 

 

Cheese manufacturing is a linear process, which involves many technological steps. Usually, raw 

milk is sterilized by pasteurization or UHT processes, prior to the production of coagulum. In 

alternative, raw milk can be used without pretreatment in the manufacturing of cheese, obtaining 

types of cheese with a more intense flavor, due to the presence of higher amounts of volatile 

compounds from the fermentation of milk components by natural microbial communities (Yoon et al., 

2016). For the coagulation step, an initial culture of rennet and microorganism is added. The curd 

(solid part) formed is separated from the whey (liquid part) and is cut and processed to obtain the 

desired characteristics of the different types of cheese (Dragone et al., 2009). The structure and 

firmness of the curd and cheese yield are closely related to the casein content in milk. The cheese 

curd is mainly composed of insoluble caseins produced during the enzymatic conversion of -casein 
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into para--casein (Han et al., 2019). During the production of cheese, the casein and fat present in 

the milk are concentrated. For hard and some semi-hard types of cheese, for example, the 

concentration is approximately 10 times (Tetra Pak, 2015).  

In the past, cheese whey was considered a waste and was used only in animal feed, in dry form. 

With the development of technologies and increased interest in proteins and functional constituents 

of whey, it is now considered a byproduct of the dairy industry. The potential use of whey has reduced 

the channeling of the fraction of this liquid stream for the wastewater treatment. In addition, and due 

to strict environmental regulations, the discharge of whey into waterways or fields without proper 

treatment was prohibited (Smithers, 2015). However, in some developing countries, whey is still 

improperly managed and disposed of, representing an environmental threat for soils, waters and the 

atmosphere.  

Currently, more than 200 million tons of whey are generated each year worldwide, including whey 

from yogurt and other milk products manufacturing (Smithers, 2015). According to Rama et al. 

(2019), about half of the whey generated worldwide is still discharged and treated as waste without 

valorization, mainly in developing countries. About 50 % of the whey is used as a raw material to 

produce ricotta and other whey-based products (25 %), cheese whey powder (15 %), lactose (8 %) 

and whey protein powder (3 %) (Rama et al., 2019). The high nutritional value of whey must not be 

overlooked and the processing of whey into new and valuable products contributes both to the 

reduction of environmental pollution commonly associated with dairy industries and to providing 

economic inputs from the sale of new products from whey (Ganju and Gogate, 2017). 

One of the most popular cheese whey applications is its use to produce ricotta cheese. In this 

type of cheese manufacturing, a second cheese whey, also known as scotta or ricotta whey is 

generated, with about 60 % of the components of the cheese whey, mainly lactose (Carvalho et al., 

2013), and high salinity, due to the addition of salts during the cheese production process (Rama et 

al., 2019). Both cheese whey and second cheese whey streams have very high organic loads and 

can represent an environmental source of pollution, if not properly managed or disposed of 

(Sansonetti et al., 2009).  

During the transformation of the cheese whey, after removing about 80 % of the water from the 

skimmed whey, the concentrated whey is ultra-filtrated to obtain the whey permeate (the process 

where the lactose is concentrated) and the whey retained (the protein fraction, with lactose residues, 

to produce whey protein concentrate) (Ganju and Gogate, 2017). After ultrafiltration, skimmed 

cheese whey permeate can also be used in fermentation processes, to obtain high-value products 

such as bioethanol (Das et al., 2016), bacterial cellulose (Carreira et al., 2011), 

polyhydroxyalkanoates (Pais et al., 2010) or energy, in the form of methane (Novais et al., 2018c), 

or hydrogen (Venetsaneas et al., 2009). These valorization products are obtained mainly due to the 

presence of high lactose content, as well as other essential nutrients, which enhance microbial 

growth (Mollea et al., 2013). Other solid parts of the whey solution are still used as a fertilizer or 

animal feed supplement (El-Tanboly, 2017). Liquid cheese whey can be used directly in fermentation 

processes, as a culture medium for the growth of lactic bacteria, substituting commercial culture 

media (Rama et al., 2019).  

Since the nutritional properties of cheese whey were widely explored in the 1990s, several 

alcoholic and non-alcoholic beverages have been developed since then, applying cheese whey 
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fermentation. Nowadays, market share and interest in whey-based beverages are increasing each 

year (Akal et al., 2019). The use of whey-based products has been gaining market share as these 

products improve texture, enhance the flavor and color of other products, emulsify and stabilize, 

helping to extend the shelf life, and, in addition, have a range of properties that increase the food 

quality of the product.  

Several researchers have explored the use of cheese whey in recent years, as a precursor in the 

generation of several added-value products. This byproduct of the dairy industry can be used as a  

source of bioactive peptides normally used as ingredients in functional foods (Dullius et al., 2018) or 

protein hydrolysates (Mao and Kulozik, 2018). It can also act as a substrate for the synthesis of the 

enzymes (You et al., 2017) or lactic acid (Soriano-Perez et al., 2012), and be a precursor in the 

enzymatic synthesis of galato-oligosaccharides (Lisboa et al., 2012).  

 

2.4.2.2 Cheese whey characteristics  

Whey is the liquid part of milk obtained during the milk coagulation in the cheese or casein 

production (Fernández-Gutiérrez et al., 2017). Cheese whey represents 85 – 95 % of the milk volume 

processed in the dairy industry and retains about 55 % of the milk content (Rama et al., 2019), namely 

lactose, proteins and mineral salts. Depending on the casein precipitation method, the whey 

produced can be acidic (pH < 5.0) or sweet (pH ≈ 6.3) (González-Siso, 1996). Sweet whey is formed 

from the manufacture of pressed cheeses (cooked or uncooked), and acid whey is obtained from the 

manufacture of casein, fresh cheeses (Giroux et al., 2018) or Greek yogurt (Smithers, 2015). The 

acid whey is typically higher in salt content and lower in protein content than sweet whey, and its use 

in human and animal feeding is limited due to its sour flavor.  

The composition of both sweet and acid cheese whey described by some authors can be found 

in Table 7 (Dragone et al., 2011; Dullius et al., 2018; Rama et al., 2019). The final composition and 

characteristics of the whey are closely related to the milk source (cow, sheep, other) and the feed of 

the milk-producing animal, the processing method and other environmental factors such as the time 

of year or the lactation stage of the animal (Ganju and Gogate, 2017).  

Table 7| Physico-chemical characterization of cheese whey streams: sweet whey and acid whey 

(consolidated from data presented in Dragone et al., 2011; Dullius et al., 2018; Rama et al., 2019).   

Physico-chemical parameter Sweet whey Acid whey 

Water ≈ 93 % ≈ 94 % 

Lactose 4.5 – 5 % 3.8 – 4.3 % 

Total proteins 0.8 – 1.0 % 0.8 – 1.0 % 

Whey protein ≈ 0.65 % ≈ 0.65 % 

Lipids 0.4 – 0.5 % 0.4 – 0.5 % 

Mineral salts  

(NaCl, KCl and calcium salts) 
0.5 – 0.7 % 0.5 – 0.7 % 

Lactic acid Trace 0.1 – 0.8 % 

Citric acid 0.1 % 0.1 % 

BOD > 30 gO2/L > 35 gO2/L 

COD > 60 gO2/L ≈ 80 gO2/L 

pH 6.2 – 6.4 4.6 – 5.0 
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Besides the components presented in the table, whey also contains non-protein nitrogenous 

compounds, such as urea and uric acid, group B vitamins and other nutrients (González-Siso, 1996). 

Typically, cheese whey contains 99 % biodegradable organic matter, with very high BOD and COD 

values (Dullius et al., 2018). Compared to the pollution load of typical urban wastewater in developed 

countries, which presents COD and BOD values of approximately 0.6 gO2/L and 0.3 gO2/L 

respectively (Gallego-Schmid and Tarpani, 2019), the cheese whey has a pollution load about 150 

times higher (Rama et al., 2019).  

Due to its characteristics, acid whey is difficult to be used as a raw material in some 

biotechnological applications. With the growing interest in Greek-style yogurt products, the 

generation of acid whey in also growing (Smithers, 2015). The low pH of this stream limits its use 

and is normally mixed with silage for animal feed or used to produce energy through the AD process.    

In addition, several other effluents are generated in dairy industries. The processing system and 

applied methods have a great influence on the characteristics of the effluents (Demirel et al., 2005), 

due to the wide variety of products generated in the dairy industries. These factors led to the 

complexity of dairy effluents and to the difficulties often observed in the application of efficient 

treatment processes. The use of physical-chemical treatment processes is a viable option in terms 

of efficiency, but the costs associated with chemical compounds make these processes too 

expensive to be applied on an industrial scale (Chatzipaschali and Stamatis, 2012). Thus, to 

overcome the high operational costs and low COD removal efficiencies observed in physical-

chemical treatments, biological treatments are preferred for complex effluents from the dairy industry. 

 

2.4.3 Anaerobic treatment technologies for dairy effluents 

The treatment of dairy effluents dates back to the early 20th century when Bowles (1911) 

suggested a septic tank to treat pollution related to dairy waste. In 1932, Buswell et al. (1932) 

presented the results of their work, in which they tested the stabilization of milk waste under 

anaerobic conditions, achieving 95 % of pollution reduction. In addition, they stated that the 

anaerobic treatment of cheese whey coupled with the aerobic polishing step was more cost-effective 

than the aerobic process alone, with the advantage of less amount of sludge generated combined 

with the production of fuel biogas. This work is considered a milestone in the methanization of dairy 

industry wastes and also provides a scientific basis for future developments in the AD of these wastes 

(Bachmann et al., 2008).   

Since the 1930s, several publications on the anaerobic treatment of cheese whey have been 

published. However, the application of biological treatment (mainly anaerobic) to cheese whey 

effluents can often be challenging. The low pH value (typically between 3.8 and 6.5 (Dullius et al., 

2018)) and alkalinity, and high contents of sodium, free ammonia, potassium and volatile fatty acids 

(Prazeres et al., 2012), besides to a high amount of biodegradable organic matter in these effluents 

(see Table 7) can lead to failure of the biological process, if not properly controlled.  

The application of AD to treat cheese whey and dairy wastewaters, as well as the use of cheese 

whey for the formation of other added-value products, has been extensively reviewed by several 

authors (Carvalho et al., 2013; Chatzipaschali and Stamatis, 2012; Demirel et al., 2005; Demirel and 

Yenigün, 2002; Kasmi, 2018; Liew et al., 2020; Prazeres et al., 2012; Rajeshwari et al., 2000). 

Several reactor configurations and operation modes can be applied, obtaining high efficiency for 
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COD removal with the benefit of methane formation, as an energetic vector. This technology can be 

a triple action process for complex wastewaters: pollution reduction, energy generation and nutrient 

recovery (Escalante et al., 2018). Table 8 lists the most relevant studies published in the last 20 

years using cheese whey under anaerobic conditions (single digestion), to both treat and valorize 

this dairy stream.  

The AD process applied to the treatment of cheese whey and other dairy effluents is an excellent 

solution related to energy saving and pollution control (Ergüder et al., 2001). The low implementation 

cost, the high-energy efficiency and the simplicity of the process compared to other wastewater 

treatment methods make anaerobic digestion advantageous to treat cheese whey (Saddoud et al., 

2007). Several operational parameters influence the digestion process of cheese whey, namely pH 

and alkalinity, nutrients, temperature and reactor configuration, and, also, parameters related to the 

wastewater characteristics, such as the seasonality of milk production (Bachmann et al., 2008).  

UASB reactors are particularly suitable to be applied in the treatment of high-organic strength 

wastewaters, such as cheese whey, due to their favorable features, such as low energy demand and 

operation under high organic loading rates (Diamantis et al., 2014). In addition, AD technology can 

achieve adequate organic matter (BOD and COD) removals from cheese whey, with the advantage 

of high methane production, close to the theoretical value (Chatzipaschali and Stamatis, 2012). 

However, the slow reaction time, which led to the operation in high hydraulic retention times, and the 

poor stability of the process, hindered the widespread implementation of AD technologies in the dairy 

industry, where the effluents are mainly constituted by rapidly acidifying compounds (Saddoud et al., 

2007). In these systems, it is required a robust monitoring of operational parameters such as VFA 

concentration, pH and COD content to ensure the success of anaerobic processes.  

Most studies carried out with AD technology for the treatment of cheese whey use a diluted 

effluent or whey with low protein content, which is much simpler to treat (Ergüder et al., 2001). With 

raw cheese whey, anaerobic digesters tend to become unstable due to high organic loads (high 

lactose contents) (Frigon et al., 2009), low bicarbonate alkalinity (50 mg/L as CaCO3) and tendency 

to acidify rapidly (Saddoud et al., 2007), resulting in a sharp pH drop. When the pH reaches values 

close to 4, the concentration of non-dissociated VFA species in the liquid is very high, which inhibits 

the activity of the methanogenic microorganisms and led to the destabilization of the anaerobic 

digester (Yan et al., 1993). A strategy commonly used to overcome the rapidly pH decrease is the 

addition of buffer compounds (chemicals) to the digester. This alkalinity addition prevents 

acidification and, subsequently, the failure of the anaerobic process (Venetsaneas et al., 2009). The 

use of lime (Ca(OH)2) is not recommended because it led to the formation of a calcium precipitate 

with the biomass (El-Mamouni et al., 1995). The use of bicarbonate or sodium hydroxide is 

recommended and widely used. In addition, the increase in retention times (over 5 days) tends to 

minimize the effect of the acidification step on the anaerobic degradation of cheese whey (Frigon et 

al., 2009).  

Lipids are common in dairy effluents (and cheese whey wastewater), and can potentially be 

inhibitors in anaerobic systems, due to their low bioavailability (Demirel et al., 2005). Besides that, 

the tendency for lipids to accumulate on the surface of sludge can restrict the transport of soluble 

substrates to biomass and, thus, lead to decreased substrate conversion (Liew et al., 2020). During 

the anaerobic degradation process, lipids are first hydrolyzed to glycerol and LCFA, followed by -

oxidation, to generate acetate and hydrogen (Komatsu et al., 1991). Glycerol was found to be a non-
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inhibitory compound, while LCFA can cause inhibition of methanogenic microorganisms (Demirel et 

al., 2005).  

The two-phase anaerobic processes, separating the acidogenic from the methanogenic steps of 

the anaerobic degradation of organic matter, has the advantage of maximizing the different kinetic 

rates and achieving the highest process yield and may represent an alternative solution to the 

treatment of cheese whey (Venetsaneas et al., 2009). In fact, the separation of the acidogenic and 

methanogenic phases in two different reactors led to lower costs, improved efficiency with energy 

production and process stability (Saddoud et al., 2007).  

The separation of anaerobic phases and the combination of different reactor configurations can 

improve the overall treatment process of cheese whey. Diamantis et al. (2014) tested a combination 

of CSTR and UASB reactors to treat diluted cheese whey, obtaining very promising results 

concerning methane formation (0.37 LCH4.gO2 removed) without the need of chemical compounds 

supplementation to provide alkalinity to the anaerobic system. In this case, the enhancement of the 

acidification step led to an optimum operational and performance features, increasing the methane 

formation (Diamantis et al., 2014). 

The implementation of aerobic processes to treat cheese whey usually leads to the formation of 

high sludge amounts and the cost associated with oxygen supplementation makes this type of 

treatment unfeasible (Gannoun et al., 2008). Several authors suggest the implementation of two-

step treatment processes, with a first anaerobic treatment followed by an aerobic polishing step, 

which can be provided by aerated ponds, to lowering the final organic load of the effluent in order to 

meet the discharge requirements (Frigon et al., 2009).   

From a different perspective, some authors also apply an AD process, but with the main objective 

of maximizing the production of intermediates, such as VFA. Jaroszynski et al. (2016) used whey 

wastewaters in an UASB reactor at low pH to achieve high amounts of caproic acid, an intermediate 

in the anaerobic conversion of organic matter. Yang et al. (2003) maximize the concentration of 

acetic and butyric acids in the cheese whey wastewater, separating the acidogenic from the 

methanogenic phase, in CSTR reactors. Lagoa-Costa et al. (2020) operated anaerobic sequential 

batch reactors to obtain a high concentration of VFA, testing different solids and hydraulic retention 

times, and achieving a high degree of acidification (more than 80 %).  

A commonly used approach is to co-digest cheese whey with another substrate. The addition of 

different substrates in the digestion process can overcome some inhibition problems caused by the 

intrinsic characteristics of cheese whey. As an example, Ribera-Pi et al. (2020) used cattle manure 

(alkaline waste) to increase the pH of cheese whey (acidic waste) digestion, creating a synergistic 

effect on the substrates.  

An alternative for green energy production is the use of cheese whey as a source of anaerobic 

microorganisms to generate and maximize the hydrogen production, in the acidogenic phase of 

anaerobic degradation. Under anaerobic conditions, microorganisms produce hydrogen as a by-

product of the anaerobic degradation of organic matter into volatile fatty acids (acidogenic phase of 

AD), which are used to generate methane, in a process called dark-fermentative hydrogen production 

(Kapdan and Kargi, 2006). 
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Table 8| Summary of published studies regarding the thematic of AD treatment of cheese whey from the dairy 

industry, in the last 20 years.  

Waste 
stream 

Reactor type Loading a 
Operational 
conditions b 

Methane yield 
(LCH4/gO2 
removed) 

Organic matter 
reduction 

Reference 

Synthetic 
whey 

wastewater 

Moving 
anaerobic biofilm 

reactor  
11.6 gCOD/L.d 

T = 35 °C 
HRT = 1 d 

Alkalinity = 10 g/L as 
CaCO3 

0.333  
(CH4 = 63 %) 

COD: 89 % 
Rodgers et al. 

(2004) 

Cheese 
whey 

Up-flow 
anaerobic 

sludge-fixed film 
reactor 

45.42 gCOD/L.d 
T = 36 °C 

HRT = 48 h 
pH = 7.0 (NaOH) 

-- 
(CH4 = 76 %) 

COD: 97.5 % 
Najafpour et 

al. (2008) 

Cheese 
whey 

wastewater 
2-phase CSTR -- 

T = 55 °C 
HRT = 6 d 

pH = 7.0 (NaOH) 

0.380 
(CH4 = 68.3 %) 

COD: 93.4 % 
Yang et al. 

(2003) 

Cheese 
whey 

UASB 14.6 gCOD/L.d  

T = 32 °C 
HRT = 4.95 d 

Alkalinity = 5-6 g/L 
as CaCO3 

-- 
(CH4 = 77 %) 

COD: 95.7 % 
Ergüder et al. 

(2001) 

Cheese 
whey 

2-phase CSTR 
with membrane 

module 
19.78 gCOD/L.d  

T = 37 °C 
HRT = 4 d 
pH = 6.5 

--  
(CH4 = 70 %) 

COD: 98.5 % 
BOD: 99 % 

Saddoud et 
al. (2007) 

Diluted 
cheese 
whey 

SBR (aerobic + 
anaerobic) 

1.55 gCOD/L.d 
T = 20 °C 

Time/cycle = 2 d 
pH = 7.2-7.4 

--  COD: 88 % 
Frigon et al. 

(2009) 

Acidic 
cheese 
whey 

2-phase CSTR -- 
HRT = 23 d 

Alkalinity = 11 g/L as 
CaCO3 

0.136 – 0.216 
(CH4 = 65 %) 

-- 
Jasko et al. 

(2011) 

Diluted 
cheese 
whey 

2-phase  
CSTR + UASB 

≈ 11 gCOD/L.d 
(UASB) 

T = 30 °C 
HRT = 10 h 

pH = 6.7 

0.370 
(CH4 = 58.6 %) 

COD: 90 % 
Diamantis et 

al. (2014) 

Synthetic 
whey 

wastewater 

Stirred SBR with 
immobilized 

biomass 
5.7 gCOD/L.d 

T = 30 °C 
Time/cycle = 8 h 

Alkalinity: 30 % of 
COD load 

-- COD: 96 % 
Ratusznei et 

al. (2003) 

Filtered 
cheese 
whey 

2-phase SBR 4.6 gCOD/L.d 
T = 55 °C 

HRT = 8.3 d 
pH = 5.5 

0.340 LCH4/gO2 
feed 

COD: 87.5 % 
Fernández et 

al. (2015) 

Cheese 
whey 

2-phase 
CSTR + periodic 
anaerobic baffled 
reactor (PABR) 

≈ 11 gCOD/L.d 
(PABR) 

T = 35 °C 
HRT = 4.4 d 

pH = 7.1  
Alkalinity = 5 g/L as 

CaCO3 

0.310 LCH4/gO2 
feed 

COD: 94 % 
Antonopoulou 
et al. (2008) 

Synthetic 
whey 

wastewater 

Submerged 
anaerobic 
membrane 
bioreactor 
(SAMBR) 

≈ 7 gCOD/L.d 
T = 35°C 

HRT = 10 d 
-- COD: 94 % 

Casu et al. 
(2012) 

Diluted 
cheese 
whey 

UASB (+ 
electrochemical 

oxidation as 
post-treatment)  

2 gCOD/L.d 

T = 32 °C 
HRT = 3 d 

Alkalinity = 1-2 g/L 
as CaCO3 

-- COD: 97 % 
Katsoni et al. 

(2014) 

Diluted 
cheese 
whey 

Down-flow 
anaerobic filter 

(DAnF) 

0.8 – 4.0 
gCOD/L.d 

T = 35 °C 
HRT = 5 d 

No pH control or 
alkalinity addition 

0.280 – 0.340  
(CH4 ≈ 60 %) 

COD: ≈ 80% 
Jo et al. 
(2016) 

Filtered 
cheese 
whey 

CSTR coupled to 
a cross-flow 

tubular 
ultrafiltration 
membrane 

≈ 5 gCOD/L.d 
T = 37 °C 
HRT = 6 d 

pH = 6.7 – 7.2 
0.280 COD: ≈ 95% 

Dereli et al. 
(2019) 

Cheese 
whey 

wastewater 

2-phase CSTR  
(H2-CSTR + 
CH4-CSTR) 

1.7 – 2.2 
gCOD/L.d 

(CH4-CSTR) 

T = 35 °C 
HRT = 20 d 

Alkalinity = 12.75 g/L 
as CaCO3 (from the 
effluent of H2-CSTR) 

6.7 L/L of 
influent 

COD: 95.3 % 
Venetsaneas 
et al. (2009) 

a The OLR indicated refers to the OLR applied at the stabilization phase to the methanogenic reactor 
b The HRT indicated refers to the final HRT tested or to the stabilization phase of the reactor; HRT, temperature and pH/alkalinity 
values refer to the methanogenic reactor 
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2.5 Bauxite mining and alumina refining  

Although aluminum is the most abundant metal in the hearth’s crust, present in several minerals, 

it has a high affinity for oxygen and the stability of aluminum oxides and silicates has prevented its 

isolation for a long time (Rabinovich, 2013). In 1821, Pierre Berthier discovered bauxite in Les Beaux, 

France and French geologist Pierre Armand Dufrenoy named it “beauxite”  (World Aluminium, 2020). 

In 1861 French chemist Henri Saint-Claire Deville renamed it “bauxite” and in 1856 he developed a 

method of preparing large amounts of aluminum from bauxite, but large-scale implementation was 

costly and several other chemists searched for economic alternatives (Quartz Business Media, 

2008). In 1886, Charles Martin Hall (USA) and Paul L. T. Héroult (France) independently developed 

a method of producing aluminum from alumina. With the efficient method for alumina extraction from 

bauxite, developed by Karl Josef Bayer (Bayer process), the “Hall-Héroult” process has become 

economically viable and applicable on an industrial scale (Sushil and Batra, 2008).   

Nowadays, the Bayer process applied to alumina refining is used worldwide and is the main 

process for transforming bauxite. Besides the Bayer process, alumina can be produced by the 

sintering process or by the combined Bayer-sintering process (Wang et al., 2019). Bauxite mining 

and alumina refining are the upstream operations of primary aluminum production. Thus, the 

production of metallic aluminum is performed via a two-stage process: first, the refining of bauxite 

into alumina employing the wet chemical caustic leaching process (Bayer process), and secondly, 

the electrolytic reduction of alumina in aluminum metal in a molten bath of natural or synthetic cryolite 

(Na3AlF3) (Hall-Héroult process) (Meyer, 2004). Aluminum is commonly used in packaging (beverage 

cans, aluminum foil), civil construction, transportation (trains, airplanes, cars and buses), technology 

(laptops and mobile phones) and energy sectors, among other applications (Ahn et al., 2015).   

Bauxite is the main aluminum ore and is a mixture of related minerals. It is reddish-brown and 

appears in the form of a rock that occurs near the surface, normally with only 1 or 2 m of overburden 

(Donoghue et al., 2014) and may contain hydrated aluminum oxides in the form of gibbsite 

(-Al(OH)3), diaspore (-AlO(OH)) or boehmite (-AlO(OH)) (Palmer et al., 2009). Bauxite also 

contains other compounds, such as hematite (Fe2O3), goethite (FeO(OH)), quartz (SiO2), 

rutile/anatase (TiO2), kaolinite (Al2Si2O5(OH)4), ilmenite and other minor impurities (Donoghue et al., 

2014; Liu et al., 2009). This heterogeneous sedimentary rock is extracted mainly for the formation of 

alumina (aluminum oxide), a white powder. Approximately 73 % of bauxite is refined to alumina used 

in the production of aluminum, and the remaining is used in non-metallurgical applications, such as 

the production of cement, chemicals, propping agents, refractories and abrasive materials (Bray, 

2020). Alumina with the highest purity level is used predominantly to produce metallic aluminum by 

the Hall-Héroult process (Liu et al., 2009).    

The worldwide development has led to an exponential use of aluminum in a wide range of 

applications in our daily lives. In the past few decades, alumina has grown in importance in the 

upstream value chain, which has led some aluminum producers to build their own bauxite refineries 

and expand existing aluminum-making infrastructures. Australia is currently the world leader in the 

bauxite refining to alumina, with 86.4 million dry tons of refined alumina per year, followed by China 

(79 million dry tons), Guinea (57 million dry tons), Brazil (29 million dry tons), India (23 million dry 

tons). Other countries like Indonesia, Jamaica, Russia, Vietnam and Saudi Arabia account for less 

than 11 million dry tons each year (Bray, 2020). Thus, China, Oceania and South America lead global 
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production with approximately 54, 15 and 8 %, respectively, of the total alumina production 

worldwide, accounting for the rest of the word by approximately 22 % (Wang et al., 2019).  

Figure 16 depicts the location of bauxite deposits all over the world. Bauxite reserves are located 

mainly in Guinea, Australia, Vietnam, Jamaica, Indonesia and China (Bray, 2020). Of all the bauxite 

resources, 90 % of them are in tropical locations. Karst bauxite is predominant in Europe and 

Jamaica, whereas laterite bauxite appears in Australia, the Caribbean, Guyana and Brazilian shields 

in South America, as well as in the shield of Guinea and Cameroon (West Africa) (Meyer, 2004).  

 

Figure 16| Location of karst and laterite bauxite deposits worldwide (reproduced from Meyer (2004)). 

 

In aluminum-producing countries where bauxite reserves are insufficient, many alternatives for 

the alumina production are being studied. The use of different raw materials as clay resources is 

under study, but not yet implemented on a commercial scale, due to the high costs. Materials as 

alunite, anorthosite, coal wastes and oil shales are being considered as additional potential sources 

of alumina (Bray, 2020).  

 

2.5.1 Red mud generation during the alumina refining process  

Bauxite residue, also called red mud, is a hazardous solid clay-size waste derived from alumina 

refining, with an average particle size of < 100 m (Liu and Li, 2015), with 90 % of the particles below 

the size of 75 m (Sushil and Batra, 2008). These particles have a high surface area (Sushil and 

Batra, 2008) and a BET (Brunauer, Emmett and Teller) specific surface area around 10 – 25 m2/g 

(Wang et al., 2008). This waste is generated during the alumina refining in the bauxite ore, primarily 

by the Bayer process, which uses caustic soda to dissolve the aluminum-bearing minerals in the 

bauxite (gibbsite, diaspore and boehmite) (Liu and Naidu, 2014), at elevated temperature and 

pressure (Palmer et al., 2009).  

 

2.5.1.1 Alumina refining process  

Most of the alumina produced commercially from bauxite is obtained via the Bayer process (R. 

Zhang et al., 2011), a process patented by Karl Josef Bayer in 1888 (Rabinovich, 2013). Bayer’s 
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process for bauxite refining to produce alumina is shown in Figure 17, highlighting the red mud 

formation after washing insoluble components and presenting the four steps performed in a bauxite-

refining mill: digestion, clarification, precipitation (for alumina production) and evaporation (for 

chemicals recovery). 

 

Figure 17| Bayer’s process for alumina refining from bauxite, generating a by-product (red mud).  

 

Prior to digestion, bauxite from mining is crushed into small particles, to form a fine slurry. The 

Bayer process involves the digestion of bauxite in a hot solution of sodium hydroxide, which leaches 

aluminum from bauxite (Hua et al., 2017), by a selective extraction of aluminum-bearing minerals 

(gibbsite, boehmite and diaspore) from the insoluble components (mostly oxide compounds). In this 

process, the caustic aluminate solution reacts with clay or quartz in the bauxite ore to form red mud 

(bauxite waste) and the aluminum-bearing minerals are dissolved as sodium aluminate (NaAlO2) 

(Sushil and Batra, 2008), in a digestion step at a high temperature (normally between 145 and 

265 °C) and pressure (Donoghue et al., 2014).  

The caustic soda (called “spent liquor”) is recycled back to the beginning of the refinery circuit 

(digestion process), after a series of separations and evaporation. This recycling step helps to reduce 

the production cost with raw chemicals and, at the same time, to reduce the alkalinity of the waste. 

The resulting sodium aluminate (NaAlO2) is separated (clarification step) and selective precipitation 

of aluminum in the form of aluminum hydroxide (Al(OH)3) is performed (Liu et al., 2009). After 
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precipitation, aluminum hydroxide is subjected to calcination at approximately 1000 °C, forming 

anhydrous alumina (Al2O3), the final product of bauxite refining to alumina (Donoghue et al., 2014).  

The chemical reactions for the selective precipitation of gibbsite (Equation 22) and both boehmite 

and diaspore (Equation 23) are as follows:  

 𝐴𝑙2𝑂3 ∙ 3𝐻2𝑂 + 2𝑂𝐻
− → 2[𝐴𝑙(𝑂𝐻)4]

− (22) 

 𝐴𝑙2𝑂3 ∙ 𝐻2𝑂 + 2𝑂𝐻
− + 2𝐻2𝑂 → 2[𝐴𝑙(𝑂𝐻)4]

− (23) 

The processing conditions applied to operate the digester (caustic concentration, temperature 

and pressure) as well as operating costs, depend on the type of bauxite ore. The presence of gibbsite 

allows processing at about 140 °C, whereas the presence of boehmite requires higher temperatures 

(200 – 240 °C). The presence of diaspores, besides too high temperature and pressure, also requires 

a strong caustic solution (Liu et al., 2009). Thus, the production costs of processing bauxite ores with 

a high gibbsite content will be much lower than the costs required to process boehmite or diaspore.   

 

2.5.1.2 Red mud characteristics  

One of the major steps of this transformation process is the separation (clarification) of red mud 

solids from the caustic aluminate solution (liquor) (Chvedov et al., 2001). The washing step uses a 

large amount of water. In this process, some polymeric flocculants can be added to promote the 

sedimentation of solids in the washing and thickening stages (Liu et al., 2009). After washing, RM 

waste is normally disposed of in special facilities known as Bauxite Residue Disposal Areas (BRDA) 

or Residue Storage Areas (RSA). Soil rehabilitation in storage areas is difficult due to the alkaline 

characteristics of the waste. For soil treatment, the pH must be reduced, and several research 

projects are underway to develop new cost-effective technologies for the remediation of 

contaminated areas (World Aluminium, 2020).  

RM can be stored in wet (less than 50 % of solid content), dry (about 50 % of solid content) or a 

mixture of both wet and dry forms, but dry stacking is the most current practice worldwide (Liu et al., 

2009). Although widely applied, this disposal method uses a large land area, which is costly and 

intensifies the risk of environmental pollution, such as surface or groundwater pollution (Liu and Li, 

2015). The land disposal of RM is also visually polluting and can be aesthetically harmful (Liu et al., 

2009).  

Annually, about 120 million tons of RM are produced, representing important disposal issues for 

the mining and metallurgy industries (Liu and Li, 2015). The production of 1 ton of alumina generates 

about 0.6 – 2.5 tons of red mud residue, depending on the bauxite mineralogy (Hua et al., 2017; Liu 

et al., 2009) and the efficiency of the alumina extraction process (R. Zhang et al., 2011). The huge 

amount of RM generated worldwide causes environmental impacts concerning its disposal, due to 

its high alkalinity and sodium compounds, such as sodium carbonate and sodium hydroxide (Brunori 

et al., 2005), and documented risks to sea life.   

The data for the chemical composition (expressed as oxides %.wt) of the red mud obtained as a 

byproduct of the Bayer process for the alumina production are found in Table 9. Generally, the 

chemical analysis of the red mud reveals the presence of Fe, Al, Si, Na, Ca and Ti, also in addition 

to minor constituents such as K, Cr, V, Ni, Mn, Cu, Zn and Pb. The most common mineral compounds 

in the red mud came from bauxite, such as crystalline hematite (Fe2O3), boehmite and goethite 
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(FeOOH), along with other aluminum hydroxides, calcium (in the form of calcite, CaCO3, whewellite, 

CaC2O2.H2O, and gypsum, CaSO4.2H2O) and titanium oxides and sodalite (Na4Al3Si3O12Cl) (Brunori 

et al., 2005; Wang et al., 2008). Trace amounts of undissolved alumina (2.12 – 33.1 %) (Liu and Li, 

2015) are also found in RM, as well as a wide variety of organic compounds (Palmer et al., 2009). 

The RM generated in the Bayer process has a higher content of hematite than that produced by the 

combined process, whereas the RM produced by the sintering process has higher alumina content 

than that produced by the combined Bayer-sintering process (Wang et al., 2019). However, the 

silicon dioxide content in the RM produced by the combined Bayer-sintering process is normally less 

than the content of RM produced in the Bayer process (Wang et al., 2019). 

Table 9| Chemical composition of the red mud resulting from the Bayer process (consolidated from data 

presented in Cengeloglu et al. (2003); Palmer et al. (2009); Zhang et al. (2011).   

Oxide %.wt 

Fe2O3 > 30a 

Al2O3 18 – 25 

SiO2 15 – 20 

Na2O 8 – 12 

CaO ≈ 5a 

TiO2 2 – 5 

LOI 8.15b  

pH > 10.6 
a The proportion varies greatly with the bauxite characteristics and leaching conditions 
b Value from Cengeloglu et al. (2003) 

 

The oxidized form of iron (Fe3+) present in high concentrations in the RM wastes is responsible 

for its characteristic red color. The pH of this waste is higher than 10.6, up to 13 or higher, depending 

on the concentration of the caustic solution in the digestion step (World Aluminium, 2020). The high 

pH value is due to the presence of large amounts of alkaline sodium compounds, such as sodium 

carbonate and sodium hydroxide (Brunori et al., 2005).   

The presence of metals in wastewaters and wastes can pose an environmental problem, along 

with the loss of important resources. The red mud also contains valuable metals, such as titanium 

(TiO2), which must be recovered to be reused in other industries. This circle use of resources reduces 

the cost of many raw materials and responds to difficult environmental pollutants such as red mud 

(Cengeloglu et al., 2003).  

 

2.5.2 Red mud applications 

Waste recycling is an integral part of the waste management system and represents the key 

usage alternative for energy reuse and recovery, in a waste-to-energy perspective. This approach is 

also applied to RM from alumina refining (Ahn et al., 2015). The amount of solid waste generated 

during the alumina production is attractive from the point of view of reusing RM in other applications 

and from the point-of-view of further industrial application. Nowadays, there are hundreds of patents 

under the scope of RM waste application, revealing the versatility nature of this type of residue (World 

Aluminium, 2020).  
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The use of different technologies for its activation, such as acidification and thermal treatment, 

makes RM suitable to be used as a sorbent, gas cleaner or as a catalyst. With these activation 

methods, RM’s surface physico-chemical properties are improved, resulting in higher adsorption 

capacity and catalytic activity (Wang et al., 2008), as well as a higher surface area of RM particles 

(Sushil and Batra, 2008). The elements naturally found in RM wastes, such as titanium, scandium, 

gallium, sodium and iron, can be recovered and generate value (Liu et al., 2009). The worldwide 

scarcity of iron supply represents an opportunity for the development of new technologies for the use 

of RM as an iron source, with a focus on the development of both economically and environmentally 

desirable technologies (Liu and Naidu, 2014). 

The physical properties and the high amounts available make RM a good candidate to be applied 

as a sorbent for the removal of several pollutants from water and wastewater. Other materials from 

various industries can also be applied as sorbents, namely fly ash, slag and different types of sludge. 

However, before application as a sorbent, the RM needs to be neutralized, to reduce the pH to values 

close to 8.0 (Bhatnagar et al., 2011). RM can be applied in water treatment, for removal of phenolic 

compounds (phenol, 2-chlorophenol, 4-chlorophenol, 2,4-dichlorophenol and 2,4-dinitrophenol), 

metals (arsenic, chromium, nickel, copper, cadmium, zinc and lead), inorganic anions (nitrate, 

phosphate and fluoride) and dye (Rhodamine B, fast green, methylene blue, Congo red, procion 

orange), as extensively reviewed by Bhatnagar et al. (2011). It can also be used as an agent for the 

decontamination of acidic leachates (Sushil and Batra, 2008). Several studies performed with the 

application of red mud concluded that this waste exhibits a low leaching behavior of its components. 

These findings imply that the reuse of this material after application in the wastewater treatment 

represents a low environmental impact, and can be incorporated into the brick production or disposed 

of as non-hazardous waste in landfills (Wang et al., 2008).  

In addition, red mud has been successfully applied to building and structural materials, such as 

cement, ceramics and casting components. Several studies have focused on the production of 

construction materials based on RM obtained in the Bayer process. Tsakiridis et al. (2004) 

incorporated RM waste in Portland cement and, in low share, RM did not affect the processing of 

cement, having the potential to be incorporated as a raw material in cement production. In the same 

line and also with promising results, Sglavo et al. (2000) used almost 50 % of RM waste as a raw 

component in clay mixtures for the ceramic bodies production, not affecting the sample porosity and 

increasing density and flexural strength. Yang et al. (2008) used a combination of fly ash and red 

mud as a raw material in the successful production of glass-ceramics in the CaO-SiO2-Al2O3 system. 

In all of these applications, the substitution of virgin raw materials by red mud wastes has the potential 

to reduce production costs, along with the environmental benefits of reuse, recycling and reduction 

of wastes.   

RM can also be applied for soil and mine in situ remediation. Garau et al. (2007) studied the 

efficiency of RM as a material for metal immobilization, in polluted acidic soil. The increase in pH led 

to a decrease in the metals solubilization and, in addition, RM improved the microbial growth of 

bacteria naturally present in soils (Garau et al., 2007).  

Other applications include the recovery of metals from RM, treatment of gold ores, a sorbent for 

gas cleaning (SO2, H2S) from hot exhaustion gases (Wang et al., 2008). The use of RM as catalysts 

has also been widely studied, due to the high iron oxide content, in hydrogenation, dechlorination 

and hydrodechlorination and catalytic oxidation of hydrocarbons. The application of RM as a catalyst 
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in several different reactions has been extensively reviewed by Sushil and Batra (2008). Amritphale 

et al. (2007) successfully applied RM and barium containing compounds for the production of X-ray 

shielding materials. The use of RM led to the formation of thickener shielding materials, with standard 

required properties (compressive strength and impact strength) (Amritphale et al., 2007).  

Although this vast range of options for RM application, none of them have been economically 

applied on an industrial scale (Wang et al., 2008). An alternative for minimizing costs is the multiple 

recoveries of valuable products (metals). The integration of several techniques in the same physical 

space can reduce the costs of transportation and processing, also allowing the complete use of RM, 

for recovery of metals or activation by adsorbents and catalysts, and for their incorporation in other 

building materials, after metals leaching or usage (Liu and Naidu, 2014). Nonetheless, more detailed 

information about the RM characteristics (mainly concerning mineral characterization) is needed 

before the implementation of integrated valorization processes focusing on further maximization of 

such attractive characteristics (Wang et al., 2019).  

  

2.5.2.1 Use of red mud in biological treatment processes 

The use of red mud as an additive in biological treatments (anaerobic or aerobic processes), in 

its activated or non-activated form, is little reported in the literature, despite the promising results 

obtained so far. Table 10 lists the biological technologies described in the literature so far, and which 

have been developed using red mud as an inorganic additive.  

Table 10| Resume of biological technologies employing red mud as an inorganic additive.  

Treatment 
system 

Substrate 
Operational 
conditions a 

Form and role of 
red mud  

Performance Reference 

UASB 
Palm oil mill 

effluent 

S0 = 10 – 40  
(30) gO2/L 
T = 35 °C 

HRT = 8 – 32 (16) h 

Magnetic RM-Fe; 
Sludge granulation 

during effluent 
degradation 

COD removal: 
85% 

Ahmad (2014) 

Batch digester 
Brewers’ spent 

grain 

Calcined RM: 
10 g/L  

Organic rate: 
10 gTS/L 
T = 55 °C 

Calcined RM;  
Pretreatment of 

brewers’ spent grain  

Specific H2 
production: 

198.62 mL/gVS 

Zhang and 
Zang (2016) 

Batch digester 
Waste activated 

sludge 

RM: 20 g/L 
T = 35 °C 

t = 28 d 

Powder RM; 
Methane improver 

Methane 
production: 

1.41 mmol/gVSS 

Ye et al. 
(2018c) 

Batch digester 
Waste activated 

sludge 

RM: 5, 10 and 
20 g/L 

T = 35 °C 

t = 28 d 

Powder RM;  
Conductive solid 

COD removal:  
52 % 

Ye et al. 
(2018b) 

Batch digester Cow dung 
T = 25 °C 

pH = 7.2-7.4 

Powder RM; 
neutralize the 

alkaline pH of RM  
-- 

Patel et al. 
(2018) 

Batch digester  
Waste activated 

sludge 

RM: 20 g/L 
T = 15, 25 and 

35 °C (35) 

Powder RM; 
Conductive solid 

Methane 
production: 

1.39 mmol/gVSS 

Ye et al. 
(2018a) 

a In parenthesis are the best conditions applied  

 

Ahmad (2014) performed the activation and magnetization of red mud particles. The magnetic 

RM-Fe particles helped in the formation of biomass granules in the UASB reactor, and the addition 

of such particles at a concentration of 400 mg/L increased the average granule diameter by 82 %. 

The precipitation of ferrous sulfide (FeS) allowed the attachment of granules, with an enhanced 

production of extracellular polymeric substances, beneficial for the sludge aggregation. The 
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development of granules improved the development of methanogenic microorganisms and, thus, 

improving the overall yield of the treatment (Ahmad, 2014).  

Zhang and Zang (2016) applied a pretreatment with calcined RM to their anaerobic system to 

produce hydrogen from the brewers’ spent grains. The RM waste was dried at 100 °C for 12 h, and 

calcined at 850 °C for 5 h. After calcination, the RM was dissolved in an aqueous solution with 

brewers’ spent grains and the mixture was feed to batch digesters to produce hydrogen, after 48h of 

mixing. In this case, the use of the RM waste helped in the alkaline hydrolysis of the substrate, 

depolymerizing the hemicellulose and solubilizing the lignin. This pretreatment increased the 

hydrogen formation by 68 % (Zhang and Zang, 2016). 

Ye et al. (2018c) studied the addition of red mud to an anaerobic digester for methane production, 

focusing on hydrolytic and acidogenic steps for the intermediate generation (VFA). The addition of 

RM waste to the bioreactor promoted the hydrolysis and acidification of the sludge. The VFA content 

increased by 39 % with the addition of red mud, indicating a synergistic relationship between the 

inorganic additive (red mud) and the wasted activated sludge. Methane content also increased by 

36 % compared to a control reactor, without the addition of RM powder (Ye et al., 2018c).   

Ye et al. (2018b) studied the role of red mud during the AD of waste activated sludge, namely in 

the formation of aggregates that can influence the rapid direct electrons exchange during the direct 

interspecies electrons transfer. The use of RM promoted an increase in the methane formation 

(36 %) versus a control reactor without the RM addition, with the benefit of enhancing the 

solubilization of the organic matter suitable for the methanogenic step. The authors also found a 

positive correlation between extracellular polymeric substances and methane formation, increased 

by the addition of RM powder, forming large bio aggregates (Ye et al., 2018b). 

Patel et al. (2018) studied the neutralization of RM wastes applying an AD process of cow dung, 

the neutralizing agent used in their study. Both the pH and the alkalinity of the RM decreased when 

10 g of RM were mixed with 80 g of cow dung, after 40 days of anaerobic operation. This approach 

has the potential to be used to reduce the high pH of RM wastes, with the advantage of biogas 

formation during the anaerobic process (Patel et al., 2018).  

Ye et al. (2018a) performed an additional study for the RM addition to the wasted activated sludge, 

at different temperatures, considering the previous results obtained by the authors (Ye et al., 2018b, 

2018c). The authors found that temperature changes affect the key functional groups, which 

subsequently contribute to the CO2 reduction into methane. In addition, the use of red mud stimulated 

methane accumulation, reaching 35 % more than the control reactor without the RM addition, due to 

the high content of alkaline compounds in the waste, inducing a high level of alkalinity, and resulting 

in increased substrate and enzyme activities (Ye et al., 2018a). 

From a different point-of-view for biological treatments, RM wastes can be applied in the 

manufacture of anaerobic digesters instead of being added to the anaerobic process. A very popular 

digester in China during the 1990s is a plastic bag digester (Chen and Shyu, 1996). As an alternative 

to conventional plastic, some researchers have developed a red mud plastic digester, which is a 

mixture of PVC and red mud waste. These digesters are low cost, easy to maintain and transport 

and operate with short retention times (El-Haggar and Samaha, 2019).   
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2.6 pH regulation in anaerobic digestion processes  

Nowadays, anaerobic technology for biogas production is well established and developed. 

However, several improvements to the optimization of key parameters must be made. The main 

factors affecting the efficiency of AD systems, including pH, must be tightly monitored and controlled, 

to create suitable environmental conditions for the development of sensitive methanogenic 

microorganisms. Regulation of pH on an industrial scale can be costly if the volume of wastewater 

to be treated is high. Thus, the technical solutions to be implemented should improve the process, 

ensuring very good performance and a low operating cost, to create attractive treatment processes.   

An appropriate approach to improve the anaerobic process is the use of inorganic additives to 

promote an increase in the efficiency of the process. Several types of inorganic additives have been 

studied in recent years, including compounds to control pH, to reduce inhibitory effects, to improve 

anaerobic performance, or to provide physical support for attached microbial growth.  

 

2.6.1 Types of inorganic additives for anaerobic process enhancement 

The characteristics of the substrates commonly used in anaerobic degradation processes can 

result in low performance of the process if high loads or inadequate buffer capacity are provided. For 

easily biodegradable substrates, such as cheese whey or food wastes, the rapid accumulation of 

VFA can lead to an extra pH lowering and can cause inhibition of methanogenic microorganisms (D. 

Wang et al., 2017). Other wastes, such as manures, have a high ammonia content, often with 

concentrations greater than necessary for stable microbial growth, which can inhibit the AD process 

(Jiménez et al., 2015). Therefore, the addition of natural inorganic minerals or solid wastes can be 

beneficial for anaerobic processes treating complex waste streams. On the one hand, materials can 

release internal elements, and these elements can be incorporated as part of enzyme structures in 

microbial cells or have a significant effect on the degradation of organic matter and the methane 

formation (Jiménez et al., 2015). On the other hand, the materials can also act as a support material 

for microbial growth, allowing greater resistance and promoting, ultimately, methanogenic activity 

(Watanabe et al., 2013).  

Table 11 lists some examples of works performed within the scope of anaerobic waste and 

wastewater treatment using organic additives to improve the overall AD process. The works listed 

are divided according to the main goal defined for the inorganic addition performed, namely, to 

overcome the ammonia inhibition caused by the substrate characteristics, avoid the sulfate inhibition, 

enhance the AD process and provide physical support for biomass growth. Other inorganic additives 

can also be used in anaerobic processes with the main goal of process improvements, such as 

nanoparticles (Ajay et al., 2020), membranes (Youngsukkasem et al., 2012), inorganic compounds 

such as magnesium chloride, nickel and cobalt compounds (Hijazi et al., 2020) or micro and 

macronutrients addition (N, P, S, Fe, Mo, among other trace elements) (Romero-Güiza et al., 2016).  

Red mud wastes can also be used as inorganic additives for the anaerobic degradation process 

(Gameiro et al., 2020). The published works applying red mud wastes as inorganic additives for 

anaerobic processes enhancement (Ye et al., 2018b, 2018c, 2018a) were summarized in Table 10 

and discussed previously.   
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Table 11| Examples of published works regarding the application of inorganic additives to the AD process.  

 
Inorganic 
additive 

Waste stream 
under treatment 

Effect of the inorganic additive in the 
AD process 

Reference 

Ammonia 
inhibition 

Clay residue 
Pig manure and 
rice straw (co-

digestion) 

- Reduced the inhibition of excess 
ammonia by adsorption at the surface of 

clay particles 
- Improved AD of pig manure 

Jiménez et al. 
(2015) 

Natural zeolite; 
modified zeolites 

Pig manure 
(digestion) 

- Increased cumulative methane production 
- Reduced the values of the TVF/Alk ratio, 
increasing the pH values in the medium 

- Enhanced microbial growth 

Milán et al. 
(2003, 2001) 

Natural 
mordenite 

Sludge (digestion) 
- Synergistic effect between the Ca2+ 

supply and the ammonia removal  
- Reduced the inhibition of ammonia 

Tada et al. 
(2005) 

AD 
enhancer 

nZVI 
Sulfate-rich 
wastewater 

- Enhanced the sulfate reduction and the 
COD removal when nZVI was added 

J. Zhang et al. 
(2011) 

Iron oxide-
zeolite system 

Cow manure and 
rice straw (co-

digestion) 

- Promoted stable pH operation and 
increased VFA concentration 
Reduced ammonia inhibition 
- Enhanced attached microbial 

growth 

Lu et al. (2017) 

Iron scrap; iron 
scrap with rust 

Sludge (digestion) 

- Enhanced methane yield by 21 %, with 
better mass transfer efficiency of iron scrap 

than Fe0 powder 
- Iron scrap with rust induce microbial 
Fe(III) reduction and improve methane 

yield by 29 % 

Y. Zhang et al. 
(2014) 

Fly ash and 
bottom ash 

Organic fraction of 
municipal solid 

waste 

- The two types of ashes improved the 
biogas yield 

- Contributed to the immobilization of 
microorganisms  

- Leached compounds (alkalis, trace 
elements) improved the digestion 

performance 

Lo et al. (2012) 

Sludge 
incineration 
bottom ash 

Sludge (digestion) 
- Enhanced methane production by 27 % 

and decreased the methanization lag 
phase by 32 % 

Yin et al. (2018) 

Red mud 
powder 

Waste activated 
sludge 

- Enhanced methane production 
- Acted as a conductive solid to promote 

DIET 

Ye et al. (2018b, 
2018c, 2018a) 

Waste-based 
geopolymers  

Cheese whey  

- Enhanced methane production 
- Increased methane content in the biogas 
- Promoted prolonged pH control in the AD 

of easily-acidifiable waste streams  

Gameiro et al. 
(2020, 2019a); 
Novais et al. 

(2018c) 

Biomass 
support 
media  

Cedar charcoal Crude glycerol 

- Improvement of methane production by 
1.6 times 

- Enhancement of propionate degradation 
rate, decreasing its inhibitory effect 

Watanabe et al. 
(2013) 

Biochar Sludge (digestion) 

- Improvement of methane yield, 
biomethanation rate and maximum 

methane production rate by 7 to 28 %  
- The boosted in CH4 content facilitated the 

CO2 removal from the biogas 
- Reduced the inhibition of ammonia and 

increased alkalinity, creating a stable 
process 

Shen et al. 
(2015) 

 

Jiménez et al. (2015) used clay residue to reduce the inhibition caused by pig manure in an 

anaerobic co-digestion process with rice straw. The high content of ammonia in this waste causes 

the inhibition of methanogenic microorganisms and, in this case, the added clay residue functioned 

as an ammonia adsorbent surface, leading to an improvement in the overall AD process, with a 

positive effect on the methane yield (Jiménez et al., 2015). In another study by the same authors, 

clay residue was added in an anaerobic system treating manure and rice straw, and an improvement 

in hydrolytic activity and methane production was observed. This process enhancement was due to 
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the mineral content and adsorbent properties of the inorganic additive used (clay residue from the oil 

clarification process) (Jiménez et al., 2014).  

In their work, Milán et al. used natural zeolite (Milán et al., 2001) and modified zeolite (Milán et 

al., 2003) to improve the AD process of pig manure. These materials act as microbial support in the 

AD of different wastewaters due to the high immobilization capacity of microorganisms, the ability to 

reduce ammonia and ammonium ions in solution and, thus, improve the equilibrium of these ions 

(Milán et al., 2001). The modification of the natural zeolite surface with the deposition of metals such 

as nickel, cobalt, or magnesium had a positive effect on the two limiting steps of AD, hydrolysis and 

methanogenesis, increasing the microbial growth of microorganisms (Milán et al., 2003). These 

findings are also supported by the work of Fernández et al. (2007), who showed that microorganisms 

in an anaerobic FBR treating distillery wastewaters (vinasse) can grow attached to the surface and 

in the interior zones of natural zeolite, thus enhancing the anaerobic performance of the system 

(Fernández et al., 2007).  

Tada and co-workers tested several inorganic materials as additives for the AD of ammonium-

rich sludge (Tada et al., 2005). They tested, among others, inorganic adsorbent zeolites (mordenite, 

clinoptilolite, zeolite 3A, zeolite 4A), clay minerals (vermiculite), and manganese oxides (hollandite, 

birnessite). The natural mordenite was promising for leaching Ca2+ ions through Ca2+/NH4
+ 

exchange, which enhanced the methane production from ammonium-rich sludge. This material had 

a synergistic effect on calcium supply, as well as ammonia removal during the AD process, which 

prevented ammonia inhibition and promoted the methane formation (Tada et al., 2005). 

Several authors have studied the use of nano zero-valent iron (nZVI) in anaerobic digesters, for 

the treatment of different wastes. J. Zhang et al. (2011) tested the use of nZVI, which, due to its 

reducibility, enhanced the anaerobic digestion of sulfate-containing wastewater. COD removal was 

enhanced when nZVI particles were added to the UASB reactor, increasing from 58 % in the control 

reactor to 87 % in the reactor with the particles. The addition of nZVI also improved the sulfate 

reduction, and the presence of nZVI can act as an additional electron donor and buffering agent, 

thus decreasing the concentration of un-dissociated H2S and its negative impact on the anaerobic 

process (J. Zhang et al., 2011). The same authors also described the positive effect of nZVI addition 

to anaerobic digesters (UASB reactors), promoting the growth of methanogenic microorganisms and 

increasing the degradation rates at low temperatures (25 °C) and HRT (12 h) (Y. Zhang et al., 2011). 

Several other nanoparticles, containing silver, cerium, cobalt, copper, nickel, titanium or zinc, have 

been tested over the years as additives for anaerobic waste and wastewater degradation, as 

summarized in the review paper by Lee and Lee (2019).  

Iron supplementation to an anaerobic system, in the form of a zeolite-iron oxide aggregate, can 

function as an electron flow medium and accelerate the syntrophic methanogenesis of acetate-

oxidizing bacteria and methanogenic archaea. This solution showed its efficiency in the work of Lu 

et al. (2017), which obtained an improvement in the anaerobic performance of ≈ 370 % regarding 

the methane yield in the co-digestion of cow manure and rice straw. In addition, the authors observed 

a stable pH condition, higher total VFA concentration and lower ammonia content when using the 

iron oxide-zeolite system. This solution also presents physical support for the growth of biomass and, 

for this reason, the authors stated that the activity of methanogenic microorganisms was promoted 

in the presence of the system iron oxide-zeolite (Lu et al., 2017). 
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The addition of iron scrap to the sludge AD was studied by Y. Zhang et al. (2014), who compared 

the anaerobic performance with the addition of Fe0 powder to the AD system. The use of iron scrap, 

besides the practical and economic alternative, can accelerate the anaerobic performance of sludge 

digestion. The use of iron scrap with rust induced the microbial reduction of Fe(III), the hydrolysis 

and acidification of complex materials and the methane yield was improved by 30 % when compared 

to the addition of Fe0 powder to the sludge digestion. In addition, the authors observed the 

enrichment of the anaerobic consortium with iron-reducing microorganisms, which were responsible 

for the enhancement in the degradation of complex substrates such as sludge (Y. Zhang et al., 2014).  

The incineration of municipal solid waste and other solid wastes, such as sludge from WWTP, is 

a widespread technology since it generates energy and reduces the volume of wastes by up to 90 %. 

However, this technology produces two types of solid wastes, namely bottom ash, classified as non-

hazardous waste, and fly ash, classified as hazardous waste due to the high content of metals, 

soluble salts, chlorinated organic compounds and lime (Romero-Güiza et al., 2016). The addition of 

both bottom ash and fly ash to an anaerobic process can increase the metals content and the 

concentrations achieved can have beneficial or detrimental effects on the AD process.  

Several authors have investigated the use of ashes from waste incineration as a source of 

alkalinity, due to the high content of CaO and high pH, in addition to trace elements for the AD 

process. Lo et al. (2012) used two different ashes in the AD of the organic fraction of municipal solid 

waste. The addition of ashes improved the biogas yield and the small size of the ash particles 

enhanced the anaerobic performance by providing an immobilization medium support for the 

microorganisms. The release of alkalis, such as calcium, potassium, sodium or magnesium, 

increased the pH control of the AD system. In addition, the release of other elements, such as iron, 

silicon, cobalt, molybdate, aluminum, or manganese, was also beneficial for the process performance 

(Lo et al., 2012). Sailer et al. (2020) tested the addition of wood ash to the AD process treating the 

organic fraction of municipal solid waste, as a source of trace elements. Ash supplementation led to 

an increase in the pH of the reactor and precipitation of CO2 through metal oxides from ash increased 

largely the share of methane in biogas, reaching methane 98 % of the total biogas (Sailer et al., 

2020). 

Yin et al. (2018) studied the AD of waste activated sludge with the addition of bottom ash from 

sludge incineration. In their study, these authors obtained an increase in the performance of AD 

degradation steps, namely in hydrolysis (≈ 140 %), acidogenesis (≈ 87 %) and VFA degradation (≈ 

100 %), with significant improvement in the methane formation. The bottom ash contributed to the 

increase of the calcium content inside the digester, promoting the carbonation of the anaerobic 

system and facilitating the CO2 sequestration in situ (Yin et al., 2018). Similar results were obtained 

by Wei et al. (2020), who tested the addition of bottom ash from sludge incineration for the digestion 

of primary sludge. This anaerobic degradation process was enhanced and the presence of bottom 

ash led to an increase of 18 % in specific methane production and, in addition, the activity of 

hydrolytic and acidogenic microorganisms was accelerated (Wei et al., 2020). 

Immobilization of anaerobic biomass, mainly methanogenic microorganisms, can be positive for 

the performance of the AD process. Immobilization avoids the washout of biomass and allows the 

operation of reactors with a low retention time and high organic load (Romero-Güiza et al., 2016). 

For this purpose, several materials have been tested over the years, such as natural zeolites 



2 | State-of-art 

83 

(Fernández et al., 2007; Jiménez et al., 2015), carbon filter, rock wool, loofah sponge, polyurethane 

foam (Yang et al., 2004) or charcoal (Watanabe et al., 2013).  

The use of cedar charcoal in a CSTR-like digester for the digestion of glycerol was beneficial 

since the propionate inhibition was avoided. Watanabe et al. (2013) observed that the degradation 

rate of propionate was enhanced when charcoal was added to the anaerobic digester, avoiding the 

accumulation of this VFA specie, very common when glycerol is used as the substrate in an 

anaerobic degradation process. The presence of charcoal inside the reactor acted as a support for 

microbial attachment in the pores of the material, with higher methane productions being observed. 

In addition to these results, the authors also observed an increase in the hydrogenotrophic 

methanogens content in the microbial community, which led to an improvement in the glycerol 

conversion to methane (Watanabe et al., 2013).  

Biochar is the porous carbonaceous solid residue obtained during the thermochemical treatment 

of raw biomass (Chiappero et al., 2020). The addition of biochar or carbon-based materials, such as 

activated carbon or carbon nanotubes, to the AD process, has several advantages since they 

promote the direct interspecies electron transfer (DIET), which is advantageous both for quality and 

for the quantity of biogas (Rasapoor et al., 2020). The biochar can act as an electron carrier or 

conductor to favor electron transfer and the conversion of ethanol or VFA to methane can be 

accelerated in the presence of biochar inside the digester (Chen et al., 2015). The properties of the 

biochar contribute to the mitigation of ammonia inhibition (D. Wang et al., 2017) and offer an 

immobilization matrix, which allows the improvement of the anaerobic process (Xu et al., 2015). In 

addition to these advantages, the biochar characteristics can be shaped according to the specific 

applications for this product (Chiappero et al., 2020), thus obtaining a highly efficient inorganic 

additive for the anaerobic degradation of complex wastes.  

In the work by Shen et al. (2015), the advantages of the addition of biochar from corn stover to 

an anaerobic digester treating sludge were reported. The improvement in methane yield (by 7 %), in 

the biomethanation constant rate (by 8 %) and in the maximum methane production rate (by 28 %) 

demonstrates the potential of this material to improve the AD process. In addition, this material also 

presented characteristics that enable the increase in alkalinity and the reduction in the inhibition 

caused by high ammonia contents, providing a stable process for the degradation of organic matter 

(Shen et al., 2015). 

To date, several other works have been published regarding the addition of inorganic materials 

to anaerobic treatment systems to improve their performance. The application of new materials, 

which can act as a support medium for microbial growth, as a buffer material for the control of pH 

inside the digester and, at the same time, can provide trace elements in stimulatory concentrations 

for the enhancement of the activity of microorganisms, is the most recent challenge for the control of 

anaerobic processes.  

 

 

 

 



Sustainable methodologies based on residue recovery for pH control in anaerobic digestion 

84 

2.6.2 Geopolymer spheres as new pH buffering materials   

 

2.6.2.1 Definition and applicability of geopolymers  

During the 1950s, Victor Glukhovsky developed new alkali-activated systems containing calcium 

silicate hydrate and alumino-silicate phases, which were used in building construction in Russia, at 

the time of World War II. This scientist was the first to report that the geological transformations of 

some volcanic rocks into zeolites occur during the formation of sedimentary rocks at low pressure 

and temperature and that this approach can be applied to create new cement systems (Komnitsas 

and Zaharaki, 2007). Glukhovsky called these alkaline alumino-silicate cement systems “soil 

silicates” or “soil cements” (Krivenko and Kovalchuk, 2007). In these materials, alkalis act not only 

as activators of hydration, but also participate in the formation of durable products, very similar to 

natural zeolites (Dawczyński et al., 2016).  

In 1972, French Professor Davidovits, who was inspired by Glukhovshy’s investigations, named 

the tri-dimensional alumino-silicates structures that are formed in low-temperature conditions in a 

short time, as “geopolymers” (Komnitsas and Zaharaki, 2007). The term “geopolymerization” has 

also been suggested to describe the process of polycondensation of alkaline aluminosilicate cement 

systems in an artificial stone with a three-dimensional polymeric structure similar to that of natural 

zeolites (Krivenko and Kovalchuk, 2007). Davidovits based his research on the ability of the 

aluminum ion to induce crystallographic and chemical changes in a silica backbone, thus obtaining 

a mineral polymer from other natural mineral polymers (Davidovits, 1988). 

Nowadays, several names are used to describe these alkaline materials, such as “alkali-bounded-

ceramics”, “hydroceramics” and “alkali-activated-cements” (Komnitsas and Zaharaki, 2007). The 

most appropriate name describing these materials is “inorganic polymers” (Gameiro et al., 2020), 

and for these work, these alkaline materials are referred to only as “geopolymers”. In all cases, alkali-

activation is an essential step for the development of these materials (Komnitsas and Zaharaki, 

2007).   

Geopolymers are inorganic aluminosilicate polymers synthesized by the alkaline activation of Si- 

and Al-rich materials at room temperature (Komnitsas and Zaharaki, 2007) or at temperatures below 

100 °C, with very little CO2 emissions (Zhuang et al., 2016). They are amorphous or quasi-crystalline 

gels with a three-dimensional network structure (Tang et al., 2015). The composition of raw materials 

and alkaline solutions used in the geopolymerization process, as well as curing conditions, determine 

the microstructure and mechanical properties of geopolymers (Singh, 2018; Zhuang et al., 2016).   

The synthesis of geopolymers comprises three main sources, namely raw materials, inactive filler 

and geopolymer liquor. Raw materials are the main source of aluminosilicates and may be of natural 

mineral source or industrial waste materials such as fly ash or slag, rich in silicon and aluminum 

(Hardjito et al., 2004). The inactive filler is used in geopolymerization, as a source of aluminum; 

kaolinite or metakaolinite is generally used (Komnitsas and Zaharaki, 2007). Geopolymer liquor is 

the alkaline hydroxide solution required for the dissolution of raw materials. Sodium or potassium 

silicate solution act as a binder, alkali activator and dispersant in geopolymerization. The mixture of 

the aluminosilicate powder with the alkaline solution forms a paste that quickly turns into a hard 

geopolymer (Komnitsas and Zaharaki, 2007).    
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For synthesis, geopolymers do not require calcium-silicate-hydrate gel, but the polycondensation 

of silica and alumina precursors is used to achieve a higher level of resistance (Toniolo and 

Boccaccini, 2017). During the geopolymerization reaction, the following steps can be involved and 

can occur simultaneously (Singh, 2018):  

 Si and Al atoms in fly ash can be dissolved by the action of hydroxide ions; 

 Precursor ions can be converted into polymeric structures; 

 Monomers can be polycondensed in polymeric structures.  

Geopolymers are similar to zeolites in terms of chemical composition (Hardjito et al., 2004) and 

the chemical reactions involved, although the resulting products are different in structure (Komnitsas 

and Zaharaki, 2007). Table 12 lists the main differences between geopolymers and zeolites. To 

achieve optimum mechanical strength, an amorphous structure of a geopolymer is preferable. For 

special applications, a crystalline or semi-crystalline structure is suitable, since the crystals are more 

resistant to acid attack or thermal shock (Krivenko and Kovalchuk, 2007). The geopolymerization 

reaction with NaOH proved to be favorable for the formation of more crystalline and stable 

geopolymers, whereas the use of sodium silicate activator generates geopolymers with amorphous 

structures and less acidic stability (Singh, 2018). 

Table 12| Comparison between geopolymers and zeolites, regarding main characteristics and synthesis 

processes (Hardjito et al., 2004; Komnitsas and Zaharaki, 2007).   

Geopolymers Zeolites 

Tightly packed polycrystalline structure 

due to shorter setting and hardening time 

Cage-like structure due to growth in a 

well-crystallized structure 

Products without stoichiometric 

composition 
Products with stoichiometric composition 

Better mechanical properties Lower density 

Geopolymerization process:  

(1) leaching 

(2) diffusion 

(3) condensation  

(4) nanocrystalline and amorphous phase 

formation 

(5) hardening 

Zeolite synthesis:  

(1) prenucleation 

(2) nucleation 

(3) crystal growth 

Low-temperature requirements for 

geopolymerization process 

High-temperature requirements for 

zeolite synthesis 

Factors affecting the synthesis:  

pH, temperature, cations presence 

Factors affecting the synthesis:  

pH, temperature, cations presence 

 

The main factors affecting the synthesis of both geopolymers and zeolites are temperature, pH 

and the presence of cations (mainly calcium) (Komnitsas and Zaharaki, 2007). However, other 

factors also affect the geopolymerization process, namely the type and characteristics of the raw 

materials, the amount of aluminum and silicon, the presence of iron, calcium and other inert particles 

(mainly from fly ash), the curing conditions, type and concentration of the alkaline solution and water 

content (Singh, 2018). 
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In addition to the several advantages of geopolymers, compared to Portland cement, these 

inorganic polymeric types of cement have better mechanical, chemical, thermal and durability 

properties (Singh, 2018). The production process of geopolymers consumes 60 % less energy 

compared to the productive process of Portland cement, reducing emissions of CO2 by more than 

three times. These materials are produced according to the principles of sustainable development 

(Komnitsas and Zaharaki, 2007), reducing the emissions of CO2. Thus, geopolymers represent an 

eco-friendly innovative alternative to Portland cement, due to the low-cost materials and use of waste 

instead of large amounts of virgin resources such as limestone, clay and water needed for the 

Portland cement manufacturing process. Therefore, geopolymers have the potential to be used in 

widespread application fields, such as refractory filters, lightweight panels for thermal and acoustic 

insulation, low-cost ceramics and fire protection structures (Toniolo and Boccaccini, 2017).   

In addition to substituting Portland cement in the construction sector, geopolymers can be used 

in several applications. Many studies have focused on the application of geopolymers as soil 

stabilizers (Abdullah et al., 2020), as photocatalysts in the degradation of pollutants (Zhang and Liu, 

2013), as metal immobilization materials for catalytic reactions (Sazama et al., 2011), as catalysts in 

wastewater treatment (Ge et al., 2015) or as adsorbents in the removal of metals from industrial 

wastewater (Tang et al., 2015). New applications regarding the use of these innovative materials as 

enhancers of AD processes have been explored in recent years (Gameiro et al., 2020, 2019a; Novais 

et al., 2018c).   

 

2.6.2.2 Fly ash-based geopolymers  

The partial replacement of metakaolin as a source of aluminosilicate has been widely explored 

by several authors. The importance of geopolymeric binders is related to the use of waste materials, 

produced in large amounts in agriculture and industries (Singh, 2018). The use of fly ash as a source 

of aluminosilicates has a high potential for reducing costs associated with the geopolymers 

production, for incorporating wastes and reducing energy losses, and the materials can be 

incorporated additionally in the building construction (Novais et al., 2016a). In addition, the 

solidification of fly ash in geopolymers leads to the immobilization of potentially toxic metallic 

elements, simplifying the handling of this waste (Zhuang et al., 2016).  

According to Novais et al. (2016a), the main advantages of geopolymers that incorporate fly ash 

in their composition are the use of low cost and green technology production practices, their non-

flammable and high thermal stability, are safe for humans and demonstrate high resistance in 

freezing/thawing cycles, thus allowing a wide variety of applications and demonstrating a huge 

potential for the application of these innovative materials in the construction sector. The type and 

concentration of alkaline solutions, used in the geopolymerization process, influence directly the 

hydrolysis level of fly ash and the porosity of the geopolymeric structure. The porosity level influences 

the migration of alkali from the fly ash-based geopolymer into the solution. It also influences moisture 

and affects several properties of geopolymers, such as mechanical strength and durability (Zhuang 

et al., 2016).  

The addition of a pore-forming agent (also called foaming agent or blowing agent) allows to control 

and increase the pore formation in geopolymers (Novais et al., 2016a). Due to the presence of a 

pore-forming agent, gases are developed and trapped in the structure of the materials before the gel 
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hardens (Singh, 2018). The increase in the amount of pore-forming agent (such as hydrogen 

peroxide, aluminum, silicon, limestone, among others), leads to an increase in the average area and 

the total area of the pores, also increasing the area proportion, leading to the formation of a highly 

porous material (porous geopolymer). The amount of pore-forming agent also determines the 

number of pores to be formed per mm2, which decrease with the increase of the concentration of the 

pore-forming agent (Novais et al., 2016a). In addition, the water content, the binder nature or the 

curing temperature also determines the properties of porous geopolymers (Novais et al., 2020).  

Several authors have studied the use of fly ash-based geopolymers as an eco-friendly alternative 

binder for soil stabilization. This solution replaces the need for Portland cement in the environmental 

and construction sectors, allowing the recycling of industrial wastes and, ultimately, reducing the 

carbon footprint associated with traditional soil chemical stabilization techniques (Abdullah et al., 

2020). In addition, fly ash-based geopolymers are also used for the absorption and immobilization of 

potentially toxic elements, such as Ba, Cd, Co, Cr, Cu, Nb, Ni, Pb, Sn, and U (Zhuang et al., 2016).  

 

2.6.2.3 Red mud-based geopolymers  

In addition to fly ash as an aluminosilicate source in the production of geopolymers, other 

materials can be incorporated, such as clays, zeolite, silica fume (Singh, 2018), metallurgical slags 

(Novais et al., 2020), rice-husk ash, palm oil ash (Toniolo and Boccaccini, 2017) and also red mud 

wastes (Novais et al., 2019), to improve the reactivity of fly ash and the performance of geopolymers 

(Zhuang et al., 2016).  

Red mud waste is an ideal precursor to produce geopolymers with a low carbon footprint, since 

its intrinsic alkalinity makes it difficult to incorporation into Portland cement mixtures (Novais et al., 

2019), making alkali-activation advantageous (Gameiro et al., 2020). The use of red mud wastes as 

the only source of aluminosilicates in geopolymerization is difficult, due to the very low molar ratio of 

silicon to aluminum and the low amorphous phase of red mud (Toniolo and Boccaccini, 2017). The 

addition of red mud to the composition of fly ash-based geopolymers can adjust the SiO2/Al2O3 molar 

ratio and reduce the amount of alkali activator needed for the geopolymerization process (Zhuang et 

al., 2016). This reduction of alkaline materials also reduces emissions of GHG, mainly CO2.  

The main challenge is to use waste materials both as a solid precursor and as an activator, which 

can contribute to cleaner production methodologies and towards the sustainability of wastewater 

treatment technologies and anaerobic digestion systems (Novais et al., 2020). Novais and co-

workers, using fly ash from burning biomass and red mud from alumina refining as a source of 

aluminosilicates, developed a 100 % waste-based geopolymer. This innovative material has the 

potential to be used as a pH buffer material in biological systems and has the potential to promote 

prolonged pH control due to the continuous leaching of OH- ions. A red mud content of up to 60 % 

has been used successfully, but the increase of red mud content above that value has negatively 

affected the spherical shape of the geopolymers. The very good performance regarding the alkalis 

leaching, only surpassed by geopolymers where a higher alkaline activators content of heat 

treatment was performed, ensures a more eco-friendly and cost-effective alternative for the 

geopolymers technology (Novais et al., 2018a).  
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2.6.2.4 Use of geopolymers as pH buffering materials in anaerobic digestion 

Maintaining a narrow pH range in AD is a challenge, especially when using substrates with high 

organic loads due to rapid acidification, which hinders the methanogenesis step. To overcome the 

expected drop in systems efficiency, two approaches are commonly used: i) alkaline pre-treatment 

of wastes; or ii) addition of buffer materials to the AD reactor (Novais et al., 2018c). The most 

common approach to buffering the pH of AD systems is the addition of commercial alkaline powders, 

such as sodium hydroxide (NaOH) or calcium carbonate (CaCO3). Nevertheless, this strategy can 

only ensure pH stabilization in the short-term and acidification can occur again when the alkaline 

materials are depleted (D. Wang et al., 2017). In addition, chemical additives cannot be recovered 

after exhaustion in the AD process. 

In recent years, an innovative and greener alternative has been reported, which was the use of 

waste-containing geopolymer monoliths (Novais et al., 2016c) or spheres (Novais et al., 2017) that 

acted as pH regulators. When immersed in water, these materials leach significant amounts of 

hydroxide ions from their structure, which remained after the manufacturing. The presence of 

hydroxide ions provides a prolonged pH adjustment, which ensures a narrow pH fluctuation. Other 

investigations have shown that alkalis leaching from geopolymers can be controlled by the activator 

concentration (Z. Zhang et al., 2014), nature of the binder (Novais et al., 2017), solid-liquid ratio 

(Bumanis and Bajare, 2014) and porosity of geopolymers (Novais et al., 2016b). 

However, all the studies mentioned have evaluated the ability of geopolymers to buffer the pH in 

an aqueous medium, which presents obvious differences when compared to a complex mixed liquor 

in an AD system. Thus, geopolymers have the potential to be applied as pH buffering materials in 

systems such as the anaerobic treatment systems. Despite the promising results obtained by Novais 

et al. (2016b) testing water, the report of the use of geopolymers in AD systems is very rare. Novais 

et al. (2016b) also suggested that the geometry of geopolymers has a major impact on their leaching 

behavior, and the use of spheres instead of discs or cubes favored the leaching of alkalis, due to the 

increase in the exposed area (Novais et al., 2016b). This pattern has been observed using both fly 

ash-based geopolymers and red mud-based geopolymers, demonstrating an advantage of using mm 

size spheres as pH buffering materials (Novais et al., 2020).     

Ruģele and colleagues tested the addition of a composite alkaline material to an AD system 

treating cheese whey. This inorganic additive, with properties similar to geopolymers, acted as a 

buffer material and improved the methane formation during the digestion process (Ruģele et al., 

2015a, 2014). In another work published by the same authors, the effect of the addition of alkaline-

activated aluminosilicate material (cubic specimens) on the anaerobic degradation of cheese acid 

whey was described. A similar effect was achieved, with an improvement in anaerobic degradation 

by 22 % in comparison with reactors without the composite material, maintaining the pH values in an 

optimum range to favor methanogenesis, thus increasing the methane yield and the methane 

formation rate (Ruģele et al., 2015b).  

The results reported here demonstrate the potential of using geopolymers in biological treatment 

processes, instead of commercial alkaline materials, to increase the efficiency and stability of 

processes such as anaerobic digestion. The potential of these materials (fly ash-based geopolymers 

and red mud-based geopolymers) was first reported in the present work, and the most relevant 

results have already been published (Gameiro et al., 2020, 2019a; Novais et al., 2018c).  
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3 | Methodology 

To accomplish the goals proposed in this work, laboratory-scale anaerobic assays were operated 

in batch and fed-batch mode. The current section describes the main characteristics of the anaerobic 

inoculum, substrates and additives used. It also presents details of the bioreactors set-up and the 

experimental conditions studied, all the physico-chemical analysis carried out during the 

experimental work, as well as the calculations performed to evaluate the performance of the 

developed bioprocesses.  

 

3.1 Inoculum 

To be used as an inoculum in the operation of anaerobic bioreactors, the biomass was collected 

in an anaerobic mesophilic (38.2 °C) digester operating in a municipal WWTP in Ílhavo, Aveiro, 

Portugal. This WWTP (Figure 18) receives municipal and industrial effluents from Aveiro, Ílhavo, Mira 

and Vagos, and treats about 39000 m3 of effluent per day (Águas do Centro Litoral, 2019). The 

WWTP is equipped with two primary mesophilic digesters (3000 m3 each) and a secondary 

mesophilic digester (1370 m3).  

 

Figure 18| WWTP in Ilhavo, were the anaerobic inoculum was collected (picture by AdCL, 2019).  

 

After collection, the anaerobic biomass was washed three times with water, to keep endogenous 

activity low. The excess water was removed by decanting and the sludge was preserved at 4 °C until 

use (no more than 1 month). Prior to use, anaerobic biomass was characterized in terms of total and 

volatile suspended solids, the content of soluble organic matter, pH and alkalinity. The physico-

chemical characterization of the anaerobic biomass used as an inoculum in the anaerobic assays is 

found in Table 13. 

Table 13| Physico-chemical characterization of the anaerobic biomass used as an inoculum in the AD assays 

(average value ± standard deviation). 

TSS 

(g/L) 

VSS 

(g/L) 

%  

VSS 

Moisture 

(%) 

sCOD 

(gO2/L) 
pH 

Alkalinity 

(mg/L as CaCO3) 

28.10 

(± 0.28) 

21.85 

(± 0.18) 

77.7  

(± 0.21) 

97.19 

(± 0.22) 
< 0.100 

7.50 

(± 0.01) 

2350 

(± 125) 
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3.2 Substrates  

During the experimental work, two different substrates were tested: D0, a bleaching effluent from 

a pulp and paper industry, and cheese whey, a by-product of a dairy industry. These two effluents 

are very different in terms of physico-chemical characteristics and the main compounds present, 

although both have a complex matrix, which can cause a problem in the implementation of a 

biological valorization process.  

 

3.2.1 Bleaching effluent from pulp and paper industry (D0 effluent) 

The effluent from the first acidic stage of the bleaching process of Kraft pulp production, called 

D0, was used in anaerobic batch assays. This effluent was collected in a large P&P mill industry in 

Portugal. This P&P mill operates with a 4-stage ECF bleaching process (bleaching sequence: 

D0EpD1D2, where D0 is the chlorine dioxide stage, Ep is the alkali extraction with hydrogen peroxide, 

D1 is the chlorine dioxide in stage 1 and D2 is chlorine dioxide in stage 2). After collection, D0 effluent 

was preserved at 4 °C and protected from light until use (no longer than 1 month). The physico-

chemical characterization of D0 effluent is shown in Table 14.  

Table 14| Physico-chemical characteristics of D0 effluent (average value ± standard deviation). 

Parameter Value Parameter Value Parameter Value 

TSS  

(g/L) 

0.27  

(± 0.001) 

TCOD  

(gO2/L) 

3.64  

(± 0.68) 
Ca (ppm) 448.4 

VSS  

(g/L) 

0.26  

(± 0.007) 

sCOD  

(gO2/L) 

3.43  

(± 0.63) 
Mg (ppm) 5.5 

pH 
2.21  

(± 0.25) 

BOD  

(mgO2/L) 

176.2  

(± 10.0) 
Fe (ppm) 1.1 

AOX  

(mg/L) 

86.6  

(± 15.0) 
Biodegradable 

fraction (%) 
5.2 Na (ppm) 294.6 

P 

(mg/L) 

6.97  

(± 0.38) 
    

 

Prior to use in AD experiments, D0 effluent was diluted considering the theoretically defined 

organic load to be studied in each assay. For this calculation, the sCOD of the effluent was measured 

and the volume to be added to each bioreactor was determined as a function of the sCOD measured 

and the theoretically defined organic load. For example: taking into account the characteristics shown 

in Table 14, for a batch bioreactor with 200 mL of the working volume and considering 1.00 gO2/L of 

applied organic load, the following volume of D0 effluent was added to the mixture:  

 𝐶𝑖  ∙  𝑉𝑖 = 𝐶𝑓  ∙  𝑉𝑓     
 
⇒     3.43 ∙  𝑉𝑖 = 1.00 ∙ 200    

 
⇒    𝑉𝑖 = 58 𝑚𝐿 (24) 

In the first assays performed with D0 effluent, to determine the anaerobic biodegradability of this 

effluent, the pH was adjusted to 7.0 with the addition of a 1 M NaOH solution. In the assays carried 

out to study the influence of the addition of fly ash, the pH was adjusted by adding a defined amount 

of ash, until it reached neutral pH values.  
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3.2.2 By-product from cheese manufacturing (cheese whey)  

Cheese whey is the main by-product of the dairy industry, in the manufacture of cheese or casein 

from milk. For this work, a Portuguese company that produces cheese, located in Aveiro district, 

Portugal, supplied dehydrated cheese whey. In that company, cow’s milk is the raw material for 

cheese production. From the manufacturing process of cheese, the resulting liquid fraction is called 

whey, which is concentrated and dehydrated prior to subsequent use. The company provided the 

main physico-chemical characteristics of the cheese whey, as well as the organoleptic parameters 

(color, odor and visual observation) and these characteristics are shown in Table 15.   

Table 15| Physico-chemical characteristics and organoleptic parameters of cheese whey powder (provided by 

the cheese whey producer). 

Physico-chemical parameter Value Organoleptic parameters Description 

Moisture < 4 % Color  White; yellowish 

Ash  < 8.5 %  Odor  Weak 

Total Proteins 11 % Visual observation  
Homogeneous; 

without impurities 

Total Fat  < 1.5 %    

Titratable Acidity  < 0.17 %   

Nitrites Absent    

Lactose > 70 %   

pH 6.2 – 6.7   

 

To perform the anaerobic experiments, a concentrated cheese whey solution was prepared by 

dissolving 150 g of powdered cheese whey in about 700 mL of distilled water. After 1 h of magnetic 

stirring at room temperature, the concentrated solution was diluted to 1000 mL and maintained at 

4 °C until use (no more than five days). The physico-chemical parameters regarding pH and 

alkalinity, solids and organic matter content of the prepared concentrated whey solution were 

determined for all the prepared cheese whey solutions and the physico-chemical characterization is 

found in Table 16.  

Table 16| Characterization of concentrated cheese whey solution used in AD assays (average value ± 

standard deviation). 

Parameter Value Parameter Value Parameter Value 

TSS  

(g/L) 

30.9 

(± 1.03) 

TCOD  

(gO2/L) 

123.5  

(± 2.21) 
Ca (ppm) 73.8 

VSS  

(g/L) 

28.7 

(± 0.90) 

sCOD  

(gO2/L) 

106.8  

(± 0.62) 
Mg (ppm) 89.4 

% VSS 
92.7 

(± 0.54) 

BOD  

(gO2/L) 

72.9  

(± 0.06) 
Fe (ppm) 0.6 

pH 
5.69 

(± 0.05) 

Biodegradable 

fraction (%) 

59.0 

(± 0.42) 
Na (ppm) 649.7 

Alkalinity  

(mg/L as CaCO3) 

1300 

(pHfinal = 4.49) 

VFA 

(gO2/L) 

11.1 

(± 1.14) 
Mn (ppm) 0.2 

 

For the AD assays, COD was the reference parameter and was measured for all prepared 

concentrated cheese whey solutions. The volume to be added to each AD bioreactor was determined 

in function of COD measured and the theoretically defined organic load (see the volume calculation 

as presented in Equation 24). 
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3.3 Inorganic Additives for pH control   

The control of pH in an anaerobic process is vital for its stability. For this work, two types of 

additives were used with the main goal of buffering the culture media: powder, namely fly ash (FA) 

from biomass combustion and geopolymer spheres (GS), using fly ash or red mud residues as a 

basis for the manufacture of spherical materials.  

Table 17 lists the chemical composition of inorganic additives used in anaerobic assays. It is 

shown the characterization of the FA obtained from different biomass sources used in this work as a 

powder additive, named CA5 and CTB fly ashes. These FA powders came from two different biomass 

boilers, which burn different wood and non-wood biomass. It is also shown the chemical composition 

of the FA, metakaolin (MK) and red mud (RM) used as raw materials in the preparation of different 

geopolymer spheres (FA-based and RM-based).    

Table 17| Chemical composition of FA obtained from different biomass sources (CA5 and CTB), used as a 

powder additive for AD experiments, FA used as a source of aluminosilicates in the manufacture of 

geopolymer spheres, in addition to metakaolin and red mud residues. The elemental composition of the 

materials was determined by XRF and is expressed as oxides. LOI was performed at 1100 ºC. 

Oxides 
(wt.%) 

CA5 Ash CTB Ash Fly Ash1 Fly Ash2 Metakaolin Red mud3 

SiO2 3.93 34.38 25.34 33.1 54.4 5.67 

TiO2 0.15 0.77 0.60 0.71 1.55 9.41 

Al2O3 1.50 10.53 6.05 13.3 39.4 14.63 

Fe2O3 1.41 5.19 4.15 5.32 1.75 52.25 

MgO 1.66 3.20 3.61 3.35 0.14 0.08 

CaO 22.73 26.11 36.72 22.2 0.10 1.88 

MnO 0.70 0.55 0.42 0.57 0.01 0.06 

Na2O 26.15 1.38 0.95 1.68 - 4.82 

K2O 7.25 6.51 5.84 5.67 1.03 0.08 

SO3 2.61 2.64 3.84 3.87 - 0.32 

P2O5 0.52 1.19 4.70 1.25 0.06 0.53 

LOI 15.85 5.88 - 7.05 2.66 9.44 
1 FA used to produce geopolymer spheres used in 1-cycle batch assays  
2 FA used to produce geopolymer spheres used in 2-cycle and 4-cycle batch assays (low and high porosity) 
3 Values from Novais et al. (2018a)  

 

3.3.1 Fly ash from biomass combustion 

Powder fly ash was used in this work as an inorganic additive, mainly to promote pH control in 

AD bioprocesses, using cheese whey or D0 effluent as substrates. The FA (powder) used was 

collected from the residual biomass combustion equipment, in an industrial thermal power plant near 

Aveiro, Portugal.  

For the f Phase 1 assays, two different ashes from different biomass sources were studied as an 

inorganic additive. CA5 FA powder came from a biomass-boiler that burns only Eucalyptus bark and 

CTB FA powder came from a boiler that burns several types of wood and non-wood biomass, such 

as olive and grape pomace, cuttings and sawdust, among other raw materials.  

For the assays of Phase 2, the FA was collected from the biomass burning (mainly Eucalyptus 

forest residues), in a fluidized bed combustor located in a Portuguese thermal plant. These FA were 
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used as an aluminosilicate precursor in the preparation of geopolymeric spheres. In the preparation 

of FA-based geopolymers, metakaolin, whose chemical composition was included in Table 17, was 

also used in different proportions as a source of aluminosilicates, as explained below.  

 

3.3.2 Waste-based geopolymer spheres  

The geopolymer spheres were the material chosen to replace the use of chemical compounds 

(such as carbonates or sodium hydroxide) and to upgrade and optimize the use of fly ash powder as 

a source of alkalis in the AD process. They were selected since the agglomerates produced can be 

easily recovered and the release of minerals is controlled during the incubation time.  

Figure 19 depicts the two types of GS used: FA-based (a) and RM-based (b) geopolymers. In the 

next sub-sections, the manufacturing process for both GS types is detailed. The CICECO group of 

“Biorefineries, biobased materials and recycling” from the Department of Materials and Ceramic 

Engineering at the University of Aveiro, prepared the buffer materials used in this experimental thesis 

work.  

 

Figure 19| Geopolymer spheres used in AD assays: (a) FA-based geopolymer spheres; (b) RM-based 

geopolymer spheres.   

 

3.3.2.1 Fly ash-based geopolymer spheres  

FA from biomass combustion (see section 3.3.1) was used to produce the FA-based geopolymer 

spheres. The received FA contains a very broad particle size distribution that would hinder the 

geopolymer slurry injection to produce GS. For this reason, prior to mixing, the FA particles were 

sieved and then only the fraction with a particle size below 63 m was used. 

In the first phase, two different compositions were prepared, in which MK (Argical™ M1200S; 

Univar) was partially (33 and 75 wt.%) replaced by FA as a geopolymerization precursor. The 

compositions prepared and used in this work were selected considering the GS leaching behavior in 

water, reported by Novais et al. (2017). The alkaline activator was previously prepared by adding 

13.22 g of NaOH to 100 g of sodium silicate solution with a ratio SiO2/Na2O=3.09. Then, the mixture 

of the alkaline solution, distilled water, MK and FA (quantity depending on the defined composition) 

was carried out in a planetary mixer. After that, the foaming agent (sodium dodecyl sulfate, 

CH3(CH2)11OSO3Na), was added to the blend and mixed to obtain a foamy slurry. The details of the 

mixture compositions prepared to be used in this study are shown in Table 18.  

(a)      (b) 
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Table 18| Mixture composition of MK and FA-based geopolymers during their preparation.  

GS type 
FA content 

(wt. %) 

Mixture proportion (g) 

FA MK Alkaline activator H2O Foaming agent 

MK – based 33 5.0 10.0 24.4 4.15 0.59 

FA – based 75 11.25 3.73 24.4 4.15 0.59 

 

Finally, the slurry was injected in a polyethylene glycol (H(OCH2CH2)nOH) (PEG) media under a 

bath temperature of 85 ± 5 ºC, to induce curing in the specimens and produce geopolymeric spheres. 

The spheres were then collected and cured under controlled conditions, at 40 °C and 65 % relative 

humidity, for 24 h, using a climatic chamber. After this initial curing period, the spheres were placed 

at room temperature and cured, prior to being used in the AD batch experiments. 

In the second phase, two different compositions were prepared with different levels of porosity. 

The GS were synthesized through suspension solidification, following the procedure described in 

detail by Novais et al. (2017). The activating solution, composed of a mixture of sodium hydroxide 

and sodium silicate, was added to the solid components used as aluminosilicates sources (FA and 

MK) and to a constant amount of water. The components were mixed thoroughly for 2 min. Then, 

the foaming agent, whose content depends on the formulation and the level of porosity (Table 19), 

was added to the slurry and blended for another 5 min, to produce a homogeneous paste. The 

geopolymeric slurry was injected into a PEG medium and the spheres were immediately collected, 

washed with distilled water, and cured for 24 h at 40 ºC and at 65 % relative humidity. After this initial 

period, the spheres were cured under room conditions until the 28th day. 

Table 19| Mixture composition in the preparation of geopolymers with low and high porosity.  

GS type 
Mixture proportion (g) 

FA MK Alkaline activator H2O Foaming agent 

Low porosity GS 10.0 10.0 24.4 4.15 0.59 

High porosity GS 10.0 10.0 24.4 4.15 0.75 

 

The initial studies with GS to control pH in batch bioreactors (Novais et al., 2018c) addressed the 

influence of the chemical composition of the raw materials on the pH buffering capacity of the 

produced GS. Accordingly, for this second approach, the FA/MK ratio was kept constant across all 

compositions (Table 19). The amount of foaming agent in the GS composition was intentionally 

different to study the influence of the porosity of the spheres on the pH buffer capacity (Novais et al., 

2016a).   

 

3.3.2.2 Red mud-based geopolymer spheres  

Red mud-based geopolymer spheres were prepared according to the methodology described by 

Gameiro et al. (2020). The red mud (RM) was supplied by a bauxite mining company and used as a 

source of alumina for the formation of geopolymers. Prior to use, the RM was dried, milled and sieved 

to obtain particles below 75 m in size. FA from biomass combustion was collected as described 

previously (see section 3.3.1) and was used as a source of silica. Prior to alkaline activation, FA was 

sieved to obtain particle sizes below 63 m. The solid precursors were activated using commercial 

sodium silicate and sodium hydroxide. Sodium dodecyl sulfate was used as a foaming agent and 

polyethylene glycol as the consolidation medium.   
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The RMGS were synthesized as the method reported by Novais et al. (2017), who report the 

injection of inorganic polymer slurry into a hot bath to ensure rapid consolidation. The composition 

of the spheres used to perform the anaerobic tests was selected considering previously published 

works that evaluated the performance of RMGS in aqueous media (Novais et al., 2018a). The 

composition of the mixture for RM-based GS synthesis is detailed in Table 20.  

Table 20| Mixture composition of red mud-based GS containing 50 % of RM waste.  

GS type 
Mixture proportion (g) 

FA RM Alkaline activator H2O Foaming agent 

RMGS 10.0 10.0 15.0 4.15 0.30 

 

A blend of equal amounts of FA and RM wastes was alkali-activated using the mixture of alkaline 

activators and water. The mixing of solid components with the activator was performed in a planetary 

mixer for 2 min. The foaming agent was added to the slurry and mixed during 5 min. The foamed 

paste obtained was injected into a PEG medium to produce the porous spheres. After formation, the 

spheres were collected and cured for 24 h at 40 ºC in a plastic container, to avoid rapid dehydration. 

The remaining 27 days of curing were at room temperature and in an open flask.    

 

3.4 Nutrients supplementation 

The composition of the mixtures prepared for both micro and macronutrients solutions are 

specified in Table 21. 

Table 21| Composition of micro and macronutrients solutions added to all anaerobic bioreactors (composition 

adapted from Van Lier et al., 1997).  

Micronutrients solution Macronutrients solution 

Inorganic 
compound 

Element 
Concentration 

(g/L) 

Inorganic 
compound 

Element 
Concentration 

(mg/L) 

FeCl2.6H2O Fe 403 NH4Cl N 86.80 

CoCl2.6H2O Co 483 KH2PO4 P 16.46 

MnCl2.4H2O Mn 135 CaCl2.2H2O Ca 4.25 

CuCl2.2H2O Cu 11 
MgSO4.7H2O 

Mg 1.73 

ZnCl2 Zn 23 S 2.28 

H3BO3 B 9    

(NH4)6Mo7O24.4H2O Mo 48    

Na2SeO3.5H2O Se 29    

NiCl2.6H2O Ni 12    

EDTA (C10H16N2O8) EDTA 976    

 

Micro and macronutrients solutions were added to the reaction medium of the AD assays, in order 

to avoid a lack of essential nutrients for microbial growth, which can affect the efficiency of the 

biological system (McCarty and Smith, 1986). The addition of nutrients is essential to stimulate the 

growth and the activity of methanogenic microorganisms (Bougrier et al., 2018; Guo et al., 2019), 

ensuring the success of the anaerobic treatment. For micronutrients, 1 mL of solution was added per 

1 L of the reaction medium, while for macronutrients, 2 mL of solution was added per 1 L of the 

reaction medium. 
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3.5 Bioreactors set-up and operational conditions 

To achieve the goals defined for this work, different types of bioreactors were assembled. To test 

several different conditions at the same time and choose the conditions to be applied later, 250 mL 

bioreactors (oxitop) were used and operated in batch mode. On a larger scale, 1 L glass bioreactors 

were used, operated in batch and fed-batch mode, to perform long-term operations using FA-based 

geopolymers. The 5 L glass bioreactors were used in sequential fed-batch mode, also to perform 

long-term operations with RM-based geopolymers.  

 

3.5.1 Oxitop System 

3.5.1.1 Experimental set-up  

The oxitop system (WTW OxiTop®-C) used in AD batch experiments is depicted in Figure 20. 

The oxitop system consists of a glass vessel/reactor (number 2 in Figure 20) with a working volume 

of 200 mL and a total volume of 260 mL, with two side openings (number 3 in Figure 20) for biogas 

or liquid sampling, closed with rubber septum seals. A measuring head (number 1 in Figure 20), 

programmed to measure the pressure variation caused by the production of biogas, was attached to 

the top of the glass vessel. Also in the upper part, stuck between the measuring head and the glass 

vessel a small lid adapter with rack and seal containing KOH pellets, was inserted, for promoting the 

absorption of CO2.  

 

Figure 20| Oxitop system used in batch anaerobic assays and sample flasks. 1) Measuring head; 2) Glass 

sample vessel; 3) Nozzle and septum seal.  

 

The values were recorded on a portable wireless controller (WTW OxiTop® OC 110 controller), 

which receives the infrared signal from the measuring heads. The bioreactors were incubated at a 

temperature of 36 ± 1 °C in an oven (WTCTM Binder E28) and were magnetically stirred on a shaking 

platform (WTW OxiTop® IS-12), during the entire experiment. To prevent exposure to air, an oxygen-

free gas (100 % N2) flushing was applied for at least 5 min in the sealing procedure for anaerobic 

bioreactors, prior to incubation. 
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3.5.1.2 Operational conditions applied using oxitop system 

The oxitop system was used to test several different conditions at the same time. For this type of 

reactors, anaerobic sludge (see section 3.1) was used as an inoculum, with an initial VSS 

concentration of 2 ± 0.2 g/L, which is within the range of values reported in previous studies in batch 

AD of different wastewaters (Silva et al., 2013; Vergine et al., 2015). Micro and macronutrient 

solutions were added (see section 3.4) to each reactional mixture tested. The substrate (D0 effluent 

or cheese whey) was added according to the defined concentration, as listed in Table 22 for the 

assays with fly ash (powder) addition, and in Table 23 for the assays with GS addition. The 

concentration of spheres is expressed as the mass of this material added per liter of bioreactor.    

Table 22| Main operational conditions for anaerobic oxitop batch assays with fly ash (powder) addition, testing 

D0 and cheese whey as substrates. 

 
Bioreactor 

ID 

Inorganic 

Additive 

Inorganic additive 

concentration 

(g/L) 

Substrate 

concentration 

(gO2/L) 

Chemical alkalinity 

concentration 

(mg/L as CaCO3) 

D
0

 

D0_0.9 NaOH (to pH=7.0) 0.9 - 

D0_1.2 NaOH (to pH=7.0) 1.2 - 

D0_1.5 NaOH (to pH=7.0) 1.5 - 

D0_1.8 NaOH (to pH=7.0) 1.8 - 

D0_2.9 NaOH (to pH=7.0) 2.9 - 

D0_2 NaOH (to pH=7.0) 2.0 - 

D0_3 NaOH (to pH=7.0) 3.0 - 

D0+CA5 FA (CA5) 4.97 2.0 - 

D0+CA5f FA (CA5) 4.97 2.0 - 

D0+CTB FA (CTB) 17.2 2.0 - 

D0+CTBf FA (CTB) 17.2 2.0 - 

C
h

e
e
s
e

 W
h

e
y

 

CW_0 Blank - 8.0 - 

CW_Alk2 Reference - 8.0 2000 

CW_Alk4 Reference - 8.0 4000 

CW_0.07 FA (CA5) 0.07 8.0 - 

CW_0.15 FA (CA5) 0.15 8.0 - 

CW_0.2 FA (CA5) 0.2 8.0 - 

CW_0.5 FA (CA5) 0.5 8.0 - 

CW_1.5 FA (CA5) 1.5 8.0 - 

CW_3 FA (CA5) 3.0 8.0 - 

CW_3.5 FA (CA5) 3.5 8.0 - 

CW_4 FA (CA5) 4.0 8.0 - 

CW_4.5 FA (CA5) 4.5 8.0 - 

CW_5 FA (CA5) 5.0 8.0 - 

CW_7 FA (CA5) 7.0 8.0 - 

CW_9 FA (CA5) 9.0 8.0 - 

 

As shown in Table 22, the first seven assays with D0 effluent used different concentrations of D0 

in the reactional mixture. This set of tests was carried out to study the inhibitory effect of AOX (present 

in high concentrations in this effluent) on methane production, COD removal and AOX removal. For 

such tests, 1 M NaOH solution was added directly to the D0 effluent to neutralize its pH (± 7.0), and 
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no FA was used as an additive to adjust the pH of the effluent. The bioreactors were incubated for 

at least 21 days.  

The second set of oxitop tests with D0 effluent tested the addition of two fly ashes from different 

biomass sources, CA5 and CTB (see description on section 3.3.1), with the best substrate 

concentration of the previous assays. The comparison between the two different ashes made it 

possible to choose the type of ash to be used in cheese whey oxitop bioreactors. For these assays, 

since the pH of D0 effluent was very low (approximately 2), the ashes were added directly to the 

effluent, until reaching neutral pH; after that, the - D0 effluent neutralized with ash was used to make 

the incubation mixture, with anaerobic biomass as inoculum and micro and macronutrients (assays 

D0+CA5 and D0+CTB). A part of the mixture of D0 effluent and fly ashes was filtered and the filtered 

fraction was used as a substrate in the assays D0+CA5f and D0+CTBf, studying the influence of the 

presence of fly ash during the AD process.     

With cheese whey as a substrate, several oxitop bioreactors were performed, with different 

amounts of fly ash to promote pH buffering. In these assays, a blank assay was performed, without 

the addition of FA or chemical alkalinity (CW_0), and two different concentrations of chemical 

alkalinity were tested as reference assays (CW_Alk2 and CW_Alk4) for comparison with the assays 

with the addition of fly ash as pH regulator. Concerning the FA addition, concentrations between 0.07 

and 9.0 g/L of FA powder were added to the bioreactors. The addition of FA was performed directly 

to the reactional mixture, composed by anaerobic biomass, concentrated cheese whey solution and 

micro and macronutrients solutions, and prior to the incubation.  

As shown in Table 23, the oxitop bioreactors R0 – R14 were operated with the addition of GS as 

a pH buffer material. In these bioreactors, two types of spheres (MK-based or FA-based spheres) 

were added in different amounts (20, 40 and 80 g/L) to evaluate the influence of the binder 

characteristics (MK-based or FA-based) and quantity of spheres on the pH evolution of the AD 

system. These bioreactors were incubated for 21 days. This experiment was used to select the type 

and quantity of spheres for the study of methane production in larger assays (1 L working capacity, 

FA1 – FA3). 

Oxitop bioreactors R15 – R24 were performed to test different porosities of FA-based geopolymer 

spheres: high porosity vs low porosity geopolymer spheres. For this test, different amounts of 

spheres (8 - 24 g/L of LPGS and 16 – 20 g/L of HPGS) were used, in order to obtain a pH control of 

the anaerobic system in the methanogenic range (6.5 to 7.2), promoting the formation of methane 

and evaluating the influence of the porosity of the spheres in the production of methane. A blank 

assay was also performed, without the addition of GS or chemical alkalinity (R15), and two different 

concentrations of chemical alkalinity were tested as reference assays (R16 and R17). The 

bioreactors were incubated for 21 days. These oxitop bioreactors were performed to select the 

conditions to be applied in larger volume assays (FA4 – FA7).  

Oxitop bioreactors R25 – R28 (Table 23) were performed to test different concentrations of 

RMGS, namely 20 (R26), 30 (R27) and 40 g/L (R28) as buffer material in the cheese whey AD, to 

reach the suitable pH values of the methanogenic range. The bioreactor R25 was incubated as a 

reference, using the addition of chemical alkalinity (4 g/L). The bioreactors were incubated for 35 

days. These oxitop bioreactors were performed to select the conditions to be applied in larger volume 

assays (RM1, RM2 and RM3).  
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Table 23| Operational conditions for anaerobic oxitop batch assays with geopolymer spheres (FA-based, MK-

based, LPGS, HPGS and RMGS) addition and cheese whey as substrate. 
 Bioreactor 

ID 

Inorganic 

Additive 

Inorganic additive 

concentration 

(g/L) 

Substrate 

concentration 

(gO2/L) 

Chemical alkalinity 

concentration 

(mg/L as CaCO3) 

C
h

e
e
s
e

 W
h

e
y

 

R0 Blank - 8.0 - 

R1 Reference - 8.0 2000 

R2 Reference - 8.0 4000 

R3 FA-based 20 8.0 - 

R4 FA-based 20 8.0 - 

R5 FA-based 40 8.0 - 

R6 FA-based 40 8.0 - 

R7 FA-based 80 8.0 - 

R8 FA-based 80 8.0 - 

R9 MK-based 20 8.0 - 

R10 MK-based 20 8.0 - 

R11 MK-based 40 8.0 - 

R12 MK-based 40 8.0 - 

R13 MK-based 80 8.0 - 

R14 MK-based 80 8.0 - 

R15 Blank - 8.0 - 

R16 Reference - 8.0 2000 

R17 Reference - 8.0 4000 

R18 LPGS 8 8.0 - 

R19 LPGS 12 8.0 - 

R20 LPGS 16 8.0 - 

R21 LPGS 20 8.0 - 

R22 LPGS 24 8.0 - 

R23 HPGS 16 8.0 - 

R24 HPGS 20 8.0 - 

R25 - - 8.0 4000 

R26 RMGS 20 8.0 - 

R27 RMGS 30 8.0 - 

R28 RMGS 40 8.0 - 

 

3.5.2 Batch and fed-batch bioreactors  

3.5.2.1 Bioreactors set-up  

Glass bioreactors with 1 L and 5 L of working volume were used to study a long-term operation, 

with GS (FA-based or RM-based) as a pH buffer material and comparing its efficiency with the 

addition of chemical alkalinity. The reactor set-up for these assays is shown in Figure 21.  

The glass bioreactors (1), with 1 L or 5 L of working volume, had a sampling point (2), to collect 

liquid samples with a 20 mL syringe (3) during the incubation time. The addition of substrate, in fed-

batch assays, was performed with a 50 mL syringe, inserted at the sampling point (2). The 

bioreactors were placed in a water bath (5), using a thermostat (4) to control the temperature at 

36 ± 2 °C and were manually stirred once a day. The bioreactors also had a biogas outlet point (6), 

with a bypass rubber (7) to collect 2 mL of biogas samples. The biogas produced was washed (8) in 
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acidified water and the volume of gas produced was displaced in the separation funnel (9) and 

measured in the graduated cylinder (10).  

  

Figure 21| Scheme of batch and fed-batch bioreactors set-up, including the water displacement system used 

to measure the biogas volume produced in anaerobic assays. 

 

3.5.2.2 Operational conditions of batch and fed-batch bioreactors  

The batch (discontinuous) bioreactors were operated with only one addition of substrate, at the 

beginning of the experiment. Thus, for this type of reactor, only one operating cycle was performed. 

In sequential fed-batch mode, the substrate was added more than once, when the sCOD remaining 

in the liquid phase was <1 gO2/L or until the total substrate depletion. The initial organic load applied 

to all batch/fed-batch bioreactors was 8 ± 0.5 gO2/L, corresponding to a relatively high organic load, 

so that a rapid VFA accumulation could be achieved towards acidification, creating an unbalanced 

system. Micro and macronutrient solutions were added to all bioreactors operated in accordance with 

that described in section 3.4. During the sealing procedure, the anaerobic bioreactors were flushed 

with nitrogen gas to remove any residual O2, during 15 to 20 min. The main operating conditions for 

these batch/sequential fed-batch bioreactors are detailed in Table 24.  

Table 24| Operational conditions for anaerobic batch/fed-batch assays with geopolymers spheres addition 

(FA-based, LPGS, HPGS and RMGS). 

 Bioreactor 

ID 

Inorganic 

Additive 

Inorganic additive 

concentration 

(g/L) 

Chemical alkalinity 

concentration 

(mg/L as CaCO3) 

Number of 

AD cycles 

C
h

e
e
s
e

 W
h

e
y

 

FA1 - - - 1 

FA2 FA-based 20 - 1 

FA3 FA-based 28 - 1 

FA4 - - 4000 2 

FA5 LPGS 12 - 2 

FA6 LPGS 12 - 2 

FA7 HPGS 16 - 2 

FA8 - - 4000 4 

FA9 HPGS 16 - 4 

FA10 HPGS 16 - 4 

RM1 - - - 11 

RM2 - - 2000 11 

RM3 RMGS 15 - 11 
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The blank assays named FA1 and RM1 were performed without the addition of alkaline chemicals 

or spheres, while a buffer solution of NaHCO3 and KHCO3 was used to promote pH autoregulation 

in three other reference anaerobic fed-batch assays, to achieve 2 g/L (RM2) and 4 g/L (FA4 and 

FA8) of initial alkalinity measured as CaCO3. In the other eight assays, GS (FA-based, HPGS, LPGS 

or RMGS) were added in different amounts, as shown in Table 24.  

The first assays (FA1 – FA3) were operated to evaluate the buffering capacity of FA-based 

geopolymers with two different GS concentrations and one AD cycle. In this 1 L batch bioreactors, 

operated during 70 days until the substrate is completely consumed, several physico-chemical 

parameters were monitored, focusing on methane production and pH buffering capacity. Anaerobic 

sludge was added to a VSS concentration of 2.7 ± 0.3 g/L.  

The second assays (FA4 – FA7), performed after R15 – R25 oxitop bioreactors, were designed 

to access the performance of the GS as pH regulators in comparison to a reference (chemical 

addition of alkalis) in two successive AD cycles. After a period of 55 days (1st AD treatment cycle) 

and after reaching the reduction of almost all added sCOD (concentration below 1 gO2/L), a similar 

amount (8 ± 0.5 gO2/L) of concentrated cheese whey solution was added. This corresponds to the 

beginning of the 2nd AD treatment cycle. The bioreactors were then incubated until reaching again a 

concentration of sCOD below 1 gO2/L, totaling 87 days of incubation. Following the preliminary 

studies, in which the concentration of spheres to be added to the bioreactors was evaluated, four 

different assays were carried out. GS were added to the other three assays (FA5 – FA7) to assess 

their potential as a pH buffer material. To study the influence of the porosity of the spheres on the 

pH evolution, two types of spheres were used in equal concentration (16 g/L). A fourth reactor 

containing a lower concentration (12 g/L) of the low porosity spheres (LPGS) was prepared to also 

evaluate the impact of the sphere’s concentration on the AD process. Anaerobic sludge was added 

to a VSS concentration of 2.5 ± 0.3 g/L.  

After the assays FA4 – FA7, to study a prolonged operation with high porosity GS, assays FA8, 

FA9 and FA10 were performed. During 128 days of operation, four substrate additions were made, 

each with 8 gO2/L of the organic load of the concentrated cheese whey solution. The substrate was 

added to each bioreactor when sCOD concentration was less than 1 gO2/L. The 1st AD cycle had the 

longest cycle in these assays, 47 days; the following AD cycles lasted for 30, 24 and 25 days. The 

GS used and its concentration are related to the best results obtained in the previous fed-batch 

assays FA4 – FA7: high porosity FA-based geopolymer spheres at 16 g/L of concentration. 

Anaerobic sludge was added as an inoculum, at a VSS concentration of 2.5 ± 0.3 g/L.    

Following the preliminary studies performed in oxitop batch bioreactors (R26 – R29), in which the 

concentration of red mud spheres to be added to the bioreactors was evaluated, three different 5 L 

fed-batch bioreactors were assembled. Assays RM1, RM2, and RM3 were designed to test the 

capacity of RMGS to control the pH in a methanogenic pH range and keep the anaerobic system 

balanced, even with organic load shocks. In the RM2 reactor, 2 g/L measured as CaCO3 were added 

to provide chemical alkalinity to the medium and, in the RM3 reactor, 15 g/L of RMGS were used to 

provide pH buffer for the anaerobic system. 

The bioreactors were operated in fed-batch mode with eleven substrate additions in 110 days of 

incubation. Prior to incubation, the anaerobic sludge was acclimatized during 36 h at 36 ± 1 °C, in 

order to decrease the lag phase of the AD process and, thus, promote a faster accumulation of 

methane. 
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The amount of sCOD added at the beginning of each AD cycle had different values and the 

concentrations were chosen according to the behavior of the AD systems during their operation.  

Figure 22 depicts the different additions of the substrate, expressed as gO2/L, during the time for the 

RM fed-batch assays. The theoretical variations of the food-to-microorganisms (F/M) ratio during the 

experiment are also inserted in the blue dashed line in Figure 22. The theoretical F/M ratio was 

determined considering the added organic matter (measured as gO2/L) and the microorganism’s 

concentration estimated by the VSS determination in anaerobic sludge used as an inoculum in 

digesters.  

 

Figure 22| Substrate additions performed (expressed as gO2/L) and theoretical F/M ratio in 5 L fed-batch AD 

reactors treating cheese whey, with RMGS as buffer material.  

    

The AD cycles had a duration of one week each, except for the 7th AD cycle (3 weeks) and the 

11th AD cycle (4 weeks). These differences in the cycle’s duration were due to the instability of the 

system observed by the low pH and without removal of sCOD, which was promoted by the high 

organic load from cheese whey addition. Anaerobic sludge was added at a VSS concentration of 

4.5 ± 0.3 g/L, representing an initial F/M ratio of 0.9 gO2/gVSS.  

 

3.6 Methodologies for monitoring the anaerobic digestion process   

During the experimental work, several physico-chemical parameters were determined, to monitor 

the evolution of the anaerobic processes performed. For all operated bioreactors, gas and liquid 

samples were collected periodically and the physico-chemical analysis followed the procedure 

outlined in Figure 23.  

The gas samples were analyzed by gas chromatography to determine the content of methane 

(and carbon dioxide). The liquid sample was divided into three fractions:  

 Total liquid fraction: this sample contains a replica of the content of the corresponding 

bioreactor, at a given time, and is formed by biomass, particulate and soluble organic 

matter and inorganics present in the reactional media. In this sample, pH and alkalinity, 

total chemical oxygen demand, total and volatile suspended solids were determined. 

 Soluble liquid fraction (after filtration): this sample mainly contains the soluble fraction of 

the reactional medium, including soluble organic matter and inorganics. In this sample, it 



3 | Methodology 

105 

was determined: soluble chemical oxygen demand, phosphorous, adsorbable organic 

halides, volatile fatty acids and metals, such as Ca, Mg, Na and Fe.  

 Soluble liquid fraction (after centrifugation): in this sample, which mainly contains the 

soluble fraction of the reactional medium, it was determined the biochemical oxygen 

demand – 5 days. 

 

Figure 23| Flowchart for the sampling methodology applied to bioreactors’ samples. 

 

In the next sub-sections, the methodologies for the determination of physico-chemical parameters 

to evaluate the performance of anaerobic bioreactors are described, including also the methodology 

to characterize the materials used as inorganic additives, that is, FA powder or inorganic 

geopolymeric spheres. 

 

3.6.1 pH, alkalinity and conductivity measurements 

The pH of the samples was measured using a portable ConsortTM P602 pH-meter equipped with 

a xerolite electrode (ConsortTM). The calibration of the pH-meter was performed periodically with 

commercial solutions at pH = 4.01 and pH = 7.00 (25 °C). The electrode was stored in a 3 M solution 

of KCl.  

The alkalinity of a sample is its acid-neutralization capacity, that is, the sum of all the titratable 

bases (Mattson, 2014). It is considered an indicator of the concentration of carbonate, bicarbonate, 

and hydroxide since these compounds contribute a lot to the alkalinity of a sample. Typically, 

alkalinity in a stable anaerobic digester is in the range of 2000 to 4000 mg/L as calcium carbonate 

(CaCO3) (Pohland and Bloodgood, 1963).  

For the determination of alkalinity, the standard methodology (method 2320-B) was followed, 

applying the potentiometric titration method (APHA et al., 2017). 50 mL of the sample without dilution 

of the filtration was titrated with a standard solution of 0.1 M HCl. During the titration process, the 

sample was gently stirred magnetically. The pH was monitored during the titration and the chosen 

end-point was 4.5. To calculate the alkalinity of the samples, Equation 25 was used: 

 𝐴𝑙𝑘𝑎𝑙𝑖𝑛𝑖𝑡𝑦 (
𝑚𝑔

𝐿⁄  𝑎𝑠 𝐶𝑎𝐶𝑂3) =  
𝐴 × 𝑁 × 50 000

𝑉
 (25) 
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Where:  

A = volume of standard acid used (mL),  

N = normality of standard acid used in titration (N), 

V = volume of sample tested (mL).  

The conductivity of a given sample is a measure of the capacity to carry an electric current, being 

dependent on the presence of ions. Conductivity was measured in the samples using a conductivity 

meter (Hanna instruments EC215) and a potentiometric conductivity probe with an internal 

temperature sensor. The measurement was performed at 25 °C.   

 

3.6.2 Chemical Oxygen Demand (COD) 

The chemical oxygen demand (COD) is defined as the amount of a specific chemical oxidant that 

reacts with the organic fraction of the sample, susceptible to chemical oxidation under controlled 

conditions. This analysis is a good measure of organic pollution in a sample since organic matter 

“consumes” dissolved oxygen. The amount of chemical oxidant consumed is expressed in terms of 

oxygen equivalents.  

For liquid samples, COD was determined by the closed reflux colorimetric method (method 5220-

D) (APHA et al., 2017), using an adapted spectrophotometer (AqualyticTM COD Vario PC compact). 

For total COD (TCOD), the samples were decanted and then diluted to be analyzed. For soluble 

COD (sCOD), the samples were filtered using 47 mm glass microfiber filters (Whatman Reeve 

AngelTM grade 403). Measurements were performed in triplicate for both TCOD and sCOD. 

The COD range used for the analyzed samples was between 100 and 900 mgO2/L, being 

necessary to dilute the concentrated samples. The samples were digested with an excess of 

chemical oxidant (dichromate) in acidic conditions, in sealed glass tubes (AqualyticTM COD vario) for 

2 h at 150 °C, using a thermoreactor Aqualityc AL125. The mixture contained the organic sample, 

chemical oxidant (potassium dichromate), sulfuric acid, silver sulfate to increase the oxidation of 

larger organic compounds, and mercury sulfate to reduce chlorine interference. The solutions used 

were prepared according to (APHA et al., 2017).  

After cooling to room temperature, the tubes were shaken slightly and absorption was measured 

in a spectrophotometer (λ = 620 nm), using distilled water as blank. The readings were converted 

directly into mgO2/L by the spectrophotometer and the calibration was performed periodically with 

standards of potassium hydrogen phthalate (KHP). After use, the tubes were washed in a 20 % nitric 

acid solution and distilled water and dried in an oven at room temperature. 

 

3.6.3 Biochemical Oxygen Demand – 5 days (BOD5) 

The biochemical oxygen demand (BOD) test is widely used to measure the organic waste loading, 

mainly in WWTP. In this test, it is measured the molecular oxygen used during a specified incubation 

period for the biochemical degradation of organic material (carbonaceous demand) and the oxygen 

used to oxidize inorganic material such as sulfides and ferrous iron.  
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In this work, the measurement of oxygen consumed in a 5-day test period (BOD5) was selected. 

For BOD5, the methodology was adapted from the method 5210-B of Standard Methods (APHA et 

al., 2017). Bacterial growth requires nutrients such as nitrogen, phosphorus, and trace metals and, 

for this reason, nutrient solutions have been added to the samples. The solutions added in the 

preparation step were described in detail in (APHA et al., 2017). Measurements for BOD5 

determination were performed in duplicate.  

The apparatus used for the BOD respirometric determination (VELP ScientificaTM BOD sensor 

System 10), including the Ambar flasks and the pressure sensor, are shown in Figure 24.  

 

Figure 24| Respirometric BOD system used to determine BOD5. 

 

The BOD5 range used was 0 – 600 mgO2/L for samples with D0 effluent as substrate and 

0 – 1000 mgO2/L for samples with cheese whey as substrate. If BOD5 values are expected to be 

higher than the range limits, the samples were diluted in distilled water before incubation. For all 

samples, the pH was adjusted to 7.0 ± 0.3 using 1 M solutions of sulfuric acid and sodium hydroxide. 

To remove disinfectant agents from the samples, 2-3 drops of 0.025 N sodium sulfite solution were 

added to the neutralized sample. About 1 mL of aerobic seed was added to all samples before 

incubation. 1 mL of nutrients solutions, such as phosphate buffer solution, magnesium sulfate 

solution, calcium chloride solution and ferric chloride solution, were also added to the samples.  

The Ambar color flask is used to prevent the growth of photosynthetic microorganisms and the 

blue head is a pressure transductor that converts the reading into oxygen consumed values, in 

mgO2/L, after a defined time. On the top of the flask, a small rubber container (alkali holder) was 

inserted, where KOH pellets were inserted, to absorb the CO2 fraction in the gas. The blue BOD 

sensor automatically saves five BOD values (measured in ppm or mg/L), with an interval of 24 h 

between them. The flasks were magnetically stirred in a 10-position stirring unit and kept at a 

controlled temperature of 20 ± 1 °C in an oven WTW TS 606/4-I, during the incubation period.  

The calculation of the real BOD5 is performed as showed in Equation 26, and considers the 

reading obtained in the sample and the blank (distilled water) flasks: 

 𝑟𝑒𝑎𝑙 𝐵𝑂𝐷 (
𝑚𝑔𝑂2

𝐿⁄ ) = (𝑠𝑎𝑚𝑝𝑙𝑒 𝐵𝑂𝐷5 − 𝑏𝑙𝑎𝑛𝑘 𝐵𝑂𝐷5) × 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 (26) 

 

With the characterization of sCOD and soluble BOD (sBOD) of a sample, it is possible to define 

aerobic biodegradability, given by the ratio between the two parameters. The content of the 

biodegradable fraction of organic matter in a sample is described in Equation 27:  
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    𝐵𝑖𝑜𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑏𝑙𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (%) =
𝐵𝑂𝐷

𝑠𝐶𝑂𝐷
 (27) 

 

3.6.4 Solids content  

Solids refer to matter suspended or dissolved in water (or wastewater) and are a good indicator 

of the quality of water resources. “Total solids” is the term applied to the material residue left in the 

ceramic crucible after the evaporation of a sample and its subsequent drying in an oven at a defined 

temperature. Total solids include “total suspended solids”, the portion of the total solids retained by 

a filter and “total dissolved solids”, the portion that passes through the filter. In this work, only the 

total suspended solids (TSS) was determined. “Fixed solids” is the term applied to the residue of 

total, suspended, or dissolved solids after heating to dryness for a specified time, at a specified 

temperature. Weight loss on ignition is called “volatile solids”. For this work, only volatile suspended 

solids (VSS) were determined. 

  

3.6.4.1 Total Suspended Solids (TSS) 

For TSS determination, a well-mixed sample is filtered through a weighed standard glass-fiber 

filter and the residue retained on the filter is dried to a constant weight at 103 to 105 °C. The increase 

in the weight of the filter represents the TSS. In all TSS determinations, three replicates were 

performed, based on method 2540-D of Standard Methods (APHA et al., 2017).   

Firstly, the ceramic crucibles with 47 mm glass microfiber filters (Whatman Reeve AngelTM grade 

403) were dried at 550 °C during 1 h in a furnace (ThermolabTM Fuji PXR-9); after that, the ceramic 

crucibles were cooled to room temperature in a desiccator and weighted in an analytical scale 

(PrecisaTM XB 120A) (mcrucible).  

The liquid samples were magnetically stirred and a known sample volume (Vsample) was vacuum 

filtered (Welch IlmvacTM vacuum pump) using the weighted filters. After filtration, the filter was 

transferred to the ceramic crucible and dried at 104 °C (WTCTM Binder E28) during 24 h, to ensure 

a constant weight. The dried filter within the ceramic crucible was cooled to room temperature in a 

desiccator and weighted (moven).  

To calculate the TSS of a sample, Equation 28 was used:  

 𝑇𝑆𝑆 (
𝑔
𝐿⁄ ) =  

𝑚𝑜𝑣𝑒𝑛 −𝑚𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒
𝑉𝑠𝑎𝑚𝑝𝑙𝑒

 (28) 

Where:  

moven = weight of filter within the crucible + dried residue at 104 °C (g),  

mcrucible = weight of filter within the crucible (g), 

Vsample = volume of sample filtered (L).  

From the TSS calculation, it can be determined the moisture content of each sample, as 

presented in Equation 29:  

 𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 (%) = 100 − (𝑇𝑆𝑆 × 100) (29) 
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3.6.4.2 Volatile Suspended Solids (VSS) 

The remaining solids resulting from the ignition of the residue from TSS determination represent 

the fixed total, dissolved, or suspended solids while the weight lost on ignition is the volatile solids. 

This determination is useful in controlling the WWTP operation because it offers a rough 

approximation of the amount of organic matter present in the solid fraction of wastewater, activated 

sludge, and industrial wastes. In all VSS determinations, three replicates were performed, based on 

method 2540-E of Standard Methods (APHA et al., 2017).   

The crucible with the filter and the dried residue was ignited in a muffle furnace at 550 °C during 

2 h, ensuring the constant weight. After the ignition, the ceramic crucibles were cooled to room 

temperature in a desiccator and weighted (mmuffle). 

To calculate the VSS of a sample, Equation 30 was used:  

 𝑉𝑆𝑆 (
𝑔
𝐿⁄ ) =  

𝑚𝑜𝑣𝑒𝑛 −𝑚𝑚𝑢𝑓𝑓𝑙𝑒

𝑉𝑠𝑎𝑚𝑝𝑙𝑒
 (30) 

Where:  

mmuffle = weight of filter within the crucible after ignition at 550 °C (g). 

From TSS and VSS calculations, it can be determined the volatile solids fraction in the samples, 

as presented by Equation 31:  

 % 𝑉𝑆𝑆 =  
𝑉𝑆𝑆

𝑇𝑆𝑆
 × 100 (31) 

 

3.6.5 Total phosphorous as orthophosphates    

Phosphorus occurs in natural waters and wastewaters almost exclusively as phosphates, 

classified as orthophosphates, condensed phosphates (pyro-, meta-, and other polyphosphates), 

and organically bound phosphates.  

Of the various forms of phosphorous that can occur in a liquid mixture, only the total dissolved 

phosphorous determined as orthophosphates have been measured here, hereinafter called 

phosphorous (P). The methodology followed the standard method 4500-P-E – Ascorbic acid method 

(APHA et al., 2017). The methodology includes two steps: acid digestion, to convert the phosphorus 

form of interest into dissolved orthophosphate, and a colorimetric determination of dissolved 

orthophosphates.  

The ascorbic acid method was chosen due to the range (0.01 to 6 mg/L). The samples were 

diluted prior to analysis. The determination of P was performed in the soluble fraction of the samples 

and the analysis was performed in duplicate. All glassware was washed with hot diluted HCl solution 

and then washed several times with distilled water prior to use.  

For the digestion step, 100 mL of sample (or diluted sample) was transferred to an Erlenmeyer 

flask. While stirring, 21 mL of HCl and 7 mL of HNO3 were added slowly to the sample, preventing 

foaming, and the mixture was left at rest until effervescence stopped, to react at room temperature. 

Some boiling regulators were added, and the mixture was digested in a sand bath (P SelectaTM 

Combiplac) until the volume was reduced to approximately 10 mL. After cooling, the edges of the 

flasks were washed with 20 mL of water and the mixture was heated again until it boiled. After 5 min, 
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the flasks were left at rest and cooled to room temperature. The digested mixture was filtered, 

transferred to a 100 mL volumetric flask and the volume was corrected to 100 mL.  

For the colorimetric determination of P, 20 mL were transferred to a glass beaker and the pH was 

adjusted to 7.0 ± 0.2. Then, in a 50 mL volumetric flask, the neutralized sample and 8 mL of combined 

reagent (mixture of sulfuric acid, potassium antimony tartrate solution, ammonium molybdate solution 

and ascorbic acid solution) were added, and the volume was corrected to 50 mL. After 10 minutes 

(and no more than 30 minutes), the samples were homogenized and the absorbance (λ = 880 nm) 

was read against the digestion blank (distilled water) in a PGTM T80+ UV-Vis spectrophotometer.  

For standard solutions (preparation details in Appendix 7.1), 25 mL of each solution were 

transferred to a 50 mL volumetric flask, it was added 8 mL of combined reagent and the volume was 

corrected to 50 mL The absorbance reading was performed as for the samples. For the calibration 

curve, the absorbance vs phosphate concentration was plotted to provide a straight line passing 

through the origin (see an example of a calibration line in Appendix 7.1).   

For the calculation of P concentration in the samples analyzed, measured as orthophosphates, 

Equation 32 was applied:  

 𝑃 (
𝑚𝑔

𝐿⁄ ) =  
𝑃𝑐𝑜𝑙𝑜𝑟𝑖𝑚𝑒𝑡𝑟𝑖𝑐  × 1000

𝑉𝑠𝑎𝑚𝑝𝑙𝑒
 (32) 

Where:  

Pcolorimetric = mg of P calculated by the calibration curve,  

Vsample = volume of sample that was digested (mL).  

 

3.6.6 Adsorbable Organic Halides (AOX)    

Adsorbable organic halides (AOX) are a measure used to estimate the total amount of halogen 

organic material dissolved in a liquid sample. The adsorption-pyrolysis-titrimetric method for AOX 

determination used measures only the total molar amount of organically bound dissolved halogen 

retained in the activated carbon adsorbent. With this methodology, no information about the structure 

or nature of the organic compounds to which the halogens are bound or about the individual halogens 

present is given. It is sensitive to organic chloride, bromide, and iodide, but does not detect 

fluorinated organics.  

The AOX content, determined only for assays with D0 effluent as a substrate, was determined 

based on ISO 9562 (2004). When collected, the samples were acidified with 1 M HNO3. The mass 

concentration of organic halides is reported as an equivalent concentration of organically bound 

chlorine in micrograms per liter. All solutions used for AOX determination were described in detail in 

Appendix 7.2.  

The method for AOX determination consists of four processes, namely:  

 adsorption of organic compounds on activated carbon by orbital stirring;  

 substitution of inorganic halides attached to activated carbon using a solution of sodium 

nitrate acidified with nitric acid;  
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 incineration of activated carbon and organic material adsorbed with oxygen (carrier gas) 

at 1000 °C, forming CO2 and bound halogens to hydrogen halide (HX); 

 microcoulometric titration of absorbed HX formed in the incineration step, measuring the 

current produced by silver-ion precipitation of the halides.     

Firstly, 100 mL of homogenized sample/diluted sample and 5 mL of nitrate stock solution were 

transferred to a 250 mL Erlenmeyer flask. About 50 mg of high-quality activated carbon 

(TraceElementalPartsTM) was added and the mixture was orbital stirred during 2 h at 150 rpm 

(SCILOGEXTM SCI-O330-Pro).  

The sample was then vacuum filtered using the WhatmanTM 25 mm NucleporeTM polycarbonate 

track-etched membrane (0.4 m of pore size) and the filtrate cake was washed with a maximum of 

25 mL of nitrate washing solution.  

The filtrate cake and the membrane were transferred to a quartz boat in equipment for AOX 

determination (AOX/TOC analyzer ECS 1220 by Thermo Fisher ScientificTM). The sample was 

oxidized at 1000 °C using oxygen as a carrier gas. The flue gases carrying halide ions were 

conducted through a sulfuric acid scrubber to remove water. The dry and clean gases containing H-

X species formed during combustion were determined in the microcoulometric cell in the presence 

of silver ions. The amount of current needed to regenerate the lost silver ions was directly related to 

the AOX content in the sample, and the values were expressed in Coulomb (C). For the blank, 

distilled water was used and the preparation procedure was similar to the sample procedure.  

For AOX concentration calculation, Equation 33 was used:  

 𝐴𝑂𝑋 (
𝑚𝑔

𝐿⁄ ) =  
(𝑄𝑠 − 𝑄0) × 𝑀 × 1000

𝑉 × 𝐹
 (33) 

Where:  

QS = value measured by the argentometric analyzer for the sample (C),  

Q0 = value measured by the argentometric analyzer for the blank (C), 

M = atomic relative mass of chlorine (35.45x103 mg/mol), 

V = volume of original sample analyzed (mL),  

F = Faraday constant (96485.33x106 C/mol). 

 

3.6.7 Volatile Fatty Acids (VFA) 

The measurement of volatile fatty acids (VFA) is considered as a control test for the AD process. 

VFA’s are classified as water-soluble fatty acids that can be distilled at atmospheric pressure and 

can be removed from the aqueous solution by distillation, despite their high boiling points, due to co-

distillation with water. This group includes water-soluble fatty acids with up to six carbon atoms, and 

the species determined individually were acetic, propionic, iso-butyric, n-butyric, iso-valeric, n-valeric 

and n-caproic acids.  

The quantification of the mentioned acids was performed by gas chromatography. The samples 

for VFA analysis were filtered using glass microfiber filters (Whatman Reeve AngelTM grade 403), 

acidified with 10 v/v% of formic acid and preserved at 4 °C until chromatographic analysis. The 
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analysis was performed by manually injecting 0.5 L of a sample (or blank, distilled water) with a 

Hamilton 7000.5N syringe.  

The chromatographic analysis was performed on a gas chromatograph PerkinElmerTM Clarus 

480, with an injector set to 300 °C. The flame ionization detector was adjusted to 240 °C and used 

hydrogen and constituted air. A 25 m × 0.53 mm SGETM ID-BP1 5.0 μm column was assembled in 

an oven set to 70 °C of initial temperature. Helium was used as a carrier gas at 4.5 psi. The 

temperature program used was as follows: 1 min at 70 °C, a rise of 20 °C/min to 100 °C and then 

kept for 2 min; a rise of 10 °C/min to 140 °C and kept for 1 min; a rise of 35 °C/min to 235 °C and 

kept for 6 min (18.21 min of the total running time).  

The TotalChrom NavigatorTM (v.6.3.2.0646) acquisition software performed data acquisition and 

integration of the peak area results. An example of a real chromatogram is shown in Figure 25. The 

identification of each peak was made considering the retention time for each VFA specie analyzed. 

The retention times were determined by injecting different dilutions of a concentrated solution with a 

known composition of standard acids – mixed solution with seven compounds under analysis. The 

calculation of the concentration of each component was based on each standard linear regression 

(an example of calibration curves is included in Appendix 7.3). 

 

Figure 25| Example of a chromatogram obtained in VFA analysis (sample presented: standard solution P#4). 

 

To standardize the results obtained, the VFA concentrations were expressed as COD equivalent. 

For that, the oxidation stoichiometry was used to convert the concentrations in g/L into COD 

equivalents, using theoretical oxygen demand (thOD). thOD was determined following Equations 34 

and 35, and the values of thOD for each VFA specie analyzed are described in Table 25. 

 𝑎 𝑉𝐹𝐴 + 𝑏 𝑂2  → 𝑐 𝐶𝑂2 + 𝑑 𝐻2𝑂 (34) 

  𝑡ℎ𝑂𝐷 (
𝑔𝑂2

𝑔𝑉𝐹𝐴⁄ ) =  
𝑏 ×  𝑀𝑂2
𝑎 ×  𝑀𝑉𝐹𝐴

 (35) 
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Table 25| Theoretical oxygen demand (thOD) for the acidic species analyzed. 

VFA specie M (g/mol) thOD (gO2/g) 

H-Ac 60.05 1.066 

H-Prop 74.08 1.512 

H-i-But 88.11 1.816 

H-n-But 88.11 1.816 

H-i-Val 102.13 2.037 

H-n-Val 102.13 2.037 

H-n-Cap 116.16 2.204 

 

3.6.8 Biogas composition (methane and carbon dioxide content)     

During the AD process, biogas is produced mainly composed of methane (CH4), carbon dioxide 

(CO2) and a low amount of other gases including hydrogen (H2) and hydrogen sulfide (H2S). The 

gas-phase composition of the AD assays (CH4 and CO2 content) was performed by gas 

chromatography. 

Samples from the bioreactors with a gas volume of 2 mL were analyzed in a SRITM 8610C 

chromatograph, with a thermal conductivity detector set to 75 °C and a HaysepTM Q column 

(2.5 m x 2.1 mm) placed in an oven set to 61 °C. Helium was used as carrier gas at a flow of 

10 mL/min. PeakSimpleTM integration software (v.3.85) performed data acquisition and peak 

integration. The elution time for each sample was 5 min.   

The calibration of the equipment was performed periodically using different volumes of pure CH4 

and CO2 gases (Air LiquideTM) and a molar mixture of 70:30 of the same gases. The remaining gases 

(N2, H2, H2S) were not detected by the column used. The calculation for CH4 and CO2 content was 

performed according to the following equations:  

 𝐶𝐻4 (%) = 0.9896 ×  
𝐴𝐶𝐻4

𝐴𝐶𝐻4 + 𝐴𝐶𝑂2
 × 100 (36) 

 𝐶𝑂2 (%) = 0.9924 ×  
𝐴𝐶𝑂2

𝐴𝐶𝐻4 + 𝐴𝐶𝑂2
 × 100 (37) 

Where:  

ACH4 = Area of the CH4 peak, 

ACO2 = Area of the CO2 peak.  

 

3.6.9 Geopolymeric materials characterization  

The characterization of geopolymeric materials was performed by the CICECO group of 

“Biorefineries, biobased materials and recycling” from the Materials and Ceramic Engineering 

Department at the University of Aveiro.   

The morphology of the spheres was evaluated by optical microscopy (Leica EZ4HD microscope). 

Scanning electron microscopy (SEM - Hitachi S4100 equipped with energy dispersion spectroscopy, 

EDS – Rontec) was used, at 25 kV, to investigate the microstructure of the porous geopolymer 

spheres. ImageJ was used to measure the pore size and volume, providing the porous area 

distribution for each spheres composition, and the pore area ratio - Ar (sum of all pore areas divided 
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by the total sample area analyzed) (Novais et al., 2016a). The variation of the cumulative pore area 

ratio distribution with the agglomerate area provides a detailed statistical representation of the porous 

area distribution (described elsewhere (Novais et al., 2012)). For this analysis, eight spheres were 

evaluated and the average values were presented. 

The mineralogical compositions of the geopolymer spheres were assessed by X-ray powder 

diffraction (XRD). The XRD was conducted on a Rigaku Geigerflex D/max-Series instrument (Cu-Kα 

radiation, 10 – 80 °, 0.02 °, 2θ step-scan and 10 s/step), and phase identification by PANalytical 

X’Pert HighScore Plus software. The raw materials chemical composition was determined by X-ray 

fluorescence technique (XRF, Philips X´Pert PRO MPD spectrometer) and the loss on ignition (LOI) 

was measured at 1100 ºC, to estimate organic matter and carbonate content of the samples. 

 

3.6.10 Metals (calcium, magnesium, iron, sodium and trace elements) 

The determination of metals in liquid samples from anaerobic digesters, namely calcium (Ca), 

magnesium (Mg) and iron (Fe), was performed by flame atomic absorption spectrometry and was 

based on the methodology described by APHA et al. (2017), in the method 3111-B. The 

determination of sodium (Na) was performed by flame atomic emission spectrometry, based on the 

method 3500-Na B described in APHA et al. (2017). The determination of trace elements such as 

manganese (Mn), aluminum (Al), cobalt (Co), zinc (Zn), copper (Cu), molybdenum (Mo), nickel (Ni) 

and silicon (Si) was also performed by flame atomic absorption spectrometry, based on method 

3111-B described by APHA et al. (2017). 

Selected samples from anaerobic digesters were collected, filtered and the supernatant was used 

to determine the concentration of the dissolved metals. Until analysis, the filtered samples were 

preserved at 4 °C. Then, the samples were diluted prior to analysis, using the same acidified water 

used to prepare the standard solutions (see Appendix 7.4). The measurement was performed using 

a GBCTM 904 AA atomic absorption spectrophotometer equipped with hollow cathode lamps, specific 

for metals determination. 

During the analysis, the samples were aspirated by a flow injection system, nebulized in a gas 

flame and analyzed. The standard calibration solutions were first analyzed to construct the calibration 

lines or curves and examples of those lines are presented in Appendix 7.4. After analyzing the 

sample, the concentration of each metal was determined using the calibration curve or lines. The 

wavelength and oxidant/fuel (gas) combination used for the determination of each element is detailed 

in Table 26.  

Table 26| Wavelength and flame type used for metals determination.  

Element 
Wavelength 

(nm) 
Flame type Element 

Wavelength 
(nm) 

Flame type 

Calcium (Ca) 422.7 Air-acetylene Cobalt (Co) 240.7 Air-acetylene 

Magnesium (Mg) 285.2 Air-acetylene Zinc (Zn) 213.9  

Iron (Fe) 248.3 Air-acetylene Copper (Cu) 324.8 Air-acetylene 

Sodium (Na) 589.0 Air-acetylene Molybdenum (Mo) 313.3 
Nitrous oxide-

acetylene 

Manganese (Mn) 279.5 Air-acetylene Nickel (Ni) 232.0 Air-acetylene 

Aluminum (Al) 396.2 
Nitrous oxide-

acetylene 
Silicon (Si) 251.6 

Nitrous oxide-
acetylene 
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3.7 Anaerobic process performance    

The organic matter present in various types of waste can be decomposed under anaerobic 

conditions to form methane and carbon dioxide. The chemical reactions that take place in this 

transformation occur in two main steps: the complex organics are hydrolyzed and the VFA are formed 

(acidification step), and then, the acids are transformed into methane and carbon dioxide 

(methanization step). 

In this subsection are presented the parameters determined to evaluate the AD process 

performance. These parameters were determined using one or more than one direct determination 

performed and described previously. It includes the organic matter and AOX content removal, 

process parameters associated with the acidification step, related to VFA production (degree of 

acidification, VFA yield and the fraction of VFA in the final effluent), and process parameters 

associated with the methanogenic step, focusing on methane production (methane volume, 

methanization degree, methane yield and anaerobic biodegradability), and on the kinetic model for 

methane production.    

 

3.7.1 Organic matter removal 

The organic matter removal was determined considering the initial sCOD measured and the final 

sCOD present at the end of the experiment, according to the following equation:  

 𝑠𝐶𝑂𝐷 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 (%) =  
𝑠𝐶𝑂𝐷𝑖𝑛 − 𝑠𝐶𝑂𝐷𝑓𝑖𝑛𝑎𝑙

𝑠𝐶𝑂𝐷𝑖𝑛
 × 100 (38) 

Where:  

sCODin = initial soluble chemical oxygen demand (gO2/L),  

sCODfinal = final soluble chemical oxygen demand (gO2/L). 

 

3.7.2 Acidification step 

3.7.2.1 Degree of acidification 

The degree of acidification measures the performance of the acidogenic step of a given substrate 

by anaerobic degradation. This parameter represents the amount of solubilized organic matter that 

was converted into VFA, and was determined according to Equation 39 (Berhe and Leta, 2019). The 

TVFA represents the total VFA concentration expressed as theoretical equivalents of COD 

concentration as gO2/L. The thOD values for each VFA specie were listed previously (Table 25). 

 𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑎𝑐𝑖𝑑𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 (%) =  
𝑇𝑉𝐹𝐴

𝑠𝐶𝑂𝐷𝑖𝑛
 × 100 (39) 

 

3.7.2.2 Volatile fatty acids yield and fraction in the effluent 

The VFA yield was calculated as the amount of VFA produced during the acidogenic step, divided 

by the amount of substrate consumed in the process, as described by Gameiro et al. (2015), 

expressed as gO2VFA/gO2, as presented in Equation 40: 
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 𝑌𝑉𝐹𝐴
𝐶𝑂𝐷⁄ = 

𝑇𝑉𝐹𝐴𝑓𝑖𝑛𝑎𝑙 − 𝑇𝑉𝐹𝐴𝑖𝑛

(𝑠𝐶𝑂𝐷𝑖𝑛 − 𝑇𝑉𝐹𝐴𝑖𝑛) − (𝑠𝐶𝑂𝐷𝑓𝑖𝑛𝑎𝑙 − 𝑇𝑉𝐹𝐴𝑓𝑖𝑛𝑎𝑙)
 (40) 

Where:  

TVFAin = initial total volatile fatty acids concentration (gO2VFA/L), 

TVFAfinal = final total volatile fatty acids concentration (gO2VFA/L). 

The VFA fraction of the effluent, that is, the composition in terms of VFA percentage of the net 

fraction of a sample, at time = n, is given by the following equation: 

 % 𝑉𝐹𝐴 =  
𝑇𝑉𝐹𝐴𝑡=𝑛
𝑠𝐶𝑂𝐷𝑡=𝑛

 (41) 

 

3.7.3 Methanization step 

3.7.3.1 Methane volume 

When the chemical composition of the waste is known, the theoretical methane yield potential 

can be determined in the oxidation-reduction reaction involving water, described by the stoichiometric 

formula develop by Buswell and Neave (1930) and represented in Equation 42. In this case, methane 

production is considered as the maximum stoichiometrically possible (Achinas and Euverink, 2016) 

and other metabolic routes for organic matter degradation are not considered.   

 𝐶𝑛𝐻𝑎𝑂𝑏 + (𝑛 − 
𝑎

4
−
𝑏

2
)𝐻2𝑂 →  (

𝑛

2
−
𝑎

8
+
𝑏

4
)𝐶𝑂2 + (

𝑛

2
+
𝑎

8
+
𝑏

4
)𝐶𝐻4  (42) 

 Another approach to determine the theoretical methane volume is to use the COD values for the 

waste or wastewater to be treated anaerobically. Using Equation 43, derived from the equation 

presented by Tarvin and Buswell (1934), it is possible to determine the number of moles of methane 

produced:  

 𝑛𝐶𝐻4(𝑚𝑜𝑙) =  
𝐶𝑂𝐷𝑟𝑒𝑚
64 𝑔/𝑚𝑜𝑙

 (43) 

Where:  

nCH4 = amount of molecular methane (mol), 

CODrem = removed chemical oxygen demand (gO2/L).  

With nCH4, and using the ideal gas equation (Equation 44), the theoretical methane volume that 

can be produced by converting all the removed COD to methane, can be determined by applying 

Equation 45:  

 𝑝 ∙ 𝑉 = 𝑛 ∙ 𝑅 ∙ 𝑇 (44) 

 𝑉𝐶𝐻4 𝑡ℎ𝑒𝑜𝑟(𝐿) =  
𝑛𝐶𝐻4 ∙ 𝑅 ∙ 𝑇

𝑝
 × 1000 (45) 

Where:  

p = atmospheric pressure at laboratory conditions (pressure assumed: 101325 Pa),  

VCH4 theor = theoretical methane volume (L), 
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R = gas constant: 8.3145 J.K-1.mol-1,  

T = temperature of gas production (K).  

To convert the volume of methane measured in L into COD equivalents, the stoichiometry of the 

complete oxidation of methane to carbon dioxide and water was used:  

 
𝐶𝐻4 + 2𝑂2  →  𝐶𝑂2 + 2𝐻2𝑂 

(16 𝑔) + (64 𝑔) → (44 𝑔) + (36 𝑔) 

(46) 

According to the previous stoichiometry, every 16 g of methane produced and lost in the 

atmosphere corresponds to the removal of 64 g of COD from the waste (Chernicharo, 2007). Thus, 

under normal conditions of temperature (0 °C) and pressure (1 atm), each 1 g of COD removed 

produces 0.350 L of methane. For this thesis, under the applied working conditions, that is, 309.15 

K and 101325 Pa, the maximum theoretical methane volume is 0.396 L, per each gram of sCOD 

removed from the liquid medium.  

 

3.7.3.2 Methanization degree  

The methanization degree was determined to evaluate the methane produced (measured as COD 

equivalent) considering the organic matter added to each bioreactor, following the equation:  

 % 𝑀𝑒𝑡ℎ =  
𝐶𝐻4
𝐶𝑂𝐷𝑖𝑛

 × 100 (47) 

Where:  

CH4 = Methane produced, expressed as COD equivalents, 

CODin = initial COD added.  

 

3.7.3.3 Methane yield  

From the removed COD, most of the organic matter is converted into methane, being a fraction 

used to cellular growth and maintenance. Methane yield was used to evaluate the performance of 

microorganisms, that is, their efficiency to convert sCOD into methane, and was determined using 

the following equation:   

 𝑌𝐶𝐻4/𝐶𝑂𝐷𝑟𝑒𝑚 =
𝑉𝐶𝐻4

𝐶𝑂𝐷𝑖𝑛 − 𝐶𝑂𝐷𝑓𝑖𝑛𝑎𝑙
 (48) 

Where: 

VCH4 = methane volume produced (L) 

 

3.7.3.4 Anaerobic biodegradability  

The anaerobic biodegradability of the substrates used, in several tests performed, was 

determined according to Baumann and Müller (1997), considering both produced and theoretical 

methane volumes (see Equation 45), as follows: 
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 𝐴𝑛𝑎𝑒𝑟𝑜𝑏𝑖𝑐 𝐵𝑖𝑜𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =  
𝑉𝐶𝐻4

𝑉𝐶𝐻4 𝑡ℎ𝑒𝑜𝑟
 × 100 (49) 

Where:  

VCH4 theor = theoretical methane volume considering the sCOD removed (L). 

 

3.7.3.5 Kinetic model for methane production 

The modified Gompertz equation was used to adequately describe the cumulative methane 

production in anaerobic bioreactors operated. The equation can be presented as: 

 𝑌 =  𝑌𝑚  ∙  𝑒𝑥𝑝 {−𝑒𝑥𝑝 [
𝑅𝑚 ∙ 𝑒

𝑌𝑚
(𝜆 −  𝑡) + 1]} (50) 

Where:  

Y = Cumulative methane volume produced (mL) at any time (t),  

Ym = Methane production potential (mL),  

Rm = Maximum methane production rate (mL/d),  

 = Duration of lag phase (d),  

t = Time (d),  

e = Natural logarithm constant: 2.718. 

The constants Ym, Rm and  were determined using the non-linear regression approach with the 

support of CurveExpert Professional software.   

 

3.7.4 Adsorbable organic halides removal 

The removal of AOX was determined considering the initial and the final AOX contents in the 

assays performed. The equation used to determine the AOX removal was:   

 𝐴𝑂𝑋 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 (%) =  
𝐴𝑂𝑋𝑖𝑛 − 𝐴𝑂𝑋𝑓𝑖𝑛𝑎𝑙

𝐴𝑂𝑋𝑖𝑛
 × 100 (51) 

Where:  

AOXin = initial adsorbable organic halides concentration (mgCl/L),  

AOXfinal = final adsorbable organic halides concentration (mgCl/L). 
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4 | Results and Discussion 

In this chapter, the results obtained during this thesis work are presented and discussed. The 

chapter is divided into three main sections, according to the type of inorganic additives used for pH 

control of the developed anaerobic processes. The sections are:  

 4.1 – Phase 1: Fly ash (powder) addition to AD assays  

In this section, the results of assays in which inorganic additives in powder form, that is, fly ash 

from biomass combustion, have been added to anaerobic bioreactors treating two different types of 

substrates are presented. The treatment of the bleaching effluent from the pulp and paper industry 

and that of the cheese whey by-product from the dairy industry are compared, with the main goal of 

obtaining a higher methane production when the fly ashes were added to control the pH of the 

anaerobic processes.  

 4.2 – Phase 2: Fly ash-based geopolymers addition to AD assays  

In this section, the results obtained in assays with the addition of fly-ash geopolymer spheres are 

presented. Different configurations of anaerobic digesters were studied, namely, oxitop bioreactors 

(250 mL batch bioreactors), batch and fed-batch bioreactors (1 L of working volume), with the 

objective of evaluating the extended performance of the digesters, mainly in terms of methane 

generation. In addition, all relevant parameters for assessing anaerobic performance are presented 

and discussed in this section. 

 4.3 – Phase 3: Red mud-based geopolymers addition to AD assays 

In this section, the results obtained in assays with the addition of red mud geopolymer spheres 

are presented. To study the effect of this type of geopolymer spheres addition, two types of anaerobic 

bioreactors were used, oxitop bioreactors (250 mL batch bioreactors) and fed-batch bioreactors (5 L 

of working volume), in order to study the buffer efficiency of the spheres when organic loading shocks 

are applied in a prolonged operation time. 
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4.1 Phase 1: Fly ash (powder) addition to anaerobic digestion assays 

The results obtained in the study in which fly ash was used as an inorganic additive for pH control 

are presented below, in which the assays were performed in accordance with that described in 

section 3.5.1 and the applied conditions detailed in Table 22. Bleaching effluent (called D0) from a 

pulp and paper industry (results presented in section 4.1.1) and concentrated cheese whey from a 

dairy industry (results presented in section 4.1.2) were used as a substrate in AD experiments, with 

the ultimate goal of energy (methane) valorization. For these assays, specific goals were defined, 

namely:  

I. Determination of the inhibitory effect of complex compounds present in D0 effluent, namely 

adsorbable organic halides (AOX), in the production of methane and reduction of COD; 

II. Evaluation of the effect of fly-ash obtained from different biomass sources, as an inorganic 

additive in pH control in the production of methane and its effect in aerobic biodegradability 

of D0 effluent;  

III. Definition of fly ash concentration to be used as an inorganic additive to control pH, in the 

AD of cheese whey to produce methane; 

IV. Comparison of the performance of two different substrates (D0 effluent versus cheese 

whey) with inorganic additives (powdered fly ash), in the methane production and pH 

control of the AD process.  

 

4.1.1 Fly ash (powder) addition to anaerobic digestion of bleaching 

effluent from pulp and paper industry 

When chlorine compounds are used in the pulp production bleaching process, AOX compounds 

are formed. Taking into account environmental restrictions, in terms of AOX and COD discharge 

levels for treated effluents from the P&P industries, a common approach is to act directly in streams 

with a higher content of these concerning sources of pollution. The bleaching effluent (D0) is the 

effluent generated during the pulp bleaching process with the highest AOX concentration, also 

presenting a high COD load.  

Thus, in this work, D0 effluent was used in AD assays to study the reduction of both COD and 

AOX contents and, at the same time, the valorization of this effluent in the form of an energy vector 

(methane). To accomplish this goal, two distinct steps were taken. First, the inhibitory effect of AOX 

compounds present in D0 effluent was evaluated, studying different initial sCOD concentrations in 

anaerobic batch assays. As previously mentioned, the AOX compounds present in D0 effluent have 

a potential inhibitory effect on microorganisms, including methanogenic microorganisms (Rintala et 

al., 1992). The inhibition of this type of microorganisms can lead to a decrease in methane formation 

and, ultimately, to the failure of the overall AD treatment process (Chen et al., 2008). Second, the 

use of two FA types from different biomass sources, produced by the combustion of residual biomass 

in an industrial thermoelectric plant, was evaluated. The addition of FA acts as an additive for pH 

control in the AD process, to produce methane and, ultimately, enhance the final biodegradability of 

the treated D0 effluent. 
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4.1.1.1 Inhibitory effect of adsorbable organic halides present in bleaching effluent 

To study the influence of AOX concentration in the AD process and in the methane formation, 

several oxitop bioreactors with different D0 concentrations were performed. The initial concentration 

measured as sCOD varied between 0.9 and 2.9 gO2/L. With these anaerobic biodegradation tests, 

the anaerobic biodegradability of the effluent under study is verified and the potential for its use in a 

full-scale anaerobic process is evaluated.   

Figure 26 shows the main performance parameters of the mentioned oxitop bioreactors, namely: 

a) gas pressure measured periodically inside the bioreactors, by the oxitop measuring head; b) 

accumulated volume of methane; c) mass of AOX removed and percentage of AOX removal 

(compared to the initial AOX values); d) initial and final pH values of the reactional medium. In these 

assays, biogas was produced in the 27 days of incubation (Figure 26 (a)), as observed by the 

increase in pressure inside de bioreactors. However, the presence of methane was detected only 

from the 9th to 12th day of the incubation period and only for bioreactors with 0.9 and 1.8 gO2/L 

(Figure 26 (b)). For these bioreactors, the pressure was measured only until 12th (0.9 gO2/L) and 

19th (1.8 gO2/L) days, since the oxitop system has a major limitation on the pressure limit of the 

measuring head (≈ 333 hPa or 0.33 atm), which can cause restrictions in gas measurements (Pabón 

Pereira et al., 2012).  

 

 

Figure 26| Anaerobic performance of oxitop bioreactors with different initial D0 concentrations: cumulative 

pressure (a), cumulative methane volume (b), mass of AOX removed and percentage of AOX removal (c) and 

initial and final pH (d). 

 

In Figure 26 (b), it was also observed that the presence of AOX (increase with increasing 

concentrations of D0 effluent) delayed the formation of biogas and, consequently, the formation of 

methane, leading to a slower anaerobic process than expected. In fact, it was expected that 

methanogenic microorganisms, after a suitable exposure time, would resist in environments with the 

presence of biorecalcitrant and bioinhibitory compounds (such as AOX), being able to survive and 
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thrive in these environments (El-Hadj et al., 2007). This adaptation period could explain the 

deceleration of the anaerobic process with D0 effluent as a substrate.  

At the end of the tests, a methane content corresponding to 63 % and 43 % of the biogas produced 

was obtained for the tests with the addition of 0.9 and 1.8 gO2/L, respectively. In terms of methane 

volume, more than 157 mL to 324 mL were produced, considering only the initial days when the 

pressure was measured. The yield of methane considering the initial COD added decreased slightly 

when the organic load doubled: from 0.199 LCH4/gO2 added to 0.180 LCH4/gO2 added. The 

methanization degree, that is, the initial organic matter converted to methane (measured as COD), 

followed the same pattern, decreasing from 50 % to 46 % when the initial organic load doubled from 

0.9 to 1.8 gO2/L. It should be noted that the values obtained for the quantity and the yield in methane, 

or methanization degree, are not maximum values, given the practical restrictions in the 

measurement system of the produced biogas.  

Although the bioreactor with 1.8 gO2/L produced a higher methane volume, a lower yield was 

obtained than that obtained with the bioreactor with 0.9 gO2/L, and this can be explained by the 

presence of higher amounts of inhibitory compounds, such as AOX. From these results, it can be 

said that anaerobic biomass (microorganisms) adapted to the presence of substrate (D0 effluent) 

and, therefore, to AOX compounds, producing methane despite the long lag phase observed (about 

13 days). 

The initial AOX content varied according to the defined initial sCOD concentration, in the range 

of 12 to 72 mgCl/L. For AOX removal (see Figure 26 (c)), values higher than 51 % were obtained in 

all assays, despite the differences between initial concentrations. It was observed that the highest 

initial AOX concentration (72 mgCl/L) did not inhibit the AOX removal, reducing more than 77 % of 

AOX present in the liquid phase, which corresponds to a mass of 56 mg of AOX reduced. Despite 

this AOX reduction, no methane was detected in the gas phase of this bioreactor, even after 27 days 

of incubation. 

Due to the strong acidic pH of D0 effluent, it was neutralized with a concentrated solution of NaOH 

before being added into the bioreactors. As the effluent used in these studies is real (not simulated 

in the laboratory), it is subject to variations, some of which are imposed by the pulp manufacturing 

process. This leads to large differences in the amount of NAOH added to each lot of effluent. The 

volume of 1 M NaOH solution added varied between 46 and 48 mL, in order to neutralize the pH of 

the effluent (7.0 ± 0.1). The initial and final pH of the bioreactors is shown in Figure 26 (d). During 

anaerobic assays, the pH did not vary much, decreasing at most 0.30 points. The exception was for 

the bioreactor with 1.2 gO2/L of the initial load, where the pH increased by 0.31 points. Both initial 

and final pH values are within the methanogenic range (6.5 – 7.2), promoting a favorable environment 

for methane formation.    

Since the first assays with D0 as a substrate for the anaerobic process did not show significant 

inhibition of microorganisms to produce methane in the presence of AOX, or to reduce these complex 

compounds, higher D0 concentrations were tested: 2 gO2/L and 3 gO2/L. The assays were 

performed in oxitop bioreactors during 26 days. In Figure 27 are presented the main performance 

parameters of the mentioned oxitop bioreactors, namely, the initial and final pH values of the 

reactional medium (a), the cumulative methane volume (b), the mass of AOX removed and the 

percentage of AOX removal, compared to the initial AOX values (c).   
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Figure 27| Anaerobic performance of oxitop bioreactors with different D0 concentrations: initial and final pH 

(a), cumulative methane volume (b) and AOX removed and percentage of AOX removal (c). 

 

The pH values (Figure 27 (a)) decreased by about 0.45 points in both assays, from the beginning 

to the end of the incubation time. In addition, in both cases, the pH values are within the optimum pH 

range for methanogenic microorganisms (6.5 – 7.2), so an increase in methane production was 

expected. However, in both bioreactors, anaerobic biomass was slow to respond, increasing the lag 

phase and delaying the methane formation with the increase in the AOX concentration. Comparing 

these assays (Figure 27 (b)) with bioreactors with lower sCOD concentrations (see Figure 26 (b)), 

an increase in the initial sCOD load led to an increase in the lag phase from 9 to 13 days in assays 

with 0.9 – 1.8 gO2/L and a delay of 15 to 22 days in assays with 2.0 – 3.0 gO2/L, respectively. The 

presence of AOX in the effluent to be treated could have inhibited methanogenic microorganisms, 

which needed a longer time to adapt to higher pollutant concentrations, thus delaying the methane 

generation. After the lag phase, the methane volume increased rapidly, indicating the adaptation of 

biomass (microorganisms) to the substrate (D0 effluent rich in AOX). 

For AOX removal (Figure 27 (c)), percentages higher than 73 % were obtained in both conditions. 

With a higher initial sCOD load, a higher mass of AOX compounds removed from the liquid phase 

was observed. This may be partly related to the adsorption component of these compounds on the 

biomass surface, which will be higher with higher AOX concentrations. Adsorption is an important 

mechanism that influences the fate and the effect of organic compounds, namely in the AD process 

(Johnson and Young, 1983). When organic compounds with a high adsorption capacity, such as 

AOX compounds, are present in the media, they tend to adsorb and become unavailable for 

anaerobic degradation. This unavailability affects the determination of the methane potential of these 

types of compounds. In fact, the higher sCOD removal for the assay with higher initial sCOD load, 

that is, 48 % versus 26 % in the assay with 2.0 gO2/L of the initial load, was not expressed in a higher 

methane production, after 27 days of incubation. 

   (a)        (b)  
 
 
 
 
 
 
 
 
 
 

        (c) 
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Figure 28 was plotted for a better understanding of the relationship between the initial sCOD load 

and the performance of the bioreactors in terms of methane volume and duration of the lag phase. 

As mentioned earlier, the lag phase increased with the increase in the initial sCOD load and may be 

related to the increase in the content of AOX compounds in the liquid phase. The direct relationship 

between the initial sCOD and the extension of the lag phase has a determination coefficient of 0.979, 

indicating that the linear model makes a good adjustment to the data obtained in the oxitop assays.  

 

Figure 28| Effect of initial sCOD load on the lag phase (blue ), the volume of methane produced in the first 5 

days after the lag phase (grey □) and the methane production rate (orange ○).    

 

An important issue to be careful about is the duration of these experiments. The extension of the 

lag phase (Figure 28) impaired the formation of methane, which led to the low volume of methane 

accounted for and the decrease in global performance parameters. For these experiments, the time 

of incubation was previously fixed (26 to 27 days) in order to compare the efficiency of the system 

under different conditions during a certain period. This digestion time, under mesophilic conditions, 

may not have been enough to, first, lead to the adaptation of the microorganisms to the presence of 

inhibitory compounds and, second, to the conversion of the sCOD of the substrate into methane by 

methanogenic microorganisms. For this reason, and so that these results can be comparable, a 5-

day period was considered for the volume of methane produced, as shown in Figure 28, measured 

from the end of the lag phase. The volume of methane produced in 5-days for bioreactors with initial 

loads of 1.8 and 2.0 gO2/L was taken directly from the data, and the values for bioreactors with initial 

loads of 0.9 and 3.0 gO2/L were extrapolated from the methane production curve (Figure 26 (b) and 

Figure 27 (b), respectively).   

On the other hand, neither the methane production rate nor the volume of methane has a linear 

relationship with the initial sCOD load. For the methane production rate, a second-order polynomial 

adjustment described 81 % of the variation of the data obtained. The trend was to decrease the 

methane production rate with an increase in the initial sCOD load. The methane volume follows a 

pattern similar to the methane production rate, decreasing when applying increasing sCOD 

concentrations. These parameters indicate that the presence of increasing AOX concentrations can 

inhibit methanogenic microorganisms and, consequently, drastically decrease the methane content 

in the biogas formed. The increase in the sCOD load from 2.0 to 3.0 gO2/L, and consequently in the 

AOX content, showed no relevant inhibition in terms of the methane volume produced in the first 5 

days after the lag phase.  



Sustainable methodologies based on residue recovery for pH control in anaerobic digestion 

130 

Figure 29 shows the main parameters of anaerobic performance, namely: (a) methanization 

degree and anaerobic biodegradability of the total incubation time and (b) extrapolated methane yield 

for the initial methane production period (5 days). AOX removal is also included in Figure 29 (a) 

because this parameter is very important in the anaerobic degradation of the effluent under study. 

AOX removal (in percentage) does not seem to be related to the initial organic load, varying between 

53 % and 78 %, with no linear trend. For the other parameters (methane efficiency parameters), they 

tend to decrease with the increase in the organic load applied at the beginning of the experiment, as 

shown previously.  

 

Figure 29| AOX removal, methanization degree, anaerobic biodegradability (a) and methane yield (b) for the 

anaerobic assays with an initial sCOD load of 0.9, 1.8, 2.0 and 3.0 gO2/L, using D0 as substrate. 

 

Anaerobic biodegradability represents the fraction of organic matter that can be converted into 

biogas composed mainly of methane and carbon dioxide, under controlled anaerobic conditions. In 

this study, anaerobic biodegradability was less than 52 % (0.9 gO2/L), once again indicating the 

inhibitory nature of AOX compounds for methanogenic microorganisms and, possibly, for other types 

of microorganisms involved in different steps of organic matter degradation. The methane yield and 

the methanization degree trends corroborate this statement. 

Taking into account the results obtained with the AOX-rich effluent in the anaerobic process of 

degradation to produce methane, it can be concluded that the low anaerobic biodegradability of the 

substrate is not ideal for energy recovery. In addition, the dilution of the substrate (that is, the study 

of lower sCOD initial concentrations) enhanced the anaerobic biodegradability and the methane yield 

obtained demonstrating an increasing potential for the application of anaerobic technologies to these 

complex effluents. 

 

4.1.1.2 Anaerobic digestion of bleaching effluent with fly ash addition to control pH 

To adjust the pH of D0 effluent, instead of adding NaOH, two different types of fly ash (FA) were 

used. The FA used were collected as described in section 3.3.1 and the differences between them 

are also described in the referred section. For the assays with fly ash addition to control pH, the 

aerobic biodegradability of the D0 effluent was determined before and after the AD processes. From 

these anaerobic processes, anaerobic biodegradability was also determined.  

The main physico-chemical characteristics of D0 effluent and mixtures D0 + FA used in anaerobic 

assays are listed in Table 27. The increase in D0 pH from acidic (≈ 2) to neutral (≈ 7) led to a reduction 

(a)        (b)  
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in the AOX concentration of 18 % in the mixture with NaOH and of 33 - 35 % in the mixture with the 

addition of FA. This behavior was also reported by Dorica et al. (1992), who used liquid alkaline 

effluents from the pulp industry to increase the pH and, as a consequence, the AOX content 

decreased with the dilution factor and with the pH changes.  

The AOX reduction observed was higher in mixtures with FA than in the mixture with NaOH. The 

FA added (CA5 and CTB) contained, among others, metallic elements such as Ca, Al, K, Fe and Mg 

in their oxidized forms, which accounted for 56 wt.% dry basis (Table 17). When mixed with water, 

they will be hydrolyzed and partially soluble (Duan and Gregory, 2003), and the soluble part of these 

ions will increase the pH of the media. The insoluble part of the FA can act as an adsorbent to 

compounds such as AOX (Gao and Fatehi, 2018; Han and Wei, 2012). Therefore, part of the AOX 

present in D0 effluent can be adsorbed on the FA added, decreasing in a larger extent the AOX 

concentration measured in the liquid fraction. From the point of view of AOX removal, the use of FA 

as a neutralizing material has great potential and less environmental impact when compared to the 

use of chemical compounds (NaOH) to increase the pH.  

Table 27| Physico-chemical characteristics (pH, AOX content and organic matter content) of D0 effluent and 

the mixtures: D0+NaOH, D0+CA5 and D0+CTB, using FA from different types of biomass burning (average 

value ± standard deviation). 

 D0 D0 + NaOH D0 + CA5 D0 + CTB 

pH 2.21 (± 0.25) 7.01 (± 0.01) 7.04 (± 0.01) 7.34 (± 0.03) 

AOX (mgCl/L) 69.5 57.0 46.0 44.9 

sCOD (mgO2/L) 2410 (± 54) 2620 (± 20) 2600 (± 50) 2720 (± 20) 

sBOD (mgO2/L) - 234 (± 5) 309 (± 6) 176 (± 8) 

sBOD/sCOD - 0.089 0.119 0.065 

 

The soluble COD of the mixtures did not vary with the addition of FA. The aerobic biodegradability 

of the effluent, given by the ratio between sBOD and sCOD, increased 33 % when CA5 fly ash was 

added to D0; on the other hand, for CTB addition, the aerobic biodegradability decreased about 27 %, 

in comparison with the effluent with NaOH addition to neutralize the pH. In the three scenarios, 

aerobic biodegradability is very low (less than 12 %). The low biodegradability of this type of effluent 

is well documented and is mainly due to the presence of dissolved lignocelluloses and inhibitory 

substances (Gao and Fatehi, 2018; Rintala and Puhakka, 1994), such as AOX. Generally, an effluent 

with a sBOD/sCOD ratio higher than 0.40 is considered an effluent with a high biodegradable fraction; 

with a sBOD/sCOD ratio lower than 0.25 it is considered an effluent in which the inert fraction is high 

and the biodegradable fraction is low, making it difficult to implement a possible full-scale biological 

treatment process.   

These mixtures, mentioned in Table 27, were used in anaerobic biodegradation tests to 

understand the role of FA addition in neutralizing pH and in improving the anaerobic process 

(methane production and AOX removal). For these tests, four different conditions were studied: two 

with CA5 addition and two with CTB addition. For both types of ash, the preparation of the substrate 

was performed in two different ways. In a first approach, the mixture of D0 and FA was carried out 

(concentrations and details in section 3.5.1.2) and then added to the anaerobic sludge to be 

incubated; in this case, the FA was present in the anaerobic media during the process – assays 

D0+CA5 and D0+CTB. In a second approach, the mixture of D0 effluent and FA was performed and 
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after a period of mixing, it was filtered and only the filtrate fraction was used in anaerobic tests – 

assays D0+CA5f and D0+CTBf.  

Figure 30 and Figure 31 depicts the physico-chemical parameters determined in these 

experiments to evaluate the performance of the bioreactors operated using the oxitop system. Figure 

30 includes the initial and final pH values and the alkalinity concentrations (measured as CaCO3), 

and the initial and final sCOD concentrations and VFA concentrations for each bioreactor operated. 

In this figure, “others” refer to VFA species determined in much lower concentrations than acetic, 

propionic and butyric acids present in the samples, that is, i-butyric, i-valeric, n-valeric and n-caproic 

acids. Figure 31 includes the mass of AOX compounds removed from the liquid phase and the 

corresponding AOX removal (in percentage) (a), the VFA yield (YVFA/sCOD) (a) and the sCOD removal 

(b).  

 
Figure 30| Performance of oxitop batch bioreactors with different FA additions regarding initial and final pH 

and alkalinity measured (a) and sCOD and VFA (H-Ac, H-Prop and H-n-But) concentrations, expressed as 

COD equivalents (b).  

 

For the pH values (Figure 30 (a)), all conditions tested showed a decrease in pH at the end of the 

experiment, compared to the initial pH values. The difference between the initial and final pH is more 

pronounced (above 0.50 points) in assays with the filtered substrate, with final values below 6.90 in 

both cases (D0 + CA5f and D0 + CTBf). Although the variations observed in the pH, the values 

obtained are still in the optimum pH range of the methanogenic microorganisms, creating 

environmental conditions suitable for the production of methane.  

Although these pH fluctuations are expected in anaerobic processes, the pronounced decrease 

may indicate an unstable process. In fact, in the bioreactors where the ash was kept during the 

anaerobic process, they tended to maintain a more stable pH, and this could be related to the 

presence of certain inorganic compounds, supplied from the added ash. According to Rajamma et 

al. (2009), FA typically contains large amounts of alkali metals, such as sodium and potassium, which 

are the main sources of alkaline properties of FA. pH stability is directly related to the increase in 

alkalinity, observed in all assays. The greatest difference between the initial and final alkalinities 

(0.9 g/L measured as CaCO3) was observed in assays with FA during the process (D0 + CA5 and D0 

+ CTB), probably due to the progressive transfer of alkali metals from the ash to the liquid fraction, 

increasing its buffer capacity.  

Analyzing the VFA content of the liquid phase (Figure 30 (b)), it can be observed that the assays 

with lower final pH values are the ones with higher VFA concentrations. For example, the assay D0 

+ CA5f reached pH values at the end of the experiment of 6.70 (± 0.08), the lowest observed value, 

(a)          (b)  
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and it is the assay in which the highest VFA concentration was measured, 542 mgO2/L. In this case, 

acetic acid accounts for 96 % of the VFA content. In the case of the assay with D0 + CTBf, at the end 

of the experiment, a VFA concentration of 364 mgO2/L was measured, with acetic acid as the major 

constituent (82 %) and a pH value of 6.86 (± 0.03). For the initial points, very low VFA concentrations 

were measured. Generally, acetic acid (yellow bar in Figure 30 (b)) was the predominant VFA specie 

detected. Propionic (green bar) and n-butyric (blue bar) acids are present in some samples, but to a 

lesser extent than acetic acid. N-Butyric acid was detected only in the initial sample of the filtered 

mixture of D0 and CTB and propionic acid was observed in both initial and final samples of the same 

studied condition. I-butyric, i-valeric, n-valeric and n-caproic acids were also analyzed, but in these 

assays, these acidic species were detected in very low concentrations (< 6 mgO2/L). 

 

 

Figure 31| Mass of AOX removed and percentage of AOX removal (a), sCOD removal and AOX removal (b) 

and VFA yield (c), for the assays with different additions of FA, using D0 as substrate. 

 

The ratio between VFA concentration and alkalinity can be an indicator of process stability (Castro 

et al., 2017). For this study, all four conditions presented VFA/alkalinity ratios below 

0.6 mgAcetic acid/mgCaCO3, which is considered the highest value for adequate process stability (Castro 

et al., 2017). Even though the values for the VFA/alkalinity ratio of the filtered mixture of D0 and CA5 

of the bioreactor are in the acceptable range referred to, they are the highest of the four tests 

(0.54 mgAcetic acid/mgCaCO3), denoting some instability of the anaerobic process, concerning the 

methane production, due to the higher measured VFA concentration. The filtered mixture of D0 and 

CTB also showed a significantly high VFA/alkalinity ratio (0.30 mgAcetic acid/mgCaCO3), when compared 

to the unfiltered assays performed with CA5 (0.09 mgAcetic acid/mgCaCO3) and CTB 

(0.05 mgAcetic acid/mgCaCO3) ashes.  

    (a)     
            

 
 
 
 
 
 
 
 
 
 
 

         (b)               (c)  
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The initial sCOD measured for the conditions tested (on average 1.86 ± 0.12 gO2/L) was very 

close to the theoretical value (2.0 gO2/L). In all assays, a decrease in sCOD was observed from the 

beginning to the end of the experiment, with this organic matter being consumed mainly for cell 

growth or methane generation. The sCOD removal (Figure 31 (b)) tends to be higher in assays in 

which ash was present during the AD process. Thus, the removal of the solid fraction from the mixture 

was not beneficial for the sCOD removal or for the VFA generation. In the case of VFA yield, the use 

of the filtered mixture decreased the value obtained to less than half, obtaining in both cases 

0.13 gVFA-O2/gO2. For assays with FA present, 33 to 35 % of the soluble fraction of the COD at the 

final sampling moment consists of VFA, mainly acetic acid.  

The AOX removal observed in these assays (Figure 31 (a)) is in the same range as the removals 

obtained in previous assays: all conditions showed removals between 62 and 75 % of the initial AOX 

present in the liquid phase, with no apparent relationship between the conditions and the results 

obtained. For these assays, more than 22 mgCl of AOX compounds were removed and the remaining 

concentration does not exceed 13.6 mgCl/L of AOX. These low final AOX concentrations are 

promising, taking into account an industrial perspective. Prior to discharge into the receiving 

environment, the D0 effluent is subjected to dilution (mixture with other effluents from P&P industry) 

and to biological treatment. Thus, a low AOX concentration in D0 effluent led to a low AOX discharge 

level, avoiding several environmental problems.  

Figure 32 depicts the parameters related to methane production, namely, methane volume 

produced during the tests (a), methanization degree (in percentage) and anaerobic biodegradability 

(b), and methane yield (c) calculated for each mixture performed, with CA5 and CTB ashes addition. 

Concerning the methane yield, the values in Figure 32 (c) were calculated by extrapolation the data 

to 5 days, taking into account the methane produced in the period presented in Figure 32 (a). 

 

 

Figure 32| Methanization performance for the assays with FA addition, using D0 as substrate: cumulative 

methane volume (a), methanization degree and anaerobic biodegradability (b) and methane yield (c).  

       (a)            
 
 
 
 
 
 
 
 
 
 
 
 

(b)                (c) 
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For the assay with a filtered mixture of D0 and CA5, no methane formation was detected (Figure 

32 (a)) during the experimental time. The assays with CA5 or CTB ashes inside bioreactors had a 

lag phase of 12 days, where no methane was detected and after that period, methane was detected 

until the oxitop heads reached the maximum pressure value. This caused some measurement 

restrictions for methane, as mentioned earlier, and it was not possible to determine the methane 

formation after the 15th day. For this reason, the results regarding methane formation presented here 

are only for the 15 days of incubation, in which it was possible to measure the pressure inside the 

bioreactors. For the assay with a filtered mixture of D0 and CTB, the lag phase was slightly longer, 

13 days. After the lag phase, methane increased rapidly, indicating the adaptation of the biomass to 

the substrate under study. In terms of methane volume produced, the mixture with D0 and CTB ashes 

achieved a higher volume, 0.33 L, followed by the assay with the mixture of D0 and CA5, 0.23 L. The 

reactor with a slower response (D0 + CTBf) also produced less methane volume, 0.16 L. In all 

bioreactors where methane was detected, the methane content in biogas was higher than 40 %. In 

addition, assays in which the ashes were kept in the medium resulted in higher levels of methane in 

the biogas, reaching 60 to 65 % at the end of the experiment. 

For the performance of the methanogenic phase, the mixtures where the ash was kept during the 

anaerobic process obtained better results than in the assays with filtered mixtures. Considering the 

methane volume extrapolated for a production period of 5 days and the initial sCOD added in each 

bioreactor, the yield of methane that represents the potential of each mixture for methanogenesis 

was determined, and these values are included in Figure 32 (c). The relationship between the volume 

of methane produced and the theoretical volume of methane (considering the maximum value for 

the initial sCOD added to each bioreactor) is given by the anaerobic biodegradability (in percentage) 

and is included in Figure 32 (b). Both the yield and the methanization degree follow the same pattern, 

decreasing with the filtration of the substrate. Anaerobic biodegradability also tends to decrease 

when ash is removed from the mixture.  

The boost in the methane performance parameters, when ash is present in the mixture, may be 

related to the effect of ions from ashes that enhance the microorganism’s activity, especially 

methanogenic microorganisms, increasing the methane production. The increased biodegradability 

of the mixture with CTB ash, compared to the mixture with CA5 ash, may be related to the amount 

of ash added. In the case of CA5, only 4.97 g/L was added, compared to a greater amount of CTB, 

17.2 g/L, necessary to neutralize D0 effluent. The higher concentration of CTB ash may have leached 

larger amounts of ions and led to a positive response from the microorganism’s consortia.  

Figure 33 shows the results obtained for the analysis of metals content, namely calcium, sodium, 

magnesium and iron, in the supernatant of initial and final samples of the bioreactors where different 

types of FA were added. 

Although with only slight variations, the Ca content increased at the end of the experiments where 

ashes were kept during the anaerobic process, and the Na content only increased in the assays with 

CA5 ashes addition. The iron content decreased at the end of the experiments, for both types of FA 

added. The addition of CTB ashes did not increase the initial content of Na, Mg or Fe, although the 

amount of CTB ashes was much higher than the CA5 ash. Despite the difference in the amounts of 

ashes added, the concentration of minerals in the liquid phase did not increase but positively 

influenced the anaerobic process.  
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Figure 33| Metals (Ca, Na, Mg, Fe) concentration at the beginning and at the end of oxitop batch anaerobic 

assays with D0 effluent and FA addition.  

 

Figure 34 shows the aerobic biodegradability of the mixtures before and after the AD process and 

the values for the increase in aerobic biodegradability (in percentage). In all assays, aerobic 

biodegradability after the AD process increased by more than 150 %, which may indicate that an 

anaerobic treatment is suitable to increase de biodegradability of this type of effluent. The increase 

in sBOD was due to the anaerobic conversion of part of the organic matter into VFA (readily 

consumed substrates), the reduction of AOX in the liquid phase, which decreased the concentration 

of inhibitory compounds, and the transformation of complex compounds originally present in the D0 

effluent in others more simple and biodegradable.  

 
Figure 34| sBOD/sCOD ratio before and after AD tests and increase on calculated ratio after the anaerobic 

treatment.  

 

The final aerobic biodegradability is higher than 0.32 in all assays, indicating that the treated 

effluents (the liquid fraction) of the assays performed are composed of a significant fraction of 

biodegradable organic matter. The range presented for the sBOD/sCOD ratio also indicates that the 

implementation of an anaerobic biological treatment process could be facilitated, after an anaerobic 

pre-treatment of D0 effluent. 

 

4.1.1.3 Effect of fly ash addition in anaerobic digestion of bleaching effluent  

In order to compare the values obtained in the two assays, without FA addition and with two 

different types of FA addition, Table 28 summarizes the main performance parameters, namely 

sCOD removal, duration of the lag phase (λ), methane yield considering the initial sCOD addition, 
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methanization degree, anaerobic biodegradability and AOX removal. The assay with 2.0 gO2/L of 

initial sCOD is presented in this table, as it had the same initial sCOD concentration used in the 

assays with FA addition and was the basic assay to understand the influence of FA addition to D0 

anaerobic treatment.  

Table 28| Duration of lag phase, AD performance parameters and AOX removal for D0 assays without and 

with FA addition.  

Assay 
λ  

(d) 

sCOD 
removal 

(%) 

YCH4/sCODin 
(mL/gO2) 

Methanization 
(%) 

Anaerobic 
biodegradability 

(%) 

AOX 
removal 

(%) 

2.0 gO2/L 15.00 26.2 0.15 38.2 37.6 78.7 

D0 + CA5 12.57 45.5 0.12 30.8 30.7 70.0 

D0 + CA5f - 13.4 - - - 67.6 

D0 + CTB 12.57 64.6 0.17 42.8 42.7 62.0 

D0 + CTBf 13.54 40.4 0.09 23.7 23.7 74.8 

 

As can be seen, generally the addition of FA to neutralize the pH of D0 effluent instead of NaOH 

(represented by the assay with 2.0 gO2/L) had a positive effect on some AD performance 

parameters. With the exception for D0 + CA5f, the sCOD removal increased by more than 15 % and 

the lag phase for the beginning of methane production decreased by at least 2 days, compared to 

the assay with 2.0 gO2/L. For the AOX removal, the average value is 71 ± 6 % for the referred 

assays, which is a very promising removal, taking into account the complexity of the D0 effluent. 

With the addition of CA5 ash, the methane performance parameters (methane yield, 

methanization degree and anaerobic biodegradability) decreased slightly, compared to the assay 

with 2.0 gO2/L. On the other hand, the addition of CTB ash slightly improved the methane 

performance parameters, with an increase in the methanization degree and anaerobic 

biodegradability of about 5 %. It is worth mentioning that the addition of CTB ash did not improve the 

sBOD/sCOD ratio (Table 27), as occurred with the mixture of D0 and CA5 ash.  

The improvement in methane production may be related to the release of metals from ash, at 

levels suitable for the improvement of the D0 anaerobic process (Lo et al., 2012). For example, the 

presence of calcium is necessary for the formation of methanogenic microorganisms and microbial 

aggregates and can act as a driver for the methane formation (Liu et al., 2019). In this work, the 

amount of metals added in the different bioreactors varied according to the type of ash added, as 

can be seen from the theoretical values for oxides or element masses included in Figure 35. For the 

CA5 ash, 4.97 g was added to 1 L of D0 effluent, in order to achieve pH values of 7.0 (neutral pH to 

enhance microbial growth and activity); for CTB ash, 17.2 g was added, to reach the same conditions.  

The use of a larger amount of CTB ash made the (theoretical) concentration added of silicon 

(SiO2), calcium (CaO), aluminum (AlO3), iron (Fe2O3) and potassium (K2O) to be much higher than 

the corresponding concentration with the CA5 ash. With CA5 ash, sodium (Na2O) and chlorine (Cl) 

were added in higher amounts than with the addition of CTB ash. These differences may explain the 

results regarding pH control and methane formation. As mentioned earlier, the main sources of 

alkaline properties of FA are sodium and potassium (Rajamma et al., 2009), which present different 

amounts in the two scenarios. For CA5 ash, the amount used to neutralize the pH of D0 effluent was 

less than that used for CTB and may be related to the presence of sodium, which contributed largely 

to the increase in pH, thus reducing the amount of ash added. Magnesium (MgO), calcium and iron 
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are vital metals for the enzymatic activities of methanogenic microorganisms (Takashima et al., 

1990), and the increase in their concentration (as occurred with the addition of CTB ash) in the AD 

process could stimulate its activity, increasing methane production and overall anaerobic 

performance.  

 
Figure 35| Representation of the theoretical mass of each oxide/element added to each bioreactor, 

considering the type of ashes used (CA5 or CTB). 

 

The use of ash in the AD of several wastes and wastewaters is widely reported in the literature. 

Huiliñir et al. (2015) reported an increase in the methane volume produced and in the biodegradability 

of sewage sludge from the WW treatment of the paper industry by 135 % and 143 %, respectively, 

when FA was added to digesters as suppliers of trace metals. In this case, the increase in the volatile 

solids (VS) degradation was due to the higher microbial activity in the presence of ash, improving 

the methane production. Using fines from processing recovered paper, Steffen et al. (2016) observed 

that the presence of ash did not negatively influence the overall yield of the anaerobic conversion of 

organic material into methane. In their study, Montalvo et al. (2018) obtained an increase in the 

methane volume produced by 200 % compared to a reference assay, using a mixture of primary 

(60 %) and excess activated sludge (40 %) from a WWTP as a substrate. For this significant 

increase, these authors point out that the inclusion of solids could have contributed to the increase 

in the contact surface between microorganisms and substrate, enhancing the methane production. 

In addition, the FA used had several metals in its constitution, which leached and contributed to 

improve the anaerobic process and increase the methane production (Montalvo et al., 2018). 

It is important to be aware of the different physico-chemical characteristics of the different types 

of wastes/wastewaters used in the AD process. For each type of waste, the AD process has different 

nutritional needs, making it necessary to adapt the process to the type of waste under study. In this 

case, a deep study focusing on the AD of D0 with ash supplementation may be important to 

understand the influence of different types of ash on methane production and other important 

monitoring parameters. 

Thus, with these results, it can be assumed that the use of CTB fly ash is beneficial for the AD 

process using D0 as an effluent, as its presence during the digestion process enhances the sCOD 

removal with the benefit of methane formation. Besides that, the use of FA to neutralize acidic 

effluents from the P&P industry, such as D0 effluent, can reduce operating costs with the acquisition 

of the chemical compounds (in this study NaOH was used to adjust pH). With this approach, it is 

possible to treat and value two different types of residues – solid residue as FA and liquid effluent 

like D0 –, creating value from a sustainable process like AD with energy vector (methane) generation.   
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4.1.2 Fly ash (powder) addition to anaerobic digestion of cheese whey 

Due to the high volume of effluent generated in the dairy industries, it is very important to treat 

those effluents efficiently. As mentioned earlier, dairy effluents, particularly those from cheese 

production, have a very high concentration of dissolved and particulate organic material, which can 

create several problems in the municipal WWTP (Carvalho et al., 2013). Cheese whey usually has 

a BOD/COD ratio above 0.5, being considered an easily biodegradable substrate, suitable for aerobic 

and anaerobic treatment (Prazeres et al., 2012).  

The physico-chemical characteristics of this type of substrate led to an unstable operation in AD 

systems. The addition of alkalinity is essential for the stability of AD, in the start-up period or during 

the process (Gavala et al., 1999; Rodgers et al., 2004; Yang et al., 2003). The high organic loads 

present in the cheese whey effluents normally promote the production of VFA by acidogenic 

microorganisms, leading to the acidification of the system (Gutiérrez et al., 1991). In these cases, 

since the production of VFA is faster than its consumption by methanogenic microorganisms, they 

tend to accumulate in the reaction medium, causing a reduction in pH and suspending the COD 

removal from the liquid phase (Rodgers et al., 2004).   

To overcome the pH inhibition caused by the accumulation of VFA in the medium, efficient 

methodologies for pH control can be applied. The use of fly ash in anaerobic systems is already 

documented, as a stimulant of the AD process as a source of micronutrients (Guerrero et al., 2019; 

Montalvo et al., 2019), and as a pH buffer material in the AD of municipal solid waste (Banks and Lo, 

2003; Lo, 2005). However, to date, there are no studies presenting FA powder as a buffer material 

for an AD system treating cheese whey.  

 

4.1.2.1 Anaerobic digestion of cheese whey with fly ash addition to control pH  

The fly ash from an industrial thermal power plant (see section 3.3.1) was used mainly for pH 

buffering and stability control in the anaerobic system. The main objective of these small-scale 

bioreactors (oxitop) was to understand the effect of adding fly ash powder on the pH of the AD 

process in the treatment of cheese whey wastewater. The presented oxitop assays were performed 

according to the conditions described in section 3.5.1.2 (Table 22). The results presented here serve 

as a basis for the work developed and presented in the subsequent sections, namely, the application 

in AD processes of geopolymer spheres with fly ash in their constitution. 

Figure 36 shows the pH values at the beginning, on the 15th day of incubation and at the end of 

the experiments, with different fly ash concentrations, ranging from 0.07 and 9 g/L. In Figure 36, the 

pH values are also shown for the reference assay (CW_0), without inorganic additives (fly ash or 

commercial chemical solution) for pH control, and for assays with the addition of commercial 

chemical solution (CW_Alk2 and CW_Alk4), with two different concentrations measured in alkalinity 

units (as CaCO3). In all the different conditions tested, the pH dropped during the incubation period, 

with values approximately 50 % lower than the initial value at the end of the experiment. The only 

exception was the oxitop bioreactor where the highest FA amount was added (CW_9, with 9 g/L of 

fly ash), with a final pH value only 18 % lower than the initial pH value. After 15 days of incubation, 

the pH values were already low, close to those measured at the end of the experiment. Oxitop CW_7 

was the exception, with an intermediate pH value (9.22) on day 15, in the mid-term between the initial 

and final pH values. 
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Figure 36| pH values (± standard deviation) measured at the beginning, on the 15th day and at the end of the 

oxitop batch anaerobic assays with cheese whey as substrate and fly ash for pH control.  

 

Figure 37 illustrates the relationship between the pH values (initial and final) and the fly ash 

concentration added to each oxitop bioreactor. It was observed, as expected, that the initial pH value 

measured in each experiment increased with the increase in the FA amount added to act as an 

inorganic additive in pH control. This increase in the initial measured pH values followed a linear 

adjustment, with a determination coefficient of 0.852, indicating that the linear model described well 

the trend of the data presented. For the final measured pH values, the determination coefficient was 

slightly lower than the previous one (0.807), indicating that about 20 % of the data obtained do not 

follow the linear trend. For both initial and final pH values, the expected pH increase with the addition 

of FA (powder) was 0.539 (± 0.014) pH values per g/L of FA. This indicates that, even after 21 days 

of anaerobic incubation, the FA powder addition has a noteworthy influence on the pH values of the 

liquid fraction (digestate).   

 

Figure 37| Relationship between pH (initial pH in green □, and final pH in blue ) and FA concentration added, 

in batch oxitop of cheese whey AD assays.  

 

The pH drop observed with the anaerobic process performed is indicative of microbial activity and 

the conversion of organic matter into intermediates such as volatile fatty acids (VFA). In fact, if VFA 

accumulation occurred during the acidogenesis step of AD, it results in a sharp drop in pH values 

and can inhibit the microbial community, especially methanogenic microorganisms (Wainaina et al., 

2019). Acidogenic microorganisms are more tolerant to low pH values than methanogenic 

microorganisms and can tolerate slightly acidic conditions, being the optimal pH range for their 
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growth and activity often considered between 4.0 and 6.5 (Speece, 1996). These pH variations are 

normally counterbalanced by the formation of alkalinity through CO2 production, promoting self-

regulation of the system’s pH.  

Table 29 lists the measured initial and final pH values, the methane content in the formed biogas 

and the total VFA concentration at the end of the incubation time, presented as COD equivalents 

(gO2VFA/L). Figure 38 shows the VFA composition of the initial and final samples for the conditions 

tested, regarding the VFA species present in large quantities, namely acetic, propionic and n-butyric 

acids. VFA species referred to as “others” refer to VFA species determined at much lower 

concentrations (i-butyric, i-valeric, n-valeric and n-caproic acids) than acetic, propionic and butyric 

acids.  

Table 29| pH values on days 0 and 21, methane content in the biogas produced and total VFA concentration 

at the end of the experiment, in oxitop bioreactors containing different alkaline agents (CaCO3 and powder FA) 

in different initial concentrations. 

 Assay ID 
Alkaline agent 
concentration 

(g/L) 

pH at 
day 0 

pH at 
21st day 

CH4 content 
(21st day)  

(%) 

TVFA 
(21st day)  
(gO2VFA/L) 

Reference CW_0 - 6.62 3.31 0.0 0.42 

Commercial 
solution 

CW_Alk2 2 8.62 3.91 15.1 1.00 

CW_Alk4 4 9.23 5.19 27.6 6.05 

Fly ash 
(powder) 

CW_0.07 0.07 6.83 3.35 0.0 0.66 

CW_0.15 0.15 7.11 3.36 0.0 0.60 

CW_0.2 0.2 7.01 3.34 0.0 0.65 

CW_0.5 0.5 7.29 3.39 9.2 0.85 

CW_1.5 1.5 8.90 4.07 0.0 1.36 

CW_3 3.0 9.64 4.48 11.1 3.56 

CW_3.5 3.5 10.29 4.30 0.0 * 

CW_4 4.0 10.46 4.98 16.5 * 

CW_4.5 4.5 10.65 5.59 1.0 * 

CW_5 5.0 10.36 4.61 0.0 1.21 

CW_7 7.0 10.99 5.45 0.0 1.12 

CW_9 9.0 11.41 9.41 0.0 0.68 
* not determined 

At the beginning of the experiment, the total VFA concentration for all conditions tested with the 

addition of FA to control the pH varied between 0.31 and 0.58 gO2VFA/L and tended to increase with 

the increase in the amount of FA added. The total VFA concentration at the end of the experiment 

increased by more than 50 % in all tested conditions, including in the tests with commercial alkalinity 

addition. For an intermediate FA addition (3 g/L), the total VFA concentration was greater than 3.5 

g/L, confirming that the low pH value in the liquid phase was mainly due to the conversion of organic 

matter into VFA. For the test with 4 g/L as CaCO3 addition of commercial alkalinity (CW_Alk4), a high 

VFA concentration of 6.05 gO2VFA/L was obtained, which may be related to the more efficient 

buffering of the medium (higher initial alkalinity concentration), which created favorable acidogenic 

conditions within that bioreactor.   

Acetic acid was the predominant acidic specie, accounting for over 60 % of the total VFA 

composition for all conditions at the beginning of the experiment and, in most conditions studied, it 
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is the predominant acidic specie at the end of the experiment (Figure 38). Propionic acid was also 

present in significant amounts at both sampling moments and butyric acid was formed mainly after 

AD of cheese whey. Butyric acid was present in larger concentrations when the conditions for the 

methane production were favorable, namely in the assays with 4 g/L of chemical alkalinity addition 

(CW_Alk4) and with 3 g/L of FA powder addition (CW_3). For these conditions, although the final pH 

values were not in the favorable methanogenic range (pH=5.19 for CW_Alk4 and pH=4.48 for 

CW_3), they did present methane in the biogas constitution. In fact, the presence of butyric acid and 

the production of methane are closely related, since this acidic specie, together with acetic acid, is 

the most favorable for methane production and a good indicator of the process performance (Lee et 

al., 2015).  

 
Figure 38| VFA composition (H-Ac, H-Prop and H-n-But) of the initial (a) and final (b) samples for the AD of 

cheese in with different FA concentrations in oxitop bioreactors.  

 

For these experiments, the methane content in the biogas obtained was very low, reaching a 

maximum of 28 % with chemical alkalinity addition and 17 % with FA addition. In this experiment, the 

methane content in the biogas and the pH values are not directly related, with the methane formation 

being observed in the bioreactors that presented final pH values below 5.2. The extreme conditions 

to which the microorganisms were subjected, initial pH above 9.0 (when more than 1.5 g/L of FA or 

4 g/L as CaCO3 of chemical alkalinity were added) or final pH below 4.5 (when less than 3.5 g/L of 

FA or 2 g/L as CaCO3 of chemical alkalinity were added), they negatively influenced methane 

production. Very sensitive methanogenic microorganisms may have been partially inhibited with pH 

fluctuations and have resulted in a very low (or none) methane content in the biogas produced. This 

inhibition is related to lower growth rates of methanogens than other members of the anaerobic 

(a)  

 
 
 
 
 
 
 
 
 
 
 
 
 

(b)  
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microbial population (acidogens and acetogens), which require more time to survive and adapt to a 

new anaerobic system (Alkaya and Demirer, 2011) and, in this case, to extreme environmental 

conditions, such as pH. 

Some authors have reported partial inhibition of methanogenic microorganisms in weak acidic 

conditions. Hwang et al. (2004) suggested that, at pH 4.5 – 5.0, not all methanogenic microorganisms 

are inhibited, in which the hydrogen utilizing (hydrogenotrophic) methanogens are active at low pH 

and, therefore, more tolerant than other methanogens under acidic conditions (Kim et al., 2004). Kim 

et al. (2004) also concluded that, if the reactor was operated for a sufficient time at pH 4.5, the growth 

of hydrogenotrophic methanogens was not completely inhibited and they presented some activity, 

while acetoclastic methanogens were completely inhibited.   

 

4.1.2.2 Effect of fly ash addition in anaerobic digestion of cheese whey 

For the experiments performed in the oxitop bioreactor, using cheese whey as a carbon source 

and adding FA powder to promote the pH regulation of the anaerobic system, some performance 

parameters were determined, mainly from the acidification step of AD. Figure 39 presents the 

performance parameters for the acidification step, such as the degree of acidification (DA) and the 

VFA yield (YVFA/COD), the organic matter (sCOD) removal and the methane content in the biogas. 

The parameters presented refer to the end of the experiment and the results for the assays with the 

addition of FA to control pH are shown and compared to the assay with the addition of 4 g/L as 

CaCO3 of chemical alkalinity. Since the organic matter present in the medium was converted into 

VFA, and the time of incubation (21 days) was insufficient to achieve methane in the biogas 

(detectable for quantification) due to the adaptation of methanogenic microorganisms to extreme pH 

conditions, some tests showed zero sCOD removal and, for this reason, were excluded from Figure 

39.  

In these experiments, the sCOD removal was very low, obtaining values between 2 and 12 %. 

This indicates that only a small fraction of the solubilized organic matter (where VFA are included) 

has been removed from the liquid fraction, for methane and/or for microbial cell growth. The low 

methane content in the biogas (data in Table 29), together with the low sCOD removal is an indicator 

of the potential acidogenic behavior of the bioreactors.  

The degree of acidification is the amount of solubilized organic matter that was converted into 

VFA and, in this case, was determined at the end of the experiment. For the assay with the addition 

of 4 g/L as CaCO3 of chemical alkalinity, 58 % of sCOD was converted into VFA, presenting this 

bioreactor surely an acidogenic behavior. The assays with FA addition presented much lower DA 

than the assay with chemical alkalinity addition, with values between 6.8 and 13 %. The exception 

was the assay when 3 g/L of FA were added, which reached a maximum value of 40 %, due to the 

highest total VFA concentration obtained.    

The VFA yield represents the amount of VFA produced from the substrate consumed by the 

microorganisms and provides an idea of the efficiency of the microorganism’s metabolism. For this 

reason, both YVFA/COD and DA are closely related. When DA is high, such as the case of CW_Alk4 

(58 %) and CW_3 (40 %), YVFA/COD is also high, with values above 0.78 gO2VFA/gO2. However, 

the value of sCOD removal is also related to the performance parameters of the acidogenic step. 

The sCOD removal in assay CW_Alk4 (15 %) is three times that obtained for assay CW_3 (5 %), 
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which makes the VFA yield of the CW_3 assay (0.87 gO2VFA/gO2) 11 % higher than the VFA yield 

of CW_Alk4 (0.78 gO2VFA/gO2). In this case, the microbial consortium was more efficient in the 

conversion of organic matter into VFA when 3 g/L of FA were used to control the pH of the anaerobic 

system. This slight improvement in the system when FA was added, may be related to the release 

of some metals present in FA, which enhanced the microbial anaerobic metabolism.     

 

Figure 39| Anaerobic performance for anaerobic oxitop assays with cheese whey and different FA addition for 

pH control: degree of acidification (DA), sCOD removal and methane content in biogas (a) and VFA yield (b) 

at the end of the experiment. 

 

Figure 40 shows the results obtained for the analysis of the content of the metals, specifically 

calcium, sodium, magnesium and iron, at the beginning and at the end of the batch experiments 

using different amounts of FA to control pH in the AD of cheese whey. The concentrations of metals 

were determined in the supernatant of each sample, thus representing the content of dissolved 

metals.  

For the reference bioreactors, with chemical alkalinity addition, the sodium content is much higher 

than in test bioreactors, achieving more than 1200 ppm. In these bioreactors, the sodium content is 

provided by the addition of NaCO3 to achieve the desired initial alkalinity concentration (4 g/L as 

CaCO3). In test bioreactors, with the addition of FA powder to control pH, the calcium content is 

higher than the sodium content. With the incubation and anaerobic process, the calcium content 

increased in all conditions tested, at the end of the experiment. On the other hand, the sodium content 

remained almost constant with time in all bioreactors. This trend led to the conclusion that the calcium 

from fly ashes solubilized and was released during the time of the experiment. For magnesium and 
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iron, there is no trend in the content of the metals with the increase of fly ash added or with the time 

of the experiment. In the case of the reference bioreactors, the magnesium and iron contents are 

very low (< 25 ppm) and, in the test bioreactors, they remained below 138 ppm for magnesium and 

below 60 ppm for iron.  

 

Figure 40| Metals (Ca, Na, Mg, Fe) concentration at the beginning and at the end of oxitop batch anaerobic 

assays with cheese whey and FA addition, at different amounts. 

 

As shown, the addition of FA to the medium led to an increase in the concentration of the metals 

leached from the ash. As shown previously (detailed characterization in Table 17), the CA5 ash used 

in this work has a high concentration on Na and Ca (both above 22 %), Cl (16 %) and K (7 %). With 

the increase in the amount of FA added, these elements (and other elements as Si, Mg, Al, Fe, Mn, 

P and Ti) potentially increased their concentration in the medium, since a part is solubilized and can 

be absorbed by the cells. The theoretical mass of each referred element added to four different 

bioreactors (CW_0.2, CW_3, CW_5, and CW_9) is included in Figure 41.  

Elements as Ca, Na, K and Mg are considered essential for microbial growth, affecting the specific 

growth rate of microorganisms. However, its concentration must be moderate to stimulate growth, 

and excessive amounts of metals must be avoided since they can be severely inhibitory and toxic to 

microorganisms (Chen et al., 2008). The negative influence of metals in the AD process is 

determined not only by their concentration but also by their oxidation state, chemical form, pH of the 

medium and interactions with other compounds, which include antagonistic metals (Bożym et al., 

2015).     

The increase in buffer capacity when higher amounts of ash were added to the anaerobic system 

is related to the increase in the amount of Na and K, the main sources of alkaline properties of ash 

(Rajamma et al., 2009). Ca and Na increased widely with the increase in FA concentration but the 

inhibitory concentration for these elements was not achieved. For Ca, concentrations above 
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2400 mg/L can moderately inhibit the methane formation, while concentrations above 6000 mg/L of 

Na can cause total inhibition of the anaerobic system concerning methane production (Bożym et al., 

2015) 

 

Figure 41| Representation of the theoretical mass of each oxide/element added to four bioreactors (CW_0.2, 

CW_3, CW_5 and CW_9) with the addition of CA5 fly ash powder.  

  

Theoretically, other elements such as Si, Ti, Al, Fe, Mn, S and P were added in smaller amounts, 

not exceeding 200 mg/L of the element, even at the highest FA amount added. Chloride was present 

in the FA used in this work in high amounts (15 wt.% dry basis). In fact, FA has usually considered 

hazardous waste as it is mainly composed of metals, soluble salts and lime, with a high content of 

chloride (del Valle-Zermeño et al., 2014; Romero-Güiza et al., 2016). The increase in the chloride 

concentration in the liquid medium may have enhanced the inhibition observed in the methane 

formation for bioreactors with an addition higher than 4.5 g/L of FA.   

With the results obtained, it can be assumed that the use of CA5 fly ash for the pH control of the 

AD process using cheese whey as a carbon source has some advantages. The methane formation 

was inhibited due to the low pH values achieved, however, the VFA production was favored and the 

microorganism’s metabolism for the acidification step was slightly enhanced, compared to the use of 

the commercial alkalinity solution. As previously mentioned, the use of FA to control pH instead of 

commercial solutions can reduce operating costs and, at the same time, present solutions for waste 

management, with valorization potential (methane formation).    
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4.1.3 Comparison between bleaching effluent from pulp and paper 

industry and cheese whey from the dairy industry as substrates for methane 

production 

Table 30 lists the main parameters used to evaluate the performance of the anaerobic assays 

performed with D0 effluent and cheese whey as substrates, and with FA addition for pH regulation. 

The performance parameters include pH values, sCOD and AOX removals, and the parameters for 

evaluating acidogenic and methanogenic steps of AD.    

Table 30| Comparative values for the performance of AD of D0 and cheese whey with FA addition.  

 Parameter D0 effluent * Cheese whey ** 

pH Initial pH 7.36 9.64 

Final pH 7.16 4.48 

Organic matter sCOD Removal (%) 64.6 5.1 

Acidogenic step [VFA] (mgO2/L) 88 3563 

DA (%) 4.6 40.2 

YVFA/COD (gO2VFA/gO2) 4.1 86.8 

Methanogenic step CH4 content (%) 21.5 11.1 

YCH4/sCODin (mL/gO2) 0.26 *** 

Methanization degree (%) 42.8 *** 

Adsorbable organic halides AOX removal (%) 62.0 n.a. 
* CTB fly ash addition (17.2 g/L), 2 gO2/L of initial organic load from D0 effluent  
** CA5 fly ash addition (3 g/L), 8 gO2/L of initial organic load from cheese whey 
*** It was not possible to measure the pressure variation in oxitop vessel, making the determination unfeasible 
n.a. – not applicable  
 

 

The pH variation with cheese whey as a substrate indicates that the use of 3 g/L of FA (CA5) was 

not efficient to promote a methanogenic phase of the AD process. In fact, the addition of only 3 g/L 

of CA5 ashes to the AD process of cheese whey led to a low percentage of sCOD removal, high VFA 

concentration and low methane content in the biogas formed, evidencing a typical acidogenic 

behavior. On the other hand, the use of CTB ash in the anaerobic treatment process of D0 effluent 

enhanced the methanogenic phase, with a low degree of acidification and a high methanization 

degree. In addition, in the AD process treating D0 effluent, AOX removal from the liquid fraction was 

observed, reaching removal percentages above 60 %.     

With the results obtained, it was observed that AOX has an inhibitory effect when the sCOD 

concentration of D0 effluent added is greater than 2 gO2/L, reducing the methane formed and the 

percentage of organic matter removal. In addition, in the AD of D0 effluent with CTB fly ash (from a 

biomass-boiler that burns several types of wood and non-wood biomass) addition, a better 

methanogenic performance was obtained, compared to the addition of CA5 fly ash (from a 

biomass-boiler, which burns only Eucalyptus bark). CTB fly ash, in addition to increasing methane 

production, also increased the final aerobic biodegradability of the effluent.  

The use of fly ash powder to promote pH control in the anaerobic treatment process of cheese 

whey was not effective, since the final pH and the performance parameters indicate that the systems 

presented acidogenic behavior. For this type of substrate, the use of a concentration higher than 
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5 g/L inhibited the formation of methane and a concentration of 3 – 4 g/L led to VFA accumulation, 

due to the poor alkalinity strength provided by the FA addition.  

In the case of the bleaching effluent (D0), its acidic nature can be problematic for the 

implementation of an anaerobic treatment, since the low pH can favor the VFA accumulation and the 

presence of compounds with low biodegradability requires a proper biomass adaptation (Jain and 

Mattiasson, 1998). On the other hand, the high organic matter content present in the cheese whey 

effluent can be converted into methane, if the environmental conditions inside the digesters favor 

methanogenesis, but it can also lead to the VFA accumulation, due to the low alkalinity of the effluent 

(Mockaitis et al., 2006) and rapid tendency to acidification (Escalante et al., 2018). Due to the 

characteristics of these two different effluents, mainly their organic load and biodegradability, cheese 

whey has a higher anaerobic treatment potential than D0 effluent, with a high potential to be valorized 

into the energy vector (methane) (Escalante et al., 2018).  

To ensure good methanogenic performance, pH and alkalinity must be controlled. The most 

common approach is the addition of chemical alkaline compounds, such as NaOH or NaHCO3, to 

increase the buffering capacity of the system, which makes the treatment more expensive 

(Charalambous et al., 2020) and sensitive to environmental changes. A good alternative is to explore 

the use of inorganic additives to promote pH control, such as fly ash, because they can release 

minerals, which act as micronutrients and neutralizing agents, ensuring good stabilization of pH 

(Shamurad et al., 2020). Some studies using fly ash in sludge (Guerrero et al., 2019) or municipal 

solid waste (Shamurad et al., 2019) digestion, have reported an improvement in methane production, 

showing the efficiency of this mineral supplementation in AD processes. Huang et al. (2018) also 

reported that the use of biomass FA in the two-step AD process treating food waste boosted the VFA 

accumulation in the acidogenic bioreactor and the methane formation in the methanogenic 

bioreactor.  

However, the addition of fly ash (in powder formulation) to an anaerobic system does not allow 

the control of the alkalis’ release, leading to a rapid increase in pH values, as was observed in oxitop 

bioreactors treating cheese whey, and poor long-term alkalinity control. For substrates with high 

acidogenic potential, as in the case of cheese whey, a controlled and prolonged pH regulation is 

crucial for the success of the AD treatment process.  

The alternative developed and presented in the next sections to control the pH is the use of new 

materials that incorporate an alkalis source in their structure, as in the case of fly ash (or even red 

mud waste). New geopolymer spheres were developed to be tested in AD processes to improve the 

stability of the anaerobic system (in terms of pH) and increase the methane formation. To test their 

capacity and strength to control the system’s pH, a substrate with high biodegradable potential and 

a tendency to acidify quickly, such as cheese whey, was studied.   
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4. 2 Phase 2: Fly ash-based geopolymers 

addition to anaerobic digestion assays 
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4.2 Phase 2: Fly ash-based geopolymers addition to anaerobic 

digestion assays 

In this section, the assays described in sections 3.5.1 and 3.5.2 were performed applying the 

operational conditions detailed in Table 23 and Table 24. The concentrated cheese whey solution 

was used as a substrate in anaerobic batch and fed-batch assays and geopolymer spheres used as 

a buffer material in the developed processes.  

First, since the geopolymer spheres leach organic compounds into the liquid medium, a small test 

was performed to study the increase in sCOD caused by the GS addition. The composition of the 

GS binder based on fly ash was also evaluated, studying the difference in the pH control of the AD 

system using both metakaolin and fly ash as sources of aluminosilicates in the geopolymer spheres 

manufacture. Since fly ash-based geopolymers showed better anaerobic performance, they were 

used in long-term batch assays studying different GS concentrations.  

The porosity of the spheres can also influence the anaerobic performance of the system. Thus, 

tests with low and high porosity geopolymer spheres were performed in batch and fed-batch scale. 

The HPGS showed an increase in methane formation and fed-batch assays with four AD cycles were 

performed to test the viability of using the spheres over a long period and organic load shocks.    

For these assays, several goals were defined, namely:  

I. Determination of the influence of geopolymer spheres addition in liquid mixtures (with and 

without anaerobic biomass), in terms of soluble organic matter (measured in sCOD);    

II. Determination of the influence of the binder composition (metakaolin or fly ash, in different 

proportions) and concentration of geopolymer spheres in the pH control of the anaerobic 

degradation of cheese whey;  

III. Determination of the influence of fly ash-based geopolymer spheres concentration in the 

methane production from cheese whey anaerobic digestion batch process; 

IV. Evaluation of the anaerobic performance of batch bioreactors treating cheese whey and 

using fly ash-based geopolymers spheres as an inorganic additive to control pH; 

V. Study of the effect of porosity and geopolymer spheres concentration on methane 

production, operating a 2-cycle fed-batch anaerobic process treating cheese whey; 

VI. Evaluation of the anaerobic performance of 2-cycle fed-batch bioreactors treating cheese 

whey and using low and high porosity geopolymer spheres as an inorganic additive to 

control pH; 

VII. Study of the effect of the prolonged operation of multiple cycle fed-batch anaerobic system, 

using fly ash-based geopolymer spheres as buffer material and cheese whey as substrate; 

VIII. Comparison of different fly ash-based geopolymers spheres to promote pH control and 

methane boost in the anaerobic digestion process of cheese whey; 

IX. Definition of the type and concentration of the fly ash-based geopolymer spheres, suitable 

for use on in anaerobic digestion process treating cheese whey wastewater.  
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4.2.1 Fly ash-based versus metakaolin-based geopolymer spheres: 

anaerobic digestion assays with cheese whey  

The use of waste-based GS with high buffer capacity can be an effective solution, in comparison 

with commercial alkaline materials, to promote prolonged pH control in AD of highly biodegradable 

waste streams. In addition, easier recovery and the possibility to reuse make these materials 

attractive compared to using FA (in powder form) to control the pH (see the results presented in 

section 4.1).  

To determine the influence of the binder composition of GS, namely metakaolin or fly ash, several 

tests were performed, in oxitop batch bioreactors and in 1 L batch bioreactors. Oxitop bioreactors 

were performed to define the concentration of GS to be used on a larger scale (1 L batch bioreactors). 

The initial substrate concentration corresponding to sCOD of 8 gO2/L and the initial biomass 

concentration of 2 gVSS/L were based on previous anaerobic tests with cheese whey as substrate 

performed by Silva et al. (2013).    

 

4.2.1.1 Geopolymer spheres characterization before anaerobic digestion assays 

After the GS synthesis, performed as described in section 3.3.2.1, the spheres to be used in the 

oxitop assays (results presented in section 4.2.1.2.2) and in the 1-cycle batch assays (results 

presented in section 4.2.1.3) were characterized as described in section 3.6.9 of the methodology 

chapter. Photographs of the produced geopolymer spheres (composition details in Table 18) 

containing 33 wt.% FA (MK-based GS) and 75 wt.% FA (FA-based GS) are shown in Figure 42 (a) 

and (e), respectively.  

 

Figure 42| Optical (a and e) and SEM characterization (b-d and f-h) of the porous geopolymer spheres 

prepared with (a-d) 33 wt.% (MK-based spheres) and (e-h) 75 wt.% FA (FA-based spheres). Figure (d) and (h) 

correspond to binary images (black and white) of the SEM micrographs.  

 

The spheres had a homogeneous particle size distribution with a diameter of about 3 mm. Figure 

42 also includes SEM micrographs of the spheres’ outer surface and their pore microstructure. Figure 

42 (b) reveals a perfect and homogeneous surface for the MK-based spheres, while a more porous 

surface is observed for the FA-based spheres Figure 42 (f). Figure 42 (c) and (g) show that in both 

compositions a high number of closed pores is present. Nevertheless, to better assess the pore size 

and distribution, image analysis was performed on SEM micrographs of the spheres.  
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Average Ar was included in Figure 42 (c) and (g), while the cumulative area ratio is depicted in 

Figure 43. The results show a higher porosity (≈ 6 % higher Ar) for MK-based spheres in comparison 

with FA-based ones. Moreover, the cumulative area ratio (see Figure 43) shows a broader pore size 

distribution for MK-based spheres. The differences observed in porosity and pore size distribution 

influence the particle surface area and, therefore, are expected to influence the leaching behavior of 

the spheres. It should be highlighted that, while providing useful information on pore size distribution 

image analysis, it can provide only a detailed two-dimensional image of the pores, while its 

connectivity, which will crucially affect leaching behavior, cannot be assessed using this technique. 

 

Figure 43| Cumulative area ratio for the different compositions, MK-based and FA-based GS (measured using 

image analysis). 

 

Figure 44 shows the EDS spectrum of the surface and the inner part of the spheres for the two 

geopolymer compositions. Significant differences are perceived between the systems: the MK-based 

spheres have a higher sodium content on the surface and a lower content on the inside; while in 

FA-based spheres the opposite is observed.  

 

Figure 44| EDS spectrum of the MK-based and FA-based geopolymer spheres (left); EDS maps (right) of MK-

based (a and b) and FA-based (c and d) geopolymer spheres. The first column (a and c) maps correspond to 

the spheres exterior surface and the second column (b and d) to their inner part. 
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The spectrum also shows that the aluminum content in MK-based spheres is greater than that 

observed in their FA-based counterparts. The latter observation is attributed to the different chemical 

composition of the precursors (see Table 17). In fact, the SiO2/Al2O3 ratio is about 2.5 times higher 

in the FA (3.41) in comparison with MK (1.38). These differences are expected to affect the alkalis 

leaching from the geopolymers, and hence their ability to buffer the pH. A work performed by Novais 

et al. (2017) in water media showed that FA-based spheres leach higher alkalis amounts in 

comparison with their MK-based counterparts and, for this reason, a higher pH buffer capacity was 

obtained for this system.  

To characterize the composition of individual spheres, EDS maps of their surface and inner part 

were collected and included in Figure 44. The maps clearly demonstrate the higher sodium content 

on the surface of the MK-based spheres in comparison with the FA-based specimens, in line with 

the EDS spectrum.  

Figure 45 presents the XRD patterns of the different geopolymer spheres. The MK-based sphere 

pattern shows a broad hump at 2θ = 20-40°, while a smaller hump is observed in the FA-based 

spheres, which is associated with a higher content of more crystalline FA and a smaller amount of 

highly amorphous MK, in this composition. 

 
Figure 45| XRD patterns of MK-based and FA-based geopolymers spheres. 

 

4.2.1.2 Effect of geopolymer spheres addition on soluble chemical oxygen demand 

content 

During the manufacture of geopolymer spheres, they are immersed in a PEG solution (as 

described in section 3.3.2.1), and some molecules tend to be adsorbed on the GS surface. When 

immersed in an aqueous medium, these molecules tend to desorb and remain suspended in the 

aqueous medium, with the potential to be used by anaerobic microorganisms for growth and product 

formation.  

To study the influence of GS addition on the increase in sCOD of mixtures with cheese whey, 

probably due to the leaching of PEG from GS, a small test was performed. Table 31 summarizes the 

conditions applied to the bioreactors. In these assays, the substrate and anaerobic biomass 

concentrations were the same as those tested in all oxitop bioreactors operated, implying the dilution 

of the concentrated cheese whey solution and the biomass collected in the WWTP. The assays were 

incubated for 20 days and the temperature was kept at 36 ± 1 °C throughout the incubation time.  
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Table 31| Mixtures compositions for sCOD testing, with GS addition.  

Assay 
Cheese whey 
solution (CW) 

(8 gO2/L) 

Anaerobic 
biomass 

(2 gVSS/L) 

Chemical 
alkalinity (Alk) 
(4 gCaCO3/L) 

FA geopolymer 
spheres (GS) 

(4 g/L) 
Water 

COD1 √ √   √ 

COD2 √ √ √  √ 

COD3 √ √  √ √ 

COD4    √ √ 

COD5  √  √ √ 

COD6 √   √ √ 

 

The results regarding the sCOD over time for the mixtures tested are shown in Figure 46 (a) and 

the corresponding pH values are presented in Figure 46 (b). The COD1 assay refers to the mixture 

of biomass and cheese whey (CW), without chemical alkalinity or GS addition to control the pH. In 

this mixture, the sCOD decreased by 27 % after 1 day of incubation and remained almost constant 

until the end of the experiment. The pH values for this bioreactor decreased to 3.5 on day 3 of 

incubation and remained strongly acidic until day 17. With this substrate, with a high organic load 

and biodegradable potential, it is expected that the absence of alkalinity (chemical or otherwise) 

leads to acidification of the bioreactor, which occurred in the COD1 assay.  

 

Figure 46| Results for the preliminary tests performed with the addition of GS, regarding sCOD (a) and pH (b) 

over time.  

 

(a)  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b)  
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To confirm the need for alkalinity in this type of anaerobic system to be studied, the bioreactor 

COD2 was performed, with chemical alkalinity addition (4 g/L measured as CaCO3). The sCOD tends 

to decrease with time, reaching 1.39 gO2/L at the end of the experiment. The pH values confirm the 

potential of using chemical alkalinity to control the pH in anaerobic systems using cheese whey, with 

a high sCOD reduction (more than 80 % of sCOD removal) and pH values within the neutral range, 

suitable for methane production. 

For the mixture represented by COD3, 4 g/L of FA-based GS were added to the mixture of 

biomass and cheese whey solution. The results show an increase in the sCOD from 7.81 to a 

maximum of 13.86 on day 3, which corresponds to an increase in the sCOD of 6.05 gO2/L. This 

value is high, considering the sCOD added in the experiments (≈ 8 gO2/L), and it corresponds to 

≈ 75 % of initial organic load added. The pH for the COD3 assay decreased slightly on the first day 

of incubation and, after a minimum value of 5.37, increased and remained in the neutral range after 

day 3 of incubation, similar to the pH profile of COD2.  

To confirm the influence of the GS addition on the sCOD increment, three additional tests were 

performed, namely: COD4, with GS in water, COD5, with anaerobic biomass and GS, and COD6, 

with cheese whey (diluted) and GS. For the three tests, the increase in sCOD after the GS addition 

is very clear, obtaining values between 9.93 gO2/L and 10.20 gO2/L of the sCOD increment. In water 

and biomass, the pH was kept constant from day 2 to the end of the experiment, in values around 

10 (COD5) and 11 (COD4). In these assays, the observed pH stability was expected, since the 

mixtures lack substrate, essential for anaerobic microbial activity. For the assay with cheese whey 

and GS, the pH increased to 10.2 on day 2 of incubation and started to decrease after that, stabilizing 

in the range 6.20 – 6.60 after day 7. The use of a non-sterile cheese whey solution and applied 

temperature (36 °C) boosted the development of microorganisms and promoted the organic matter 

degradation, which decreased the pH of the media, with the accumulation of volatile fatty acids and 

other biological intermediates. 

From the assays performed, it is possible to conclude that the addition of GS to an aqueous 

medium increases the sCOD content by about 10 gO2/L, probably due to the leaching of organic 

compounds (PEG) attached to the surface of the spheres. This organic compound can be degraded 

by the anaerobic microorganisms, as several authors have previously reported (Chen and Hu, 2015; 

Dosta et al., 2018; Huang et al., 2005; Otal and Lebrato, 2003). Thus, the determination of methane 

yields and sCOD removals in assays in which FA-based GS was used as a buffer material will take 

into account the increase in sCOD triggered by the leaching of organics from the GS addition.  

 

4.2.1.3 Oxitop batch assays with geopolymer spheres: effect of the binder 

composition 

It is recognized that the methanogenic digestion of highly biodegradable substrates is 

problematic. The proposed strategy can improve the stability and efficiency of the systems (e.g. 

methane yield) and simplicity (prevent the need for continuous pH adjustment). The influence of the 

binder composition (metakaolin (MK)-based or FA-based) and its content on the ability to control the 

pH in the AD of cheese whey (substrate with high acidogenic potential) was evaluated.  

For this, 15 oxitop bioreactors were performed with different amounts of GS (MK and FA-based) 

additions (details in Table 23). In this experimental set-up, only the pH values were monitored during 
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the 21 days of incubation and the methane content was determined at four sampling moments during 

the incubation period. This preliminary pH assessment performed in oxitop bioreactors was used to 

select the optimal formulation and amount of GS for the study of methane production in larger-scale 

trials.  

To evaluate the influence of the geopolymer composition on the pH evolution in the AD of cheese 

whey, several amounts added (20, 40 and 80 g/L) of the two types of spheres were studied over 21 

days. Table 32 lists the initial pH (day zero) and pH on the 1st and 21st day and the methane content 

on the 21st day, for all bioreactors operated. Figure 47 shows the pH fluctuation inside the batch 

anaerobic digesters (total volume of 250 mL) as a function of time, representing the average values 

for the replicates performed, with standard deviation.  

Table 32| pH values on days 0, 1 and 21, in oxitop bioreactors containing different alkaline agents in different 

concentrations. 

 Assay ID 
Alkaline agent 
concentration 

(g/L) 

pH at 
day 0 

pH at 1st 
day 

pH at 
21st day 

CH4 content 
(21st day) 

(%) 

Reference R0 - 7.18 4.68 4.42 5.7 

Commercial 
solution 

R1 2 8.23 4.86 4.88 14.7 

R2 4 9.61 6.91 6.51 50.4 

FA-based 
GS 

R3 – R4 20 7.14 6.21 6.48 49.8 

R5 – R6 40 7.14 8.54 8.81 0.0 

R7 – R8 80 7.69 11.69 11.55 0.0 

MK-based 
GS 

R9 – R10 20 6.42 5.44 6.33 60.1 

R11 – R12 40 7.09 6.64 7.49 42.3 

R13 – R14 80 6.76 9.21 10.23 0.0 

 

For bioreactors containing geopolymer spheres, the pH immediately after spheres addition (at 

day zero) was maintained at levels similar to those of the reference assay, showing a different 

behavior when compared to the alkali addition assay. In the following days, the pH was considered 

dependent on the spheres’ content (20, 40 or 80 g/L) and composition (MK-based or FA-based). 

Higher amounts of spheres generally increase the pH, with higher values achieved for assays using 

FA-based spheres instead of MK-based spheres. In bioreactors containing MK-based spheres, the 

pH on the 1st day of incubation increased from 5.44 to 9.21 by increasing the amount of spheres from 

20 to 80 g/L, while even higher pH values were observed when using larger quantities of FA-based 

spheres (ranging from 6.21 to 11.69 with the increasing amount of spheres). These results show that 

FA-based spheres leach higher amounts of alkali in the medium in comparison with the MK-based 

spheres, which may be associated with the lower geopolymerization degree achieved for the FA-

based compositions, resulting in larger amounts of alkalis available for leaching (Novais et al., 2017).  

To better understand the influence of the matrix (MK-based or FA-based) on the OH- leaching 

behavior, without the contribution of the pore size and its connectivity, 1 g of spheres was milled and 

added to 50 mL of distilled water and magnetically stirred for 24 h. The leaching of OH- ions was 

determined by the acid-base titration method (using 0.035 M HCl as the titrant and phenolphthalein 

as the acid-base indicator). The FA-based geopolymer leached 0.026 mol/dm3 OH- ions, substantially 

higher that that observed for the MK-based one (0.016 mol/dm3). This result shows that the matrix 

composition crucially influences the leaching behavior of the spheres.  
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Figure 47| pH fluctuation (average values ± standard deviation) in anaerobic digesters as a function of time 

with alkaline chemicals (a), FA-based (b) and MK-based (c) geopolymer spheres addition. 

 

The higher leaching behavior observed for FA-based spheres allows for an improved pH buffering 

ability. In fact, a narrower pH fluctuation was observed for FA-based geopolymer spheres. In these 

bioreactors, the pH gradient (pH difference between the 1st and the 21st day) was 0.27, 0.27 and 

0.14, respectively, for bioreactors containing 20, 40 and 80 g/L of GS, being 0.89, 0.85 and 1.02 for 

those containing MK-based geopolymer spheres. This behavior clearly demonstrates the remarkable 

potential of this innovative material (FA-based geopolymer spheres) as a pH regulator in AD 

processes, due to its gradual and prolonged leaching behavior (narrower pH fluctuation). The results 

show that the pH level in the AD can be adjusted considering the desired application, for example, 

the generation of methane or hydrogen, through an energy valorization, or VFA recovery, through a 

material valorization. This versatility can be achieved using the appropriate combination of binder 

composition and amount of geopolymer spheres, which further demonstrates its interesting potential. 

The results show that only for high concentrations of spheres (80 g/L of MK-based spheres and 

40 and 80 g/L of FA-based spheres) the pH reached very high values for AD stability (9.21, 8.54 and 

11.69, respectively, on the 1st day of the experiment), comparable with both assays with chemical 

alkali addition. The use of 20 g/L of FA-based spheres and 40 g/L of MK-based spheres maintained 

the pH between 5.90 and 7.14 and between 6.53 and 7.96, respectively, during the test period (21 

days), which can be considered suitable for methane production in AD (C. Zhang et al., 2014). Hence, 

considering economic and environmental reasons (less amount of spheres and higher content in 

(a)  
 
 
 
 
 
 
 
 

 
(b)  
 
 
 
 
 
 

 
(c) 
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FA), only FA-based spheres were selected for the next stage (evaluation of methane potential in 

larger batch bioreactors). 

Regarding methane production, the results obtained for the methane content in biogas at the end 

of the oxitop experiments were also listed in Table 32. Figure 48 helps to understand the relationship 

between the final pH values measured in anaerobic bioreactors and the methane content in biogas 

at the end of the experiment.  

 
Figure 48| Methane content vs pH at the end of oxitop experiments containing different alkaline agents at 

different concentrations.  

 

As mentioned earlier, an acceptable pH range for the maximum methanogenic activity of 

methanogenic microorganisms is between 6.8 and 7.2. According to the results obtained (Table 32), 

the highest methane content (60 %) was obtained at a pH of 6.33 (R9 – R10). Although slightly below 

the optimum methanogenic pH range considered before (near-neutral pH range), the pH values 

measured in R9 – R10 bioreactors are perfectly acceptable for methane formation, as referred by 

many authors who have studied different types of substrates (Anderson et al., 2003; Ghaly et al., 

2000). It is also stated that methane-producing microorganisms have an optimal growth in the pH 

range between 6.6 and 7.4, although the stability of the anaerobic system regarding methane 

formation can be achieved in a broader pH range, between 6.0 and 8.0. Below pH 6.0 and above pH 

8.3, methane forming microorganisms can be inhibited, reducing methane formation and leading to 

process inhibition (Chernicharo, 2007).  

 

4.2.1.4 1-cycle batch assays: effect of spheres addition on the anaerobic digestion of 

cheese whey 

For batch tests on a larger scale, and to obtain a correct pH range for methane production, two 

different amounts of FA-based spheres were used: 20 (FA2) and 28 g/L (FA3), where the former was 

selected considering the results shown in the previous section, while the later was speculated from 

the tests presented previously (1st stage). In these 1-cycle batch assays, only geopolymer spheres 

were used as pH regulators. A blank test (FA1) was performed under the same conditions as the 

previously described bioreactors, but without the addition of chemical alkalinity or geopolymer 

spheres to promote pH control.  
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4.2.1.4.1 pH evolution 

Figure 49 depicts the pH values measured during the incubation time in the performed 

bioreactors, namely FA1 (blank assay), FA2 (with 20 g/L of FA-based GS) and FA3 (with 28 g/L of 

FA-based GS). The experimental conditions applied to these anaerobic batch assays were 

summarized in Table 24 in the methodology section.  

 

Figure 49| Fluctuation of pH in anaerobic digesters to optimize methane production as a function of time, with 

the addition of different amounts of FA-based geopolymer spheres. 

 

The pH of the blank batch reactor (FA1) drops immediately on the 1st day of incubation, from 6.99 

to 4.63, reaching values below 4.00 after the 4th day. After the 6th day of incubation and until the end 

of the experiment, the pH ranged between 3.84 and 4.38, and methane was not detected during the 

entire incubation period, confirming the acidification of this reactor, as expected due to the lack of 

alkalinity. Therefore, without alkalinity addition to the system, it was not possible to control the pH to 

values favorable to methane production (near neutral pH). This occurred mainly due to the nature of 

the substrate used, since the compounds present in cheese whey are highly biodegradable, 

containing lactose, proteins and fats (Prazeres et al., 2012).  

The pH evolution in bioreactors containing GS was markedly different from the FA1 reactor. In 

the reactor containing 20 g/L of spheres (FA2), a smaller drop in pH (from 6.99 to 5.54) was observed 

in the first two days of incubation. In this reactor, after the fourth incubation day, the pH values 

remained above 6.10, mostly between 7.70 and 7.96 until the 70th day. A similar pH profile was 

obtained by Pagliano et al. (2019), with a decrease in pH to values close to 5.0, followed by a 

recovery of the system, stabilizing at values above 6.0 after 15 days of AD of cheese whey 

wastewater.  

As for the reactor containing the highest concentration of spheres (28 g/L – FA3), the trend is 

close to that observed when using less concentration of GS, but with a much higher variation and a 

sharp increase in pH on the first day (up to 10.09). Hence, in bioreactors containing GS, the release 

of OH- in the initial period (up to 10 days) allowed the pH to be maintained above 5.70, as opposed 

to the blank reactor, where the pH dropped to values below 4.00 and maintained at this value until 

the end of the experiment.  

After this initial period, characterized by high pH fluctuations, it was possible to control the pH 

around 6.70 – 7.50 in both bioreactors containing GS, a favorable pH range for methane production, 

although under high volatile acids concentrations. This was possible due to the balance between 

carbon dioxide in the headspace (mostly between 20 – 50 vol.%) and the alkalinity provided by the 
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geopolymers leachate of OH- (varying between 1000 and 6000 mg /L as CaCO3). Although the values 

are in the favorable range for methane production, for the reactor FA2, the lowest pH values after 

the initial period (6.70 to 6.90) were obtained immediately after that period, when the carbon dioxide 

in the headspace was high (40 to 60 vol.%) and the alkalinity provided by the spheres leachate was 

lower. For the bioreactor FA3, the lowest pH values (6.70 to 6.90) were achieved in a later period 

(35 - 55 days), when carbon dioxide in the headspace was still high (40 to 50 vol.%). During this 

period, the alkalinity provided by the spheres was not enough to maintain high bicarbonate alkalinity, 

due to the volatile acids increase observed in that period (from 1600 to 2200 mg/L). These results 

(pH = 6.70 - 7.80) prove once again the high buffer capacity of the FA-based spheres when compared 

to those observed in the blank bioreactor (FA1).  

 

4.2.1.4.2 Volatile fatty acids production 

In the AD process, the two main steps (acidogenesis and methanogenesis) have different reaction 

rates, making the process naturally unbalanced (Hassan and Nelson, 2012), thus allowing the 

detection of VFA species present in the mixed liquor. The determination of the VFA composition of 

the soluble phase is very important since it provides some information on the metabolic pathways 

involved in the anaerobic degradation process (Parawira et al., 2004). Acetic, propionic and butyric 

acids are formed during the fermentation of carbohydrates and proteins and also during the 

anaerobic oxidation of lipids (Horiuchi et al., 2002).  

Figure 50 shows the total VFA concentrations for all experiments, expressed as acetic acid 

equivalents. The amounts of acetic, propionic and n-butyric acids, which are the main constituents 

of the analyzed VFA mixtures, are shown in Figure 51 and the concentrations of each VFA specie 

were expressed as COD equivalents (mgO2VFA/L). For the referred samples, i-butyric, i-valeric, n-

valeric and n-caproic acids were also determined individually, but the concentrations were much 

lower when compared to the three main acids present in the liquid phase, and, therefore, were not 

represented in the figure.  

In the blank bioreactor, a maximum VFA concentration of 2.99 gAC/L was obtained on day 9 of 

incubation. N-butyric acid was the main specie of the mixture, reaching 2.68 gO2VFA/L on day 3 (68 % 

of the total VFA), remaining constant until the end of the experiment. Over time, a decrease in the 

concentration of acetic acid was also observed, with a corresponding increase in the propionic acid 

concentration, without an increase in the total VFA concentration. The acidic pH of 4.63 was reached 

immediately on the first day of incubation (Figure 49), due to the lack of alkalinity addition (chemical 

compounds or buffer material as FA-based GS), and maintenance throughout the experiment seems 

to have not only inhibited the methane generation, but also the VFA formation, when compared to 

bioreactors with the GS addition. Hence, the maximum degree of acidification reached was only 49 % 

at the end of the experiment, and no methane production was detected throughout the entire 

experiment.  

In the bioreactor FA2 (with 20 g/L of FA-based GS), the mixture of VFA was composed mainly of 

n-butyric and acetic acids, with n-butyric being the main acid formed after 6 days of incubation and 

acetic acid formed in similar amounts after 9 days of incubation. The maximum VFA concentration 

was reached on the 12th day (5.59 gAC/L), corresponding to 93 % acidification and without methane 

production. From that day on, fast methane production was observed, with VFA being rapidly 
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consumed, reaching 2.47 gAC/L on day 18 of incubation. This period, with the rapid decrease in VFA 

concentration, was characterized by a rapid increase in pH, from 6.45 to 7.70, stabilizing after the 

30th day of incubation. On day 34, TVFA concentration was less than 0.66 gAC/L (corresponding to 

less than 1 gO2VFA/L) and reached 0.02 gAC/L at the end of the experiment. This VFA profile confirms 

that, with the FA-based GS addition, suitable conditions have been achieved for methane generation 

within this bioreactor, with the conversion of VFA produced into methane-rich biogas.  

 

Figure 50| Total VFA concentrations, represented as acetic acid equivalents per L, over time, for batch 

bioreactors operated, namely FA1 (◊), FA2 () and FA3 (□). 

 

 

Figure 51| VFA composition over time in anaerobic digesters for the different systems: (a) FA1 (without 

chemical alkalinity or spheres addition); (b) FA2 (with 20 g/L of FA-based spheres addition); (c) FA3 (with 

28 g/L of FA-based spheres addition). 

 

Acetic acid is known as an important intermediate for the AD process, being directly related to the 

final product, biogas (a mixture of methane and carbon dioxide) (Lee et al., 2015). In the AD process, 

(a)  
 
 
 
 
 
 
 
(b)  
 
 
 
 
 
 
 

(c) 
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the rapid methane formation is mainly attributed to the presence of acetic and butyric acids (Musa et 

al., 2018). During metabolism, n-butyric acid is converted to acetate (as with all VFA species). This 

conversion between acid species made n-butyric acid the first specie being depleted in the liquid 

medium, reaching concentrations below 0.10 gO2VFA/L on day 26 of incubation, in the reactor FA2. 

In the reactor with 28 g/L of FA-based spheres (FA3), and probably due to the initial pH increase 

to 10.09, the system delayed its response regarding the methane production, presenting a behavior 

similar to the blank reactor (FA1), with high VFA concentration. During the first half of the experiment, 

the FA3 bioreactor did not show methane production, although with a high degree of acidification 

(maximum of 90 %). The VFA concentration increased slowly over time, and the maximum value of 

7.27 gAC/L was reached only at day 46 of the incubation, presenting a delay of around 35 days 

compared to the other bioreactor with GS addition (FA2). The slower response of this system 

improved the formation of acetic acid, which is the main constituent of the VFA mixture throughout 

the experiment. After day 9, propionic acid was also formed in quantities higher than those observed 

in the other bioreactors (FA1 and FA2), reaching a maximum concentration of 1.27 gO2VFA/L on day 

3, which remained practically constant (≈ 1.06 gO2VFA/L) until the end of the experiment, accounting 

for 84 % of the total VFA content.  

The presence of propionic acid in the AD process is important because this specie is the 

intermediate of 15 % of the electron flow, and its degradation is highly dependent on the H2 formation 

and the acetic concentration (Gorris et al., 1989). However, the accumulation of propionic acid in the 

media can indicate a disturbance in the AD process balance (Lee et al., 2015). Although propionic 

acid plays an important role in the AD process, it is considered the most toxic VFA found in anaerobic 

digesters (Wijekoon et al., 2011). In fact, methanogenic microorganisms are inhibited at propionic 

acid concentrations above 1 – 2 g/L, while they can tolerate acetic and butyric acid concentrations 

up to 10 g/L (Inanç et al., 1999). 

After day 46 of incubation, the FA3 bioreactor behaved similarly to FA2, where the VFA 

concentration decreased rapidly, in accordance with the fast pH increase. Due to the very high acetic 

acid concentration in the liquid fraction, the decrease in the total VFA concentration is parallel to the 

decrease in the acetic acid concentration, reaching this acid specie less than 0.2 gO2VFA/L at the end 

of the experiment. Hence, these results confirm that the concentration of the added spheres is also 

an important factor for pH control, besides their binder composition (metakaolin or fly ash), as 

previously presented in oxitop batch assays. 

 

4.2.1.4.3 Methane production 

Figure 52 depicts the values obtained for the ratio of the carbon dioxide content to the methane 

content during the incubation time. This ratio helps to analyze the biogas composition over time, 

considering the proportions of CH4 and CO2. A CO2/CH4 ratio above 1 indicates a methane content 

of less than 50 % and, in the figure, this point is highlighted with a horizontal dashed line. In this 

representation, the null values indicate a zero methane content measured in the biogas. The 

methane content in the biogas produced by the bioreactor FA1 (blank assay) was zero during all the 

incubation time and is represented as zero in Figure 52. Figure 53 shows the methane concentration 

expressed as COD equivalents and the methane yield per removed sCOD and calculated during the 

incubation time for batch assays FA1, FA2 and FA3.   
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Figure 52| CO2/CH4 ratio in anaerobic assays FA1 (◊), FA2 () and FA3 (□) during the incubation time.  

 

 

Figure 53| Methane production in the bioreactors FA1 (◊), FA2 () and FA3 (□) determined over time in 

assays with the addition of different amounts of FA-based GS (FA2 and FA3) versus the assay without 

chemical alkalinity of GS addition (FA1): (a) Methane produced, expressed as COD equivalents; (b) Methane 

yield. 

 

In the initial incubation period, for approximately 10 days, methane was not detected in any of the 

bioreactors, leading to a zero CO2/CH4 ratio and methane yield. As no methane was detected in the 

bioreactor FA1, the null values for the CO2/CH4 ratio and methane yield were kept throughout the 

experiment. In the bioreactor FA2, with 20 g/L of FA-based GS addition, methane was formed after 

day 12 of incubation. As methane was being formed, the methane yield per sCOD removed 

increased, reaching a high value after 13 days of methane production. This value (128 mLCH4/gO2 

removed) was kept almost constant until the end of the incubation test, with a slight increase to 

≈ 150 mLCH4/gO2 removed on day 56. At that point, the system was stable and more than 94 % of 

the organic matter was removed from the liquid fraction.  

(a)  
 
 
 
 
 
 
 
 
 
 
 

(b)  
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In the bioreactor FA3, a delay in methane production was observed. This behavior may be related 

to the high pH value achieved on the 1st day of incubation (10.09), which may have led to the inhibition 

of some methanogenic microorganisms. Until the 10th day of incubation, methane was formed but 

accounts for low content in the biogas, leading to high CO2/CH4 ratios (Figure 52). These high 

CO2/CH4 ratios are characteristic of unstable anaerobic systems. After the initial period of instability, 

the microorganisms were able to recover and on the 26th day of incubation methane was detected in 

the biogas formed with the highest content. A fast methane formation from the removed sCOD led 

to a sharp increase in methane yield, up to 275 mLCH4/gO2 removed. With the course of the reaction, 

the methane yield decreased slightly and stabilized at values close to ≈ 180 mLCH4/gO2 removed.  

Although with some differences in reaction over time, already discussed, both bioreactors with 

FA-based GS addition achieved good methane performance. With a slightly more FA-based GS 

addition (FA3), and comparing it with the FA2 bioreactor (less amount of FA-based GS added), 30 % 

more methane volume (expressed as COD equivalents) was achieved and a methane yield 23 % 

higher, considering the sCOD removed from the liquid phase. 

 

4.2.1.4.4 Anaerobic process performance 

Figure 54 depicts the relationship between the methane volume produced (in mL), the measured 

pH values, the sCOD concentration and the total VFA concentration (expressed as COD equivalents) 

in all anaerobic batch assays performed (FA1, FA2 and FA3), during the incubation time. The 

increase in methane accumulation after day 15 (blue diamonds) is accompanied by a reduction in 

both sCOD (green circles) and the total VFA concentration (orange squares), with biogas reaching 

a maximum methane content of 77.6 vol.%, on day 41. Methane production was observed throughout 

the test until the 70th day, as shown by the cumulative methane curve. 

The fast pH stabilization in the assay containing 20 g/L of FA-based spheres (FA2) promoted the 

early production of methane – after the 8th day of incubation. In addition, a rapid conversion of organic 

matter into VFA was observed, reaching more than 90 % of VFA in the soluble fraction on day 12, 

with acetic and butyric as the main acids, as already shown in Figure 51.  

The initial sCOD increase was related to the solubilization of particulate organic matter and also 

to the leaching of PEG from geopolymeric spheres, as referred in section 4.2.1.1. The patterns of 

sCOD and total VFA concentration are similar, contributing VFA to the biggest fraction of soluble 

organic compounds. All soluble organic matter was consumed until day 34 (for FA2) and until the 

end of the experiment (for FA3), with sCOD presenting values below 1 gO2/L at the end of the 

experiment. This stabilization was also observed in the cumulative methane volume, where the 

highest production rate was comprised between days 14 and 26 for bioreactor FA2, and between 

days 53 and 60 for bioreactor FA3, and after that increment, the methane formation stabilized in both 

bioreactors.  

Table 33 lists the maximum production rate regarding VFA generation, maximum SCOD 

consumption rate and maximum methane generation rate. In both assays, the VFA consumption rate 

obtained the worst adjustment of values to the model, reflected by the low determination coefficient, 

and for this reason, the values were not listed in this table.  
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Figure 54| Evolution of CH4 (◊), total VFA concentration (□), pH () and sCOD content (○) with time for the 

assays FA1, FA2 and FA3. 

 

Table 33| Maximum VFA production rate, sCOD consumption rate and methane production rate for both FA2 

and FA3 assays. 

Parameter 
FA2 FA3 

Value  Det. Coeff. Value Det. Coeff. 

VFA production rate (gO2VFA/L/d) 0.598 0.997 0.154 0.766 

sCOD consumption rate (gO2/L/d) 0.581 0.987 0.632 0.931 

Maximum CH4 production rate (mL/d) 105.481 0.996 147.942 0.991 
1 Determined considering the values obtained between days 14 and 26 of incubation. 

2 Determined considering the values obtained between days 53 and 60 of incubation; the values obtained 
until day 52 of incubation were discarded for the calculation of the maximum methane production rate.  

 

For the FA2 assay, the models obtained had a good adjustment to the experimental values, with 

determination coefficients higher than 98 %. For FA3, only the methane formation rate and the sCOD 

consumption rate fit the model well, with determination coefficients higher than 93 %. VFA 

production, measured from the beginning of the experiments until the maximum value reached, was 

four times faster in the FA2 assay than in the FA3 assay. This could explain, along with other 

parameters, such as pH, the earlier methane formation, due to the faster microbial activity. 

Considering the sCOD consumption rate, directly related to the methane formation, the FA3 assay 

performed better, with the fastest sCOD being consumed by microbial consortia pools and also the 

methane formed at a higher rate (≈ 40 % faster) than in FA2 assay.       

FA1 
 
 
 
 
 
 
 
 
 
 
 
 

FA2 
 
 
 
 
 
 
 
 
 
 
 
 
 

FA3 
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The addition of geopolymer spheres to anaerobic digesters, in addition to promoting pH regulation 

by prolonged OH- leaching, can also affect methane production, acting as a support medium for 

microbial colonization, thus influencing the microbial community composition, which can be very 

important in extreme conditions, such as very high VFA concentrations. Poirier et al. (2017) referred 

that the presence of several types of support media had a beneficial effect on the anaerobic 

degradation process, under extreme concentrations of ammonia, due to its effect on the microbial 

composition.  

As for the bioreactor containing 28 g/L of FA-based spheres (FA3), the initial destabilization of 

the system, due to an increase in pH to 10.09 on the 1st day, followed by a decrease to 5.40 on the 

4th day, delayed methane production. In this bioreactor, the hydrolysis/acidogenesis steps lasted 

longer (up to more than 40 days), with the highest reduction in VFA concentration only after the 46th 

day of incubation, which was opposite to the FA2 bioreactor, where the highest VFA reduction 

occurred after the 12th day of incubation. Although the methane content in the biogas was observed 

after the 12th day, there was a significant increase in methane production only on the 50th day (35 

days after the FA2 bioreactor), with the maximum methane content in the biogas (76.6 vol.%) 

achieved on the 64th day (also much later than FA2). Hence, the very high pH achieved in this 

bioreactor on the 1st day (10.09) and also the prolonged acidification phase with the corresponding 

pH fluctuation changed the kinetics of the anaerobic bioprocess performance.  

At the end of the experiments, the methane yield, that is, the methane volume produced by the 

substrate consumption was slightly higher when 28 g/L of FA-based GS were added (FA3), reaching 

0.352 LCH4/gO2 removed, against the yield obtained in the batch bioreactor FA2 (0.228 LCH4/gO2 

removed), with 20 g/L of FA-based GS addition. Both methane yields were lower than the theoretical 

value of 0.396 LCH4/gO2 removed, calculated under the same conditions as the methane-producing 

bioreactors, namely a temperature of 36 °C and normal pressure (1 atm) conditions. In the same 

way, the yield of methane produced by the initial biomass concentration reached 0.670 LCH4/gVSSin 

in the bioreactor FA3, against the 0.514 LCH4/gVSSin obtained in the bioreactor FA2. These results 

are in line with the higher stability found in the bioreactor with the lowest concentration of spheres 

(FA2), when part of the organic matter was channeled to biomass growth, in contrast to the findings 

of the reactor with the highest concentration of GS (FA3). 

Other studies report similar values for the AD of cheese whey, very close to the theoretical value 

of 0.350 LCH4/gO2 removed, measured at normal temperature (273.15 K) and pressure (1 atm) 

(Chatzipaschali and Stamatis, 2012). Yang et al. (2003) obtained, in a CSTR, methane yields up to 

0.360 LCH4/gO2 removed, when studying a single-phase anaerobic process with hydraulic retention 

times between 7.5 and 10 days. Gutiérrez et al. (1991) used a UASB reactor to treat a wastewater 

from non-acidified cheese whey with a low organic load and obtained a methane yield of 

0.320 LCH4/gO2 removed. Jung et al. (2016) obtained 0.270 LCH4/gO2 fed in a CSTR with 5.0 gO2/L 

as the initial substrate concentration, values close to those obtained for the batch bioreactor FA3 

(0.266 LCH4/gO2 initial) and higher than the values obtained in the batch bioreactor FA2 

(0.211 LCH4/gO2 initial). Kisielewska et al. (2014) obtained 0.120 LCH4/gO2 fed in a methanogenic 

UASB reactor with pH control, therefore, lower values for methane yield than those reported in FA2 

and FA3 assays.  

The addition of alkali-activated aluminosilicate material to the AD of acidic cheese whey improved 

the methane formation and achieved a stable and faster treatment system, as reported by Rugele et 
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al. (2015). Similar to the results presented in this work, Rugele and colleagues were able to achieve 

the process stability due to the addition of the alkaline materials, which contributed to the control of 

pH and for the reduction of adaptation time for the microorganisms (Ruģele et al., 2015b).    

Figure 55 depicts the performance parameters for batch assays FA1, FA2 and FA3. Figure 55 (a) 

shows the values for the degree of acidification (DA), soluble COD (sCOD) removal and 

methanization degree determined at the end of each AD batch experiment (values ± standard 

deviation). Figure 55 (b) shows the COD composition at the beginning and at the end of the 

experiments, regarding the acidified sCOD (which is the VFA content expressed as gO2VFA/L) and 

the non-acidified sCOD, gas production (expressed in the form of COD equivalents of methane) and 

sCOD removed from the liquid phase (for growth, for example).   

 

Figure 55| Performance parameters for batch assays FA1, FA2 and FA3, determined at the end of the 

experiments: (a) Degree of acidification (DA), sCOD removal and methanization degree and (b) COD balance 

considering the acidified (as gO2/L) and the non-acidified fraction of sCOD, the gas (methane) formed (as 

gO2/L) and the removed sCOD. 

 

The bioreactors with GS (FA2 and FA3) showed higher COD removals, reaching more than 75 % 

removal, confirming the potential of the spheres to promote the degradation of organic matter into 

methane, applying an anaerobic bioprocess. The bioreactor with the addition of 20 g/L of spheres 

(FA2) showed the highest performance in terms of COD removal (94 %), but a slightly lower 

methanization degree (54 %), when compared to the bioreactor with 28 g/L of spheres (FA3), which 

has 75 % sCOD removal and 70 % methanization degree. This difference may be related to the 

relevant biomass growth, as can be seen, expressed in the COD balance depicted in Figure 55 (b).  

At the end of the experiment, for the degree of acidification (which represents the VFA formed 

from the available sCOD), bioreactors with the addition of FA-spheres exhibited lower values (below 

15 %) than the FA1 bioreactor (49 %). Thus, the behavior of FA1 is typical of an acidogenic 

bioreactor, without methane production and high acidification at the end of the experiment, 

accounting the acidified portion as 49 % of the COD balance. The behavior of bioreactors with GS 

(FA2 and FA3) is typical of methanogenic bioreactors, as they present high methane production and 

low acidification at the end of the experiment.  

 

4.2.1.5 Geopolymer spheres characterization after anaerobic digestion assays 

At the end of the anaerobic incubation tests (day 70), the integrity of the spheres was assessed. 

Figure 56 shows the SEM micrographs and the EDS spectrum of the FA-based geopolymer spheres 

             (b) 

(a) 
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used, after their recovery from the anaerobic digesters (FA2 and FA3). It was found that the GS 

maintained its integrity, as demonstrated by the SEM micrograph shown in Figure 56, although with 

a mass reduction of about 24 % for both bioreactors. This can be attributed to the alkalis leaching 

from the spheres during the experiments. The EDS spectrum of the spheres after 70 days of 

immersion in anaerobic batch assays showed a large decrease in sodium content, in comparison 

with the spectrum before this immersion (Figure 44).  

 

Figure 56| SEM micrographs and EDS spectrum of the FA-based geopolymer spheres after the 70th day of 

batch tests inside the anaerobic digester: (a) exterior surface and (b) inner part. 

 

The preservation of the spheres’ integrity after their use as pH regulators in anaerobic digesters, 

as observed in batch assays, is very important, as it can allow their reuse, for example, as heavy 

metal adsorbents (Novais et al., 2016c), thus contributing towards a circular economy. 

 

4.2.1.6 Cost comparison for replacing chemical alkalinity control by spheres addition 

The cost of production GS (considering only the use of raw materials) and the cost of chemical 

alkalinity addition provided by a buffer solution of NaHCO3 and KHCO3 were estimated and 

compared, in order to assess the potential for GS to be used as pH regulators in the AD process. 

The raw material costs listed in Table 34 were collected from different sources: sodium bicarbonate, 

potassium bicarbonate, sodium hydroxide and sodium dodecyl sulfate are from commercial suppliers 

and FA, MK and sodium silicate from McLellan et al. (2011). Due to fluctuations in market prices, 

these values should only be considered as a rough estimate.  

The addition of 4 g/L of commercial alkalinity to the bioreactors costs between 0.10 and 0.23 €, 

depending on the commercial supplier. The use of 28 g/L of geopolymer spheres, that is, the 

maximum amount of spheres used in the 1-cycle batch assays, costs around 0.15 € (spheres 

manufacture). Considering these values, it is demonstrated that the proposed methodology, namely 

the replacement of the addition of chemical alkalinity by the addition of FA-based geopolymer 

spheres to control the pH of anaerobic digesters, is cost-effective, which is crucial for its industrial 

application.      
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Table 34| Cost of raw materials used in the preparation of the commercial buffer solution and in the production 

of FA-based geopolymer spheres production. 

 Material Cost (€/kg) Reference 

Commercial 
buffer 

solution 

Sodium bicarbonate 
19.14 
36.30 

(FisherScientific, 2020) 
(Sigma-Aldrich, 2020) 

Potassium bicarbonate 
28.40 
76.90 

(FisherScientific, 2020) 
(Sigma-Aldrich, 2020) 

Geopolymer 
spheres 

production 

Fly ash 0.03 

(McLellan et al., 2011) Metakaolin 0.13 

Sodium silicate 0.26 

Sodium hydroxide 
33.32 
37.50 

(FisherScientific, 2020)  
(Sigma-Aldrich, 2020) 

Sodium dodecyl sulfate 99.56 (FisherScientific, 2020) 

 

It should be highlighted that, in the estimation of spheres’ costs, the price of FA was considered 

to be that of coal fly ash (industrial by-product). However, biomass fly ash is still classified as a waste 

material, which has a significant cost for proper environmental management, e.g., mainly disposed 

of in landfills and, for this reason, the cost for the production of the spheres is overestimated here. 

The average landfill tax, which is 11 €/t in Portugal (Agência Portuguesa do Ambiente, 2020), should 

be considered as a cost-saving for a more realistic estimate of the benefits of using FA in the 

production of geopolymers.  

Notwithstanding, this estimate clearly shows that the proposed approach using the GS for pH 

control is cost-effective, also presenting a good anaerobic performance with higher stability. Besides 

that, the use of GS has environmental benefits, such as the reduction of the natural raw materials 

consumption and mitigating disposal problems associated with some wastes, such as FA. The 

simplicity of the proposed methodology, which avoids the need for continuous pH adjustment, 

suggests that it can be easily transferred to an industrial context.   
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4.2.2 Fly ash-based geopolymer spheres with low and high porosity:  

anaerobic digestion assays with cheese whey  

The results presented in the previous subsections act as a proof of concept, demonstrating the 

pH buffer potential of the FA-based GS over MK-based GS. The use of waste (fly ash) in the GS 

manufacture is a promising and sustainable approach, reducing costs and creating value from waste. 

At the same time, the use of this type of materials in AD is an asset, boosting methane production 

and also reducing operating costs with buffer chemicals. The manufacture of the GS is a wide field 

and the properties of the GS can be modified according to the specifications of the end-use. 

Regarding AD, an in-depth study is important to assess the feasibility of reusing the spheres in more 

than one AD treatment cycle (sequential fed-batch to simulate long-term use), and the influence of 

the spheres porosity on the ability to pH buffering in the long term AD operation.  

To better understand the role of porosity and the spheres charge/concentration in the pH buffering 

capacity in AD processes, high organic loads of an easily-acidified substrate such as cheese whey 

were used. This condition was chosen to intentionally worsen the AD process, promoting strong 

acidifying conditions and, thus, testing the GS ability to control pH during organic loading shocks and 

prolonged anaerobic operation.   

In a first phase, oxitop bioreactors were used to define the concentration of low porosity 

geopolymer spheres (LPGS) and high porosity geopolymer spheres (HPGS) to be used in fed-batch 

bioreactors (2-cycle and 4-cycle fed-batch bioreactors). In a second phase, with the concentrations 

defined for each type of GS (LPGS and HPGS), 2-cycle fed-batch bioreactors were performed, 

evaluating the prolonged pH control and the influence of the spheres concentration and porosity. In 

a third phase, using the GS with the best performance in the second phase, prolonged pH control 

was evaluated in a 4-cycle fed-batch bioreactor. For all fed-batch bioreactors, all performance 

parameters of the anaerobic process were monitored and the results are presented in the following 

sub-sections.  

 

4.2.2.1 Geopolymer spheres characterization before anaerobic digestion assays 

As performed in previous assays, after synthesis and before use in AD systems, GS (LPGS and 

HPGS) were characterized using the methodologies described in detail in section 3.6.9 of the 

methodology chapter. Figure 57 shows the SEM micrographs of the GS prepared with different 

contents of the foaming agent (preparation details in Table 19). Figures (a) and (b) are from LPGS 

and figures (d) and (e) are from HPGS, before being used in AD assays. The EDS spectra for both 

samples (LPGS and HPGs) are also included in Figure 57 ((c) and (f)). 

Significant differences between the level of porosity of the spheres’ external surface (Figure 57 

(a) and (d)) are easily depicted from the micrographs. It is not surprising that a higher concentration 

of the foaming agent in the compositions has led to an increase in porosity on the surface of the 

spheres. The latter is expected to affect the leaching behavior of the spheres, with higher porosity 

promoting greater alkalis leaching from the specimens (Novais et al., 2016b). The microstructure of 

the inner part of the spheres shows the presence of a high number of closed pores in both specimens. 

However, the influence of the amount of foaming agent on the internal porosity of the spheres is not 

easily perceived from these micrographs. Anyway, it is expected that the higher surface porosity 
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observed in the HPGS allows higher water diffusion in the specimens, thus enhancing the leaching 

of hydroxyl ions.  

 

Figure 57| SEM micrographs (a, b, d, e) and EDS spectra (c, f) of the GS prepared using two different 

foaming agent amounts: (a, b and c) LPGS and (d, e and f) HPGS. 

 

The EDS spectrum of the LPGS in Figure 57 (c) shows higher sodium content in the shell in 

comparison with their inner part. This feature suggests a migration of sodium from the interior to the 

surface of the GS, possibly induced by the washing step after their synthesis (section 3.3.2.1). It is 

expected that the unreacted alkalis (sodium hydroxide) present on the surface of the spheres will 

leach out rapidly when immersing the GS in the mixed liquor of the bioreactor. On the contrary, the 

alkalis in the interior will diffuse slowly towards the surface, promoting a prolonged pH regulation. A 

very similar spectrum was observed for HPGS (Figure 57 (f)), which was expected due to their similar 

composition (composition details in Table 19), except for the higher amount of foaming agent used. 

Figure 58 shows the result obtained in the XRD pattern, with the inserted graph that corresponds 

to the XRD pattern of the LPGS before their use in anaerobic assays, highlighted in blue in the main 

graphic, further illustrating the broad amorphous hump at  2 = 20-40º. The XRD pattern is in line 

with the chemical composition of the spheres (Table 19). Similar elementary levels (expressed as 

wt. % oxides) were measured for both samples of geopolymer spheres. Nevertheless, a higher Na2O 

content (14.3 versus 10.7 wt.%) and a lower loss on ignition (LOI) value (35.8 versus 41.2 wt.%) was 

observed for the HPGS in comparison with their low porosity counterparts (LPGS).  
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Figure 58| XRD patterns of the geopolymeric spheres (LPGS and HPGS) before and after AD tests.  

 

Before AD, no substantial differences were observed between the XRD patterns of the LPGS and 

the HPGS (Figure 58), in line with the similar EDS spectra (Figure 57) obtained for the two samples. 

Both XRD patterns show a broad amorphous hump, between 2θ = 20-40º, characteristic of 

geopolymerization occurrence.  

 

4.2.2.2 Oxitop batch assays with low and high porosity geopolymer spheres addition 

In this first phase of the study using GS with different porosities, the oxitop bioreactors (R15 – 

R24) were used to define the concentration of low porosity geopolymer spheres (LPGS) and high 

porosity geopolymer spheres (HPGS), to be used in subsequent fed-batch bioreactors. In these 

bioreactors, two AD cycles (FA4, FA5, FA6 and FA7 assays) and four AD cycles (FA8, FA9 and 

FA10 assays) were tested with consecutive substrate additions. 

For the initial batch assays, 10 oxitop bioreactors were performed with different amounts of low 

and high porosity GS additions (conditions detailed in Table 23). In this experimental set-up, only the 

pH values were monitored during all 21 days of incubation and the methane content was determined 

in eight sampling moments during the incubation period. This preliminary pH assessment performed 

in oxitop bioreactors was used to select the optimal formulation and amount of GS for the study of 

methane production in fed-batch bioreactors on a larger scale. The pH evaluation was chosen due 

to the importance of this regulation and control parameter in the growth and activity of methanogenic 

microorganisms.  

To evaluate the influence of GS porosity on the pH control of an AD process, different amounts 

of GS were used, according to their porosity. With LPGS, 8, 12, 16, 20 and 24 g/L of spheres were 

added to the oxitop bioreactors; using HPGS, 16 and 20 g/L were tested. Figure 59 depicts the pH 

values inside batch oxitop bioreactors as a function of time, with standard deviation. Table 35 lists 

the initial pH (at day zero) and the pH at the 1st and 21st days of all bioreactors.  
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Figure 59| pH fluctuation (average values ± standard deviation) in anaerobic digesters as a function of time 

with alkaline chemicals addition (a), LPGS addition (b) and HPGS addition (c).   

 

Table 35| pH values at day 0, 1 and 21, in oxitop bioreactors containing different alkaline agents and GS types 

(low and high porosity) at different concentrations. 

 Assay ID 
Alkaline agent 
concentration 

(g/L) 

pH at 
day 0 

pH at 
1st day 

pH at 
21st day 

CH4 content 
at 21st day  

(%) 

Reference R15 - 7.04 3.68 3.31 0.00 

Commercial 
solution 

R16 2 8.33 5.07 4.91 23.1 

R17 4 9.07 6.21 5.49 23.2 

LPGS 

R18 8 6.86 4.91 4.91 25.6 

R19 12 6.86 4.97 5.17 30.7 

R20 16 7.04 4.39 5.56 18.7 

R21 20 7.04 4.64 6.05 32.8 

R22 24 7.04 4.67 6.97 53.3 

HPGS 
R23 16 6.86 5.22 5.43 16.0 

R24 20 7.04 4.56 5.59 12.0 

 

Without alkalinity addition (R15), the initial pH was neutral (7.04) and after 1 day of incubation, it 

decreased to less than 3.70 and remained constant (ranging between 3.68 and 3.31) until the end of 

the experiment. The strong acidifiable potential of cheese whey explained this behavior, being the 

(a)  
 
 
 
 
 
 
 
 
 

(b)  
 
 
 
 
 
 
 
 
 

(c) 
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organic matter rapidly hydrolyzed and converted into volatile fatty acids, which accumulate in the 

liquid fraction and inhibit methanogenic microorganisms.  

For the assays in which chemical compounds were added as a buffer (R16 and R17), the pH at 

the beginning tended to be higher with the increase in the initial alkalinity concentration and this trend 

was maintained throughout the experiment, with higher pH values in assays with higher alkalinity 

concentration. In these assays, the pH decreased rapidly, despite the presence of buffer chemicals 

and, on the 1st day, the pH reached acidic values (5.07 – 6.21), maintaining this pH range until the 

end of the experiment.  

Comparing these pH values with those obtained in oxitop assays with FA and MK-based GS 

(Figure 47 (a) in section 4.2.1.3), it is clear that the assay with 2 g/L of alkalinity measured as CaCO3 

obtained the same pH values and profile. In this second set of tests, the pH values were 1 point lower 

than those obtained previously (R15 vs R0 without alkalinity addition and R17 vs R2 with 4 g/L of 

initial alkalinity measured as CaCO3). However, despite the difference between the assays, the same 

trend in the pH profile was obtained. Without alkalinity addition, a fast pH drop was observed and the 

values were kept stable until the end of the experiment. With 4 g/L of initial alkalinity measured as 

CaCO3, pH values fluctuated between 5 and 6 and stabilized after 17 days of incubation, for both 

assays (R17 and R2). 

With LPGS addition, five concentrations were studied against the two conditions studied for 

HPGS. In this first approach, the use of LPGS was theoretically preferable, since the cost of 

manufacturing LPGS compared to HPGS is lower, due to the use of a lower amount of foaming agent 

(composition detailed in Table 19, where the amounts of each reagent are specified for both LPGS 

and HPGS types). Figure 59 (b) (LPGS) and (c) (HPGS) shows the pH values measured over time 

for the assays with the addition of the spheres, where the reference assay (R15) is also presented 

for comparison in both figures. 

As expected, the increase in the initial GS concentration led to an increase in the final pH 

measured, as listed in Table 35. For the same GS amount, 16 g/L, the LPGS reached a slightly 

higher pH value (R20, pH = 5.56) than their higher porosity counterparts (R23, pH = 5.43). The same 

pattern occurred with 20 g/L, where the LPGS (R21, pH = 6.05) reached 0.46 points more in pH than 

HPGS (R24, pH = 5.59). These small differences are not clearly conclusive on the influence of GS 

porosity on the AD of cheese whey, and then, for fed-batch assays, the two formulations were 

studied. In all assays, the initial 10 to 15 days of incubation are characterized by instability of the 

system, in terms of pH. Once again, these variations are mainly related to the VFA production and 

accumulation in the liquid phase.  

Comparing the assays with 20 g/L of GS, namely R21 with LPGS and R24 with HPGS, with R3 

(using FA-based GS, results displayed in Figure 47 (b)), it can be observed that the small change in 

the GS composition allowed a more stable operation, without significant pH fluctuations, as observed 

in R3 bioreactor. For the bioreactor R3, the pH varied by more than 1 point, increasing and 

decreasing between days 3 and 12. For the other bioreactors, the variations did not exceed 0.6 

points, after the initial destabilization. This is an important issue since the pH stability of the anaerobic 

system is very important to enhance microbial activity and, ultimately, methane production from the 

applied organic load.     
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For the biogas composition, presented in terms of methane content in Table 35, there is no 

apparent relationship between the spheres concentration added to each bioreactor and the methane 

content in the biogas produced. The increase in the LPGS amount added at the beginning of the 

experiment tends to promote an increase in the methane content, except for 16 g/L, where only 19 % 

of the biogas was methane.   

 

4.2.2.3 2-cycle fed-batch assays: effect of the spheres porosity on the anaerobic 

digestion of cheese whey  

After the assays presented in the previous subsection, performed in oxitop batch bioreactors, 

three experimental conditions were tested in fed-batch bioreactors: with LPGS, 12 g/L (FA5) and 16 

g/L (FA6) were added to the bioreactors, while with HPGS, only the addition of 16 g/L (FA7) of 

spheres was tested. At the same time, a reference bioreactor was also performed with 4 g/L of initial 

added alkalinity measured as CaCO3 (FA4), to compare the long-term operation under high organic 

load conditions. The amount of substrate (concentrated cheese whey solution) added in both 

additions performed was the same used in the previous batch assays (FA1 – FA3): 8 g/L measured 

as COD equivalents.   

 

4.2.2.3.1 pH evolution 

The pH values inside the bioreactors influence the performance of anaerobic systems, in terms 

of VFA accumulation (intermediates) and CH4 generation (final AD product). Figure 60 displays the 

pH values measured over time in the fed-batch assays. There were two additions of substrate to the 

bioreactors: the first was performed at the beginning of the test (day 0), and the second was 

performed when almost all of the added COD was consumed (on the 55th incubation day). The two 

stages are divided in the figure for the sake of clarity by a vertical dashed line.  

  
Figure 60| pH values over time for 2-cycle fed-batch bioreactors with LPGS and HPGS. The addition of 

substrate is marked by the dashed line and the grey bar highlights the methanogenic pH range.  

 

Before incubation, the pH value of the reference reactor FA4 (7.76) was significantly higher than 

the pH value of the remaining reactors FA5, FA6 and FA7 (6.87). After each substrate addition (on 

day 0 and day 55), the pH immediately falls to the acidic range in all reactors. However, the pH decay 

observed in both substrate additions, in terms of profile and absolute values, depends on the nature 
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and amount of the added alkalinity source, namely chemical alkalinity or GS, present in the mixed 

liquor. 

For the first substrate addition, after the first incubation day, the lowest pH (4.93) was measured 

in the bioreactor FA5, containing the lowest concentration of LPGS (12 g/L). As expected, the reactor 

containing the highest concentration of this geopolymer type (16 g/L LPGS) showed a higher pH 

buffering capacity and a lower pH decay (pH of FA6 at 1st day = 5.29), when compared to FA5. This 

pH value was slightly higher than that observed when using commercial powdered alkaline agents 

(reference test FA4, pH at 1st day = 5.15), showing that, despite their millimeter size, geopolymeric 

spheres can leach out substantial amounts of hydroxyl ions. This behavior is in line with previous 

investigations, in which the geopolymers' potential to act as pH regulators in aqueous media was 

assessed (Novais et al., 2017, 2016). During this initial period, the behavior in the two assays 

containing equal amounts of GS, but with different porosities (LPGS and HPGS) was similar, 

although a slightly higher pH (pH at 1st day = 5.35) was measured in the case of HPGS. This result 

shows that an increase in the spheres porosity enhances the OH- leaching from the specimens, 

enhancing their ability to regulate the pH.  

In the initial incubation days, the pH evolution observed for the reference bioreactor (FA4) differs 

strongly from that observed when using GS. In fact, on the 3rd day of incubation, the pH of the assay 

FA4 reached 6.14, while in the remaining reactors the pH was still in the range of 4.86 to 5.27, 

probably due to the slower release of hydroxyl ions from the spheres. After this initial period, the pH 

stabilizes in all reactors, but in different ranges, until the 11th day. Moreover, the results also show 

that using a higher concentration of the same type of geopolymer spheres (LPGS) inside the 

bioreactor (16 g/L instead of 12 g/L) promotes slightly higher pH values in the initial days of 

incubation. 

During the first 11 days of incubation, a high fluctuation in the pH values was observed, followed 

by a much more stable operation in terms of pH variation, after the 30th day. The initial instability is 

due to the rapid consumption of the carbon source, which led to a rapid accumulation of VFA, 

reflecting the easy biodegradability of the substrate used here (Mainardis et al., 2019).  

After 30 days and until the 55th day, the pH stabilizes in all bioreactors, ranging from 7.02 to 7.25 

in bioreactors FA6 and FA7 (containing 16 g/L of GS). After the 35th day of incubation, the bioreactor 

FA4 stabilized at higher pH values (7.35 – 7.47), slightly outside the optimum methanogenic pH 

range (between 6.5 and 7.2), while in the bioreactor containing 12 g/L of LPGS (FA5) the pH ranged 

from 7.32 to 7.50, being also slightly above the optimum methanogenic pH range. 

At the beginning of the 2nd AD cycle (55th day of the test), the pH values dropped, reaching values 

between 5.56 (FA5) and 6.10 (FA6). Interestingly, the lower pH values achieved during the second 

AD cycle are generally higher than those observed in the 1st cycle, which can be attributed to the 

adaptation of the microorganisms’ community to the added substrate (cheese whey). Except for the 

bioreactor having lower LPGS charge (FA5), all systems achieved the methanogenic pH range within 

the next four days of incubation. The pH in the bioreactor FA5 remained low (pH = 5.56) for 4 days 

but rapidly increased to values above 7.30 after 73 days of incubation, being outside the considered 

optimum methanogenic pH range. It is worth mentioning that the systems showed an enhanced 

capacity in the 2nd AD cycle to maintain high pH values that favor CH4 production in detriment of VFA 

accumulation.  
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In opposition to what occurred in the 1st AD cycle, the use of 16 g/L LPGS (FA6) promoted a faster 

pH increase in comparison to higher porosity counterparts (HPGS; 16 g/L). The initial days of 

incubation are vital for the synthesis of intermediates (acetic, propionic and butyric acids) that will be 

essential for the subsequent CH4 production step. Low pH values over long periods of time can inhibit 

the growth of methanogenic microorganisms, reducing the CH4 volume generated and the COD 

being removed (Hassan and Nelson, 2012). Thus, the low initial pH values (1st AD cycle) and the 

prolonged period in acidic conditions after the 2nd AD cycle observed in the bioreactor FA5, compared 

to the other bioreactors, may have contributed negatively to the CH4 production (see results in section 

4.2.2.3.3).  

Comparing the pH values of the reference bioreactor (FA4) with those obtained for bioreactors 

with 16 g/L of GS (FA6 and FA7), it is clear that in bioreactors with the GS addition to control the pH, 

the optimum pH range for methanogenic activity was kept for longer periods. For these bioreactors, 

a pH stabilization period was observed between days 30 to 55 – 1st AD cycle – and between days 

65 to 80 – 2nd AD cycle. In these bioreactors, the slow hydroxyl ions leaching from the spheres 

promoted a prolonged pH regulation, preserving the pH in the optimum methanogenic pH range for 

a longer period.  

 

4.2.2.3.2 Volatile fatty acids production 

Figure 61 depicts the total VFA concentration (which is the sum of all individual VFA species) 

measured over all the entire incubation time and expressed as acetic acid equivalents (gAC/L). The 

individual VFA concentrations of acetic, propionic and n-butyric acids, expressed as COD 

equivalents (gO2/L), as a function of time, are shown in Figure 62. The two AD cycles are divided in 

both figures for the sake of clarity by a vertical dashed line placed on day 55. For samples collected 

for VFA analysis, the levels of i-butyric, i-valeric, n-valeric and n-caproic acids were also determined 

individually, but the concentrations measured were very low when compared to the three main acids 

(acetic, butyric and propionic acids) present in the liquid phase. For this reason, the minor acidic 

species were not included in Figure 62 individually, but account for the TVFA calculation showed in 

Figure 61.  

In the 1st AD cycle, the VFA presence was observed for all conditions studied since the 3rd day of 

incubation, reaching a maximum total VFA concentration between 2.97 (FA5) and 4.03 gAc/L (FA4) 

between days 9 and 11 (Figure 61). Afterward, until the 21st day, a significant increase in pH was 

observed in all assays, corresponding to a period in which VFAs were consumed by microorganisms, 

demonstrated by the slow decrease in TVFA concentration. The results also showed that the pH 

stabilization in the optimum methanogenic pH range occurred simultaneously with the decrease of 

the total VFA concentration in the liquid fraction, reaching very low values after the 30th day of 

incubation (less than 0.3 gAC/L), coinciding with higher values of measured pH (almost neutral 

range, Figure 60). This shift in the total VFA profile suggests that the biological system 

(microorganisms) had recovered from the initial pH decrease, thus corresponding to a balance 

between VFA generation from soluble organic matter and its accumulation in the liquid phase and 

the conversion of VFA into methane-rich biogas.  

For the FA7 bioreactor, a peak in TVFA concentration was observed on day 25 of incubation, 

corresponding to 3.20 gAC/L. On that day, a higher acetic acid concentration than previous and next 
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samples was observed, indicating fast conversion of organic matter into VFA, mainly acetic acid, by 

acetogenic microorganisms. The accumulation of acetic acid in the liquid phase was detected prior 

to its consumption by methanogenic microorganisms.  

 

Figure 61| TVFA concentrations (represented as acetic acid equivalents per L) over time, for the fed-batch (2-

cycle) bioreactors operated.   

 

 

Figure 62| Concentration of individual VFA species, namely acetic, propionic and n-butyric acids, with time, 

for fed-batch (2-cycle) bioreactors operated.  

 

In the 2nd AD cycle, the total VFA concentration was slightly lower than that observed in the 1st 

AD cycle, reaching maximum concentrations 3 days after the substrate addition. Moreover, the 

acidification step in the 2nd AD cycle is much shorter than that observed in the 1st AD cycle. In fact, 

VFA was detected only in the liquid phase during the first 10 days after the substrate addition, 

whereas in the 1st AD cycle, VFA were measured for 30 days. This faster VFA metabolization in the 

      FA4       FA5 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

      FA6       FA7 
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2nd AD cycle may be due to the adaptation of microorganisms to the carbon source used, also 

allowing for a faster methane formation and sCOD removal.  

The predominant VFA specie detected in all assays was n-butyric acid, with concentrations higher 

than 3.2 gO2VFA/L for all conditions. These maximum concentrations were obtained after 3 to 5 days 

of incubation in the 1st AD cycle (Figure 62). In the 2nd AD cycle, the measured n-butyric 

concentrations were slightly lower, reaching concentrations of up to 3.0 gO2VFA/L, except for FA7, 

where this acidic specie was measured in higher concentration in the 2nd AD cycle (3.5 gO2VFA/L), 

compared to the 1st AD cycle (3,2 gO2VFA/L).  

Acetic and propionic acids are also present, but in smaller amounts (up to 2 gO2VFA/L), and other 

species such as i-butyric, i-valeric, n-valeric and n-caproic acids were also detected individually, but 

at much lower concentrations (< 0.2 gO2VFA/L), and, for that reason, were not included in the Figure. 

Despite the high concentrations achieved, n-butyric acid was the first to be consumed by 

microorganisms, with propionic acid being the acidic specie that remained the longest in the liquid 

fraction. This trend was also observed in the assays with FA-based GS, presented in section 

4.2.1.4.2, where butyric acid was also the predominant acidic specie and the first to be depleted.  

 

4.2.2.3.3 Methane production  

Figure 63 depicts the methane yield calculated over time for both 1st and 2nd AD cycles in FA4, 

FA5, FA6 and FA7 assays. The values were determined separately and are divided in the figure by 

a vertical dashed line, representing the two AD cycles performed. In both AD cycles, the methane 

production for each cycle was considered independent. 

The bioreactor with the lowest concentration of LPGS (12 g/L, FA5) presented methane yield 

values below 50 mLCH4/gO2 removed, during the entire experimental time (both AD cycles). This low 

performance may be related to the low recovery capacity of the system, after reaching pH values 

below 5.00 in the 1st AD cycle and 5.56 (for 4 days) in the 2nd AD cycle. The bioreactor FA6 (with 16 

g/L LPGS) and the reference bioreactor (FA4) showed similar methane yields in the 2nd AD cycle, 

reaching the same value at the end of the experiment (187 – 189 mLCH4/gO2 removed). In the 1st AD 

cycle, despite the close methane absolute volume produced, the FA6 bioreactor showed lower yield 

due to the higher organic matter removal, compared to the reference bioreactor (FA4).   

The bioreactor FA7 (with 16 g/L HPGS) showed the highest methane yield in the 1st AD cycle, 

with 233 mLCH4/g02 removed. Remarkably, the methane yield for the bioreactor with 16 g/L HPGS 

was 1.3 times higher than that achieved in the reference bioreactor, in which alkalinity was ensured 

by the use of commercial powdered alkaline agents, which cannot be recovered or reused after the 

AD process. On the contrary, the millimeter size of GS promote easy recovery after AD, since it 

deposits rapidly, and, more importantly, can be reused in other applications after its exhaustion in an 

anaerobic process (e.g. incorporation as a lightweight aggregate in the production of mortars), since 

its stability is preserved.  

In the 2nd AD cycle, the methane yield of the FA7 bioreactor was also higher than the yields in the 

other bioreactors, although slightly lower than at the end of the 1st AD cycle (203 mLCH4/g02 

removed). The FA4 and FA6 bioreactors presented very similar values of methane yield and profile 

in the 2nd AD cycle, with slightly higher methane yield values for FA6 bioreactor after day 70 and until 

the end of the experiment. It is important to note that both FA4 and FA6 bioreactors increased their 
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methane yield performance by comparing the 2nd AD cycle with the 1st cycle, while the FA7 bioreactor 

kept similar methane yield performance.  

Figure 64 depicts the values of the proportion of carbon dioxide in relation to the methane content 

during the incubation time. The AD cycles performed were divided in the figure by a vertical dashed 

line. This ratio is useful for analyzing the composition of biogas produced over time, in terms of 

methane and CO2. A CO2/CH4 ratio above 1 indicates a methane content of less than 50 % and, in 

the figure, this point is highlighted with a horizontal dashed line. High values of the CO2/CH4 ratio 

(above 5) also indicate poor performance of the anaerobic process and may indicate a failure in 

terms of methane formation. In this representation, the null values indicate a zero methane content 

measured in the biogas.  

 

Figure 63| Methane yield determined during the 1st AD-cycle and the 2nd AD-cycle, with the addition of 

different amounts of GS with different porosities.  

 

 

Figure 64| CO2 to CH4 ratio in biogas produced in the assays FA4 (○), FA5 (□), FA6 () and FA7 (◊).  

 

In the initial days of incubation, until approximately the 11th day, the methane yield was zero, since 

in the biogas analyzed, the presence of methane was not detected. In the first days of methane 

production (between the 11th day and the 18th day), instability in the CO2/CH4 ratio was observed, 

with the amount of CO2 being higher than the amount of CH4 in the biogas. After the 23rd day of 

incubation, the values calculated for the CO2/CH4 ratio tended to stabilize at values ranging between 

0.25 (corresponding to 79 % of CH4) and 0.90 (corresponding to 52 % of CH4). After the substrate 

consumption, which occurred after the 29th day, methane production slowed down in the bioreactors 
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FA5 and FA6, reaching zero methane content from day 38 until the 2nd substrate addition on the 55th 

day, represented in Figure 64 as a null CO2/CH4 ratio.  

For the 2nd AD cycle, after substrate addition, a similar initial destabilization was observed in the 

anaerobic systems, followed by a stabilization period. For the bioreactor FA5, the pH profile largely 

influenced the methane formation and, consequently, caused a higher destabilization of the CO2/CH4 

ratio observed in the figure, compared to the other bioreactors. The maintenance of stable values of 

CO2/CH4 ratio was observed in bioreactors FA4 and FA7 from day 70 onwards, which also presented 

higher methane volume and yields. Although the FA4 and FA7 bioreactors presented a CO2/CH4 

ratio less than one, in the 2nd AD cycle an increased instability regarding the biogas composition was 

observed during the incubation period. After substrate consumption, the bioreactors FA4 and FA5 

presented again a null CO2/CH4 ratio due to the absence of methane in the biogas present in the 

bioreactor’s headspace. 

 

4.2.2.3.4 Gompertz model for methane production  

The use of kinetic models to describe the evolution of methane production over time in AD 

processes is a practical way to understand the ultimate methane production in a short economic 

time. The modified Gompertz equation is the most commonly used model for determining the kinetics 

of methane production (Ware and Power, 2017). Figure 65 depicts both measured and predicted 

cumulative volumes of methane generated in all operated bioreactors, namely FA4, FA5, FA6 and 

FA7, with the indication of the second substrate addition with a dashed line on day 55 of incubation. 

Table 36 lists the relevant kinetic parameters obtained in the developed modified Gompertz model.  

In the 1st AD cycle of the experiments, the methane production in the bioreactor FA4 (with 

chemical alkalinity) starts a little earlier than that of the other bioreactors. The use of higher GS loads 

delayed the starting of methane production, reflected in the values obtained for the lag period of the 

Gompertz model (λ). The methane production in bioreactors loaded with 16 g/L of GS (FA6 with 

LPGS and FA7 with HPGS) requires about 18 – 19 days to start, while the reference bioreactor 

requires 13.6 days.  

Considering the cumulative volume of methane produced, the bioreactor loaded with 12 g/L LPGS 

(FA5) shows poor performance: only 583 mL after the two anaerobic cycles. This behavior is in line 

with greater difficulties in adjusting the pH values, as discussed in the previous sub-sections. 

However, the use of higher loads of this buffer material (LPGS) overcomes this difficulty and, as a 

result, methane production has been enhanced by a factor of 4.8 in the bioreactor FA6. The 

cumulative methane volume produced during the entire incubation time of the FA6 bioreactor (2797 

mL) is only slightly less than that observed when using commercial alkaline reagents as a buffer 

solution (3123 mL produced in the FA4 bioreactor).  

Remarkably, the use of HPGS (FA7) ensures much higher methane yields (Figure 63) and the 

absolute volume produced (Figure 65), reaches a stunning value of 5695 mL. This value is two times 

higher than that observed for the bioreactor containing the same amount of LPGS (FA6) and 1.8 

times higher than the reference bioreactor (FA4), showing that, besides its concentration in the 

medium, the spheres’ porosity has a crucial role in the process. The differences between the 

methane volumes attained in these bioreactors (FA4, FA5 and FA6) cannot be attributed only to the 

pH fluctuations shown in Figure 60. As mentioned above, HPGS are expected to leach higher 
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amounts of hydroxyl ions from their structure in comparison with their low porosity counterparts. 

Indeed, the pH value of 5.27 reached on the 3rd day of incubation when using 16 g/L of HPGS is 

slightly higher than that observed using an equal load of LPGS (pH = 5.14). This is attributed to the 

higher surface porosity of the HPGS, which facilitates the hydroxyl ions leaching and, therefore, to 

the pH regulation capacity. 

 

Figure 65| Evolution of CH4 production measured (markers) and predicted by the modified Gompertz model 

(lines) in the assays FA4 (○), FA5 (□), FA6 () and FA7 (◊). 

 

Table 36| Parameters of the modified Gompertz model for CH4 production 

   FA4 FA5 FA6 FA7 

1
s
t  
A

D
 c

y
c
le

 

Modified 
Gompertz model 

parameters 

Ym (mL) 1181 349 1292 3748 

Rm (mL/d) 128 19.9 88.5 188 

λ (d) 13.6 14.8 17.9 18.6 

Methane Volume 

Measured (mL) 1438 322 1287 3674 

Predicted (mL) 1191 348 1288 3677 

Difference (%) 20.8 7.43 0.03 0.09 

Model adjustment 
to real data 

% 88.1 98.9 97.1 98.9 

2
n

d
 A

D
 c

y
c
le

 

Modified 
Gompertz model 

parameters 

Ym (mL) 1733 264 1597 2104 

Rm (mL/d) 78.3 48.1 107 126 

λ (d) - - - - 

Methane Volume 

Measured (mL) 3123 583 2797 5695 

Predicted (mL) 2915 610 2870 5744 

Difference (%) 7.14 4.37 2.55 0.84 

Model adjustment 
to real data 

% 95.1 93.8 97.2 98.2 

 

Figure 65 also shows that the modified Gompertz model correctly describes the methane 

generation in all bioreactors, with small variations. The fitting of the experimental data obtained in 

the reference bioreactor FA4 is lower than for the other bioreactors, with differences in the methane 

volume produced (measured versus predicted) of 7 % for the 2nd AD cycle and 21 % for the 1st AD 

cycle. The differences in methane volume predicted and measured were less than 7 % for the 
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bioreactor FA5 and less than 3 % for the other bioreactors, considering both AD cycles. The model 

developed describes the data obtained well, with the bioreactor FA7 presenting the best fit of the 

model to the data. On the other hand, similarly to that as also for methane volume production, 

bioreactor FA4 presented the worst model fitting to the experimental data, in both AD cycles.    

 

4.2.2.3.5 Anaerobic process performance 

Figure 66 shows the values measured for the methane volume (absolute values), the total VFA 

concentration expressed as COD equivalents and the pH values measured during the incubation 

period, for bioreactors FA4, FA5, FA6 and FA7. The two AD cycles are divided in all figures for the 

sake of clarity by a vertical dashed line on day 55, corresponding to the beginning of the 2nd AD cycle 

with substrate addition. 

 

Figure 66| Evolution of CH4 (◊), total VFA concentration (□) and pH () with time for assays FA4, FA5, FA6 

and FA7. 

 

Between days 21 and 25, all bioreactors showed a decrease in pH values, being more 

pronounced in the bioreactor containing 16 g/L of HPGS (FA7), where the pH dropped from 6.64 to 

5.72. This decrease is explained by the accumulation of acetic acid in the liquid phase (Figure 62), 

reaching a peak at day 25, with a corresponding acetic acid concentration of 2.09 gO2VFA/L in 

bioreactor FA7. During this period, methane production boosted, and the highest methane rate in the 

1st AD cycle was achieved in bioreactor FA7, corresponding to 466.3 mL/d. The other GS-containing 

bioreactors showed similar behavior of methane production, but with lower rates (ranging from 20.59 

to 252.29 mL/d) than those of FA7.  

In the reference bioreactor without the addition of GS (FA4), methane formation started earlier 

and a slight increase in the acetic acid concentration was also observed, but earlier than in other 

reactors (on day 17th of incubation), coinciding with the period of greatest methane generation rate 
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of the 1st AD cycle for bioreactor FA4. Thus, it can be postulated that the methane formation in the 

referred periods is due to the conversion of acetate by acetoclastic methanogens.  

Figure 67 shows the parameters determined to assess the anaerobic performance of bioreactors 

FA4 – FA7, regarding the degree of acidification, sCOD removal and methanization degree. The 

values of degree of acidification are very low for all bioreactors (< 5 %), determined at the end of 

each cycle. The very low VFA concentration led to the identification of the systems operated as 

methanogenic reactors.   

 

Figure 67| Performance parameters for bioreactors FA4 to FA7, in the 1st and the 2nd AD cycles, including 

degree of acidification, sCOD removal and degree of methanization. 

 

Considering the total VFA concentrations and the cumulative methane volume, the bioreactors 

loaded with 16 g/L of GS (FA6 and FA7) show typical methanogenic behavior, that is, high methane 

volume production and low acidification (total VFA concentration) at the end of the experiment or AD 

cycle. In addition, it was also observed that the pH values achieved in the stable phase of the AD 

cycles stimulate the methanogenic microbial population and enhanced the methane formation, 

instead of VFA accumulation in the liquid phase.  

Regarding the percentage of sCOD removal, the values ranged from 82 to 91 % in the 1st AD 

cycle, and from 85 to 93 % in the 2nd AD cycle, for all assays. The adaptation of the microbial 

community to the substrate led to high values obtained for the sCOD removal in both AD cycles. The 

higher substrate consumption rate, led to values below 1 gO2/L earlier (after 15 days of incubation) 

in the 2nd AD cycle, in comparison with the 25 days needed in the 1st AD cycle. These results suggest 

that suitable conditions have been achieved for the growth of methanogenic microorganisms and 

methane generation, that is, almost neutral pH and reduced VFA accumulation in the liquid fraction 

(Hassan and Nelson, 2012). 

Table 37 lists the maximum consumption and production rates for total VFA and maximum 

methane generation rate, for both AD cycles performed. For all parameters presented, the 

corresponding determination coefficient is also presented in the table. It is concluded that the data 

present a good fit for the developed models, with determination coefficients higher than 93 % for the 

different calculated parameters. The exceptions are the VFA production rate of FA4 bioreactor, VFA 

consumption rate of FA5 bioreactor, the methane production rate of FA6 bioreactor and VFA 

consumption rate of the FA7 bioreactor, with determination coefficients ranging from 91 to 93 %.  
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Table 37| Maximum VFA production rate, VFA consumption rate and methane production rate for fed-batch 

assays FA4, FA5, FA6 and FA7 (values and respective determination coefficient), determined independently 

for the 1st and 2nd AD cycles. 

Parameter 

FA4 FA5 FA6 FA7 

Value 
Det. 

Coeff. 
Value 

Det. 
Coeff. 

Value 
Det. 

Coeff. 
Value 

Det. 
Coeff. 

1
s
t  A

D
 C

y
c
le

 

VFA production 
rate  

(gO2VFA/L/d) 
0.656 0.922 0.627 0.996 0.783 0.996 0.867 0.973 

VFA consumption 
rate  

(gO2/L/d) 
0.531 0.976 0.388 0.911 0.255 0.953 0.229 0.930 

CH4 production 
rate  

(mL/d) 
128.25 0.966 20.59 0.965 252.29 0.925 466.3 0.996 

2
n
d
 A

D
 C

y
c
le

 VFA consumption 
rate  

(gO2/L/d) 
0.687 0.995 0.508 0.976 0.552 0.985 0.565 0.929 

CH4 production 
rate  

(mL/d) 
52.36 0.966 9.17 0.993 58.76 0.988 161.64 0.992 

 

Considering the maximum VFA production rate, only the values of the 1st AD cycle were 

presented, since in the 2nd AD cycle, the maximum VFA concentration was achieved in the following 

day from the substrate addition, due to the rapid metabolization of organic matter into VFA. Although 

the values are quite similar, small differences can be noticed in the maximum values of the VFA 

production rate obtained. For bioreactor FA7 the VFA formation was faster (0.867 gO2VFA/L/d) than 

for the other bioreactors (0.627 – 0.783 gO2VFA/L/d), probably influenced by the type of buffer material 

used (HPGS) and the respective amount (16 g/L). 

The maximum VFA consumption rate, which represents the rate of VFA depletion used mainly for 

the methane formation, increased significantly from the 1st to the 2nd AD cycles. For all assays, the 

VFA consumption rate increased between 30 % (FA4 and FA5) and 150 % (FA7), indicating, once 

again, an adaptation of the microbial population to the type of substrate, namely to the VFA present 

in the liquid phase. The FA7 bioreactor presented the lowest VFA consumption rate in the 1st AD 

cycle and this low value may be related to the small extension of the acidogenic phase, with VFA 

concentration higher than 4 gO2VFA/L over a longer period of time (Figure 66), compared to the 

remaining bioreactors. In the 2nd AD cycle, all reactors presented similar VFA consumption rates, 

ranging from 0.508 to 0.687 gO2VFA/L/d.  

In contrast to the VFA consumption rate, the methane production rate in all bioreactors presented 

a better performance in the 1st AD cycle, decreasing globally by more than 55 % in the 2nd AD cycle. 

Despite this decreasing trend in values, the FA7 bioreactor is the one with the highest methane 

production rates, with values from 1.8 (FA6) to 22 (FA5) times higher than the other bioreactors. 

These differences can also be observed when the COD balance is performed, as shown in Figure 

68. At the end of the 1st AD cycle, the FA7 bioreactor presented the highest COD fraction transformed 

into gas (methane production) and the highest methane yield (considering the removed sCOD), as 

previously showed in Figure 63.  
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Figure 68| COD balance in 1st AD cycle (a) and 2nd AD cycle (b), considering the acidified (as gO2/L) and 

non-acidified sCOD, the gas (methane) formed (as gO2/L) and the removed sCOD.  

 

As already presented, the removed fraction of COD presented in the COD balance refers mainly 

to the sCOD used by microorganisms for growth and internal metabolism. At the end of the 1st AD 

cycle, the microorganisms present in FA5 and FA6 bioreactors did not use the removed sCOD for 

the final products (methane) generation (7 – 17 % of COD), but for growth (79 – 88 % of COD), with 

a very low amount of acidified COD (1 – 2 % of COD), which corresponds to intermediate products 

such as VFA. In bioreactors FA4 and FA7, the COD removed was mainly converted into methane 

(43 – 55 % of COD). At the end of the 2nd AD cycle, FA4, FA5 and FA6 bioreactors presented similar 

COD balance: about 46 – 48 % were converted into methane and 45 % were removed for microbial 

growth, with a very low fraction of COD transformed into intermediates (VFA).  

In line with the previous results presented, it is possible to conclude that the FA5 bioreactor (12 

g/L of LPGS) failed as a methanogenic system, producing a lower methane volume, with very low 

methane yields, regarding the removed organic matter. Comparing the bioreactors with the same 

amount (16 g/L) of different spheres (LPGS vs HPGS), it can be concluded that the increasing in the 

spheres’ porosity enhanced the methane formation and led to a stable anaerobic process, with two 

additions of substrate and 87 days of operation. 

 

4.2.2.4 4-cycle fed-batch assays: effect of operation time on anaerobic digestion of 

cheese whey  

In the previous sub-section, the results of the comparison of anaerobic performance in bioreactors 

were presented with the addition of two types of geopolymeric spheres: low and high porosity 

geopolymer spheres. As the results presented showed, the HPGS addition promoted a better 

performance of the AD system for the treatment of cheese whey.  

In order to evaluate the prolonged operation with the increase of substrate additions (from 2 to 4 

substrate additions), three bioreactors were operated in fed-batch mode, following the main 

operational conditions listed in Table 24. The bioreactor FA8 was operated as a reference, with 

chemical alkalinity addition (4 g/L measured as CaCO3) and bioreactors FA9 and FA10 act as 

replicates, with the same operating conditions and with the addition of 16 g/L of HPGS as buffer 

material. The four additions of about 8 gO2/L of concentrated cheese whey solution were performed 

as described in detail on sub-section 3.5.2.2. 

 

(a)         (b) 



Sustainable methodologies based on residue recovery for pH control in anaerobic digestion 

188 

4.2.2.4.1 pH evolution 

Figure 69 shows the pH evolution over time for bioreactors operated with four substrate additions, 

FA8, FA9 and FA10. Four substrate additions were made to the bioreactors: the first was done at 

the beginning of the test at day 0; the second was performed when almost all the added COD was 

consumed (on the 47th incubation day); the third was performed on day 78 of the incubation; the 

fourth was performed on day 103 of incubation. The four stages are divided in the figure, for clarity, 

by vertical dashed lines.    

 

Figure 69| pH values over time for fed-batch assays with 4 AD cycles and HPGS addition. The dashed lines 

mark the substrate additions and the grey bar is highlighting the optimum methanogenic pH range. 

 

As before, after the first substrate addition, the pH dropped to acid values below 6.0 in all 

bioreactors. On the 3rd day of incubation, the pH values of the assays FA9 and FA10, with the addition 

of HPGS, were lower than the values of the reference assay, reaching a pH of around 5.14 – 5.22. 

After these low values, the systems recovered and reached almost neutral values around the 20th 

day. The pH profile of the reference bioreactor (FA8) is similar to the profiles of the FA9 and FA10 

bioreactors, although a little higher in terms of pH values. The minimum pH value measured in the 

FA8 bioreactor was 6.0, on day 6 of incubation, and after 27 days of incubation, the reference system 

stabilized its pH at 7.5, which remained constant until the end of the 1st AD cycle. 

On day 47 of the incubation, the 2nd substrate addition was performed and the 2nd AD cycle was 

started. The pH values dropped again to the slightly acidic range and the values measured after 4 

days were, as previously observed, lower in the bioreactors with the addition of HPGS to control the 

pH. The minimum value of 6.38 was achieved in the reference bioreactor FA8, against 5.92 – 6.34 

obtained in bioreactors FA9 and FA10, respectively. The recovery of the system, which is the 

establishment of an almost neutral pH in the AD system, was faster in the 2nd AD cycle than in the 

1st AD cycle. For the 2nd AD cycle, the anaerobic systems took 16 days to reach the pH around 7, 

compared to the 20 days needed in the 1st AD cycle. This faster recovery may indicate an adaptation 

of the anaerobic microbial population to the substrate and a faster metabolization of the carbon 

source into VFA. 

On day 78 of incubation, the 3rd AD cycle started with another substrate addition. This cycle did 

not show a pH drop as deep as previous AD cycles, with the lowest pH values remaining within the 

optimum methanogenic range, highlighted in Figure 69 by a grey bar. The lowest values were 

achieved, as expected, in bioreactors with the HPGS addition as buffer material, with pH values 
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averaging 6.65. After 12 days of the 3rd AD cycle, the pH values remained stable and slightly above 

the optimum methanogenic range until the end of the 3rd AD cycle.  

On day 103 of incubation, the last cycle started with the fourth addition of substrate. In this last 

AD cycle, the pH did not decrease as in the previous cycles, except for bioreactor FA9, where the 

pH dropped from 7.46 to 7.07 in the first 7 days of the 4th AD cycle. After a slight variation in pH, the 

system recovers quickly and the pH values were maintained close to 7.5 in all bioreactors, until the 

end of the incubation time.  

The difference between the initial pH values (beginning of the cycles) and the minimum pH values 

achieved after adding the substrate decreases with the course of the experiment, allowing for stable 

operation. For example, in the 1st AD cycle, the pH difference reached 2.44 ± 0.06, while in the 3rd 

AD cycle, the difference between the initial and the minimum pH was only 0.61 ± 0.17. The buffer 

capacity of the spheres was tested with four additions of substrate and, in all bioreactors, it is possible 

to observe that the anaerobic microorganisms present in the medium are able to adapt to adverse 

conditions, that is, an addition of easily biodegradable substrate, which promotes the development 

of the acidification step in an anaerobic process. 

 

4.2.2.4.2 Volatile fatty acids production 

Figure 70 shows the total VFA concentration measured during the entire incubation time and 

expressed as acetic acid equivalents (gAC/L) and Figure 71 shows the individual VFA concentrations 

of acetic, propionic and n-butyric acids, expressed as COD equivalents (gO2/L), as a function of 

time. For the samples taken in these experiments, the levels of i-butyric, i-valeric, n-valeric and n-

caproic acids were also determined individually, but the measured concentrations were lower when 

compared with the three main acids present in the liquid phase. For this reason, they were not 

included in Figure 71 but account for the TVFA calculation represented in Figure 70. The four AD 

cycles are divided in the figure for the sake of clarity by vertical dashed lines on days 47, 78 and 103 

of incubation.  

In all operated bioreactors, different VFA species accumulate in the liquid medium after the initial 

substrate (cheese whey) addition. In the 1st AD cycle, the total VFA concentration reached its 

maximum for the reference bioreactor (FA8), achieving a concentration of 3.73 gAC/L after 9 days 

of incubation. After day 9, the total VFA concentration decreased in bioreactor FA8 until day 27, 

reaching values below 1 gAC/L. For bioreactors FA9 and FA10, after an increase in VFA content up 

to ≈ 2.8 gAC/L on day 9, between days 9 and 20, the total VFA concentration remained almost 

constant, without significant VFA consumption or accumulation. After day 20 of incubation, a rapid 

VFA consumption was observed, which led to a rapid decrease in the total VFA concentration, 

reaching values below 1 gAC/L after day 34 of incubation. After the total VFA depletion, the values 

remained low and constant until the end of the first AD cycle.  

In the 2nd AD cycle, a different profile was observed, compared to that observed in the 1st AD 

cycle. The total VFA concentration in the reference assay was lower than in the 1st AD cycle and 

then in the other bioreactors, reaching a maximum of just 2.02 gAC/L on day 64 of incubation. On 

the other hand, bioreactors FA9 and FA10 showed a fast increase in TVFA concentration, reaching 

approximately 3.8 gAC/L on day 55 of incubation. This maximum value was followed by a fast 
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consumption of the total VFA content, reaching values below 1 gAC/L after day 64 of incubation. 

After day 72, TVFA concentrations remained low and constant until the end of the 2nd AD cycle.  

 

Figure 70| Total VFA concentration (represented as acetic acid equivalents per L) over incubation time of 4-

cycle fed-batch assays. 

 

 

Figure 71| Concentration of individual VFA species, namely acetic, propionic and n-butyric acids, over time, 

for fed-batch (4-cycle) operated bioreactors, namely FA8, FA9 and FA10. 

 

In the 3rd AD cycle, the three bioreactors had a similar total VFA profile, with a fast increase after 

the substrate addition, until reaching a maximum concentration of 2.2 – 2.5 gAC/L on day 83 of 

FA8 
 
 
 
 
 
 
 
 
 
 
 

 
FA9 

 
 
 
 
 
 
 
 
 
 

 
FA10 
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incubation. The VFA decreasing profile was also similar in all bioreactors, obtaining concentrations 

below 1 gAC/L after 12 days of cycle (90 days of incubation). As verified in previous AD cycles, VFA 

production was not observed after reaching low values (< 1 gAC/L) and TVFA concentration 

remained constant until the end of the cycle, on day 103.  

In the 4th AD cycle, the amount of VFA measured in the liquid phase was surprisingly less than in 

previous AD cycles, with the bioreactor FA9 reaching a maximum TVFA concentration of 1.9 gAC/L 

on day 111 of incubation. This maximum value corresponded to a peak in the acetic acid 

concentration measured at that point (Figure 71), resulting from the accumulation of this acidic specie 

in the liquid medium. The bioreactors FA8 and FA10 reached 0.79 gAC/L as a maximum value for 

the TVFA concentration measured in the 4th AD cycle and, after day 118 of incubation, TVFA 

concentrations were below 0.2 gAC/L and remained constant until the end of the cycle (in this case, 

also the end of the experiment). 

The predominant VFA specie, in terms of maximum concentration, as occurred in the previous 

results presented, was n-butyric acid, as can be observed in Figure 71. It was formed immediately 

after the substrate additions, reaching its highest concentrations, and was the first acidic specie 

converted into methane or acetic acid. The exception was the 4th AD cycle, where n-butyric acid was 

not formed or was not detected in the liquid fraction due to its rapid consumption by the 

microorganisms’ consortium. The gap between samples (from day 104 to day 111) could have 

contributed to the absence of n-butyric acid in the analysis. In fact, n-butyric acid was detected in the 

first 25 days of the 1st AD cycle, in the first 15 days of the 2nd AD cycle, in the first 10 days of the 3rd 

AD cycle and, in the 4th AD cycle, it should have been detected in the first 5 days, in which no samples 

were collected. 

Acetic acid was also formed in large quantities and, although this acidic specie did not reach the 

highest individual VFA concentration (expressed in gO2/L) as n-butyric acid, it remains longer in the 

liquid fraction in concentrations higher than 1 gO2/L. On average, acetic acid accounts for about 

50 % of the total VFA composition. As observed in previous assays, propionic acid was formed in 

inferior amounts, but microorganisms did not consume it, maintaining its concentration constant in 

the liquid until the depletion of other acidic species. In all assays, propionic acid did not exceed 

0.5 gO2/L, which corresponds, on average, to 18 % of the TVFA composition.  

 

4.2.2.4.3 Methane production  

Figure 72 depicts the values for methane yield determined over time for assays FA8, FA9 and 

FA10. In this figure, the AD cycles were divided for clarity, using vertical dashed lines. For the 

calculation of methane yields, the cycles were considered independent and it was considered that, 

at the beginning of each cycle, methane production was null, with YCH4/sCOD removed = 0.  

The 1st AD cycle showed the lowest methane yield values, less than 50 mLCH4/gO2 removed, with 

the reference bioreactor (FA8) having the best performance. Although the environmental conditions 

applied were the best obtained in previous assays (FA4 to FA7), the anaerobic sludge used did not 

show an immediate adaptation response. The low methane volume produced in this cycle may be 

indicative of a low amount of methanogens in the mixed microbial population or low microbial activity, 

mainly regarding the methane production.   

 



Sustainable methodologies based on residue recovery for pH control in anaerobic digestion 

192 

 

Figure 72| Methane yield determined over time in assays with the addition of different types of alkaline agents 

(chemical compounds vs high porosity geopolymer spheres).  

 

With the second substrate addition, the anaerobic systems responded positively and part of the 

removed organic matter was converted into methane, which was reflected in the increase in the 

general methane yield values. In this 2nd AD cycle, FA8 showed a peak in methane yield, 

corresponding to a high conversion rate of organic matter into methane, achieving 170 mLCH4/gO2 

removed, after 56 days of incubation. After this peak, the values tended to stabilize at ≈ 75 mLCH4/gO2 

removed. The values for FA9 and FA10 showed a very different behavior in this cycle, with very low 

methane yield values for the assay FA10 (≈ 40 mLCH4/gO2 removed), and with higher methane yield 

values for FA9 (≈ 150 mLCH4/gO2 removed).  

The 3rd AD cycle followed the trend towards a slight increase in the average methane yield values 

per cycle. After an increase until 120 mLCH4/gO2 removed on day 84 of incubation, both the reference 

bioreactor (FA8) and the bioreactor FA10 stabilized at values close to 90 mLCH4/gO2 removed, until 

the end of the cycle. The bioreactor FA9 presented in this cycle the best methane performance, 

reaching values of methane yield close to 200 mLCH4/gO2 removed during the entire cycle. 

After the fourth substrate addition, both bioreactors FA9 and FA10 showed similar methane yield 

values and profile, with a peak on day 112 (≈ 130 mLCH4/gO2 removed), followed by stabilization until 

the end of the experiment with values between 80 and 90 mLCH4/gO2 removed. In this cycle, the 

reference bioreactor presented higher values in terms of methane yield, reaching a peak on day 112 

(330 mLCH4/gO2 removed) and stabilizing at 145 mLCH4/gO2 removed until the end of the experiment. 

These instabilities observed in the methane yield values when the substrate was added to each 

bioreactor were due to the fast conversion of organic matter into methane. During the incubation time 

in each AD cycle, methane formation tends to slow down and the methane yield values tend to 

decrease and stabilize until the end of the cycles, as expected in batch tests with substrate depletion.  

Although promising, these values obtained for the methane yield did not reach the maximum 

theoretical methane yield for the environmental conditions applied to each operated bioreactor, 

namely, 36 °C and an atmospheric pressure of 1 atm: 396 mLCH4/gO2 removed. Considering the 

overall methane yield of these experiments (without the values of the first cycle due to biomass 

adaptation), the assay with the addition of HPGS as buffer material achieved values slightly higher 

than the reference assay (141 vs 98 mLCH4/gO2 removed). This allows us to conclude that the use 

of geopolymer spheres is slightly beneficial for the methane formation, with the advantage of 
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recovering and reusing the buffer material, compared to the use of chemical compounds to control 

the pH in AD systems. 

Figure 73 shows the values of the CO2/CH4 ratio, calculated over time for experiments FA8, FA9 

and FA10. The four cycles performed in these experiments were divided in the figure by vertical 

dashed lines. A CO2/CH4 ratio above 1 indicates a methane content of less than 50 % and, in the 

figure, this point is highlighted with a horizontal dashed line. In this representation, the null values 

indicate a zero methane content measured in the biogas.    

 

Figure 73| CO2 to CH4 ratio in biogas produced in assays FA8 (○), FA9 (◊) and FA10 ().  

 

After the first substrate addition, all bioreactors showed an initial period without methane content 

in the biogas. After day 13 of incubation, the presence of methane in the bioreactor FA8 was 

measured, corresponding to approximately 50 %. The reference system had almost constant 

methane content in the biogas until the end of the first cycle (65 – 70 %). The bioreactors FA9 and 

FA10 showed similar behavior, with a 7-day delay.  

It was observed that in each substrate addition, on days 47, 78 and 103 of incubation, the 

CO2/CH4 ratio increased rapidly to values above 2.5, which corresponds to a methane content in the 

biogas less than 30 %. The systems recovered rapidly from the organic load shock and the methane 

content in the biogas increased with the substrate consumption, transforming the organic matter into 

methane-rich biogas. This shift in anaerobic metabolism led to a stabilization of the CO2/CH4 ratio at 

values below 1, corresponding to the methane content in the biogas above 50 %. Over time, there 

was a tendency to decrease the peak of the CO2/CH4 ratio measured after substrate addition, 

indicating good performance and adaptation of anaerobic microorganisms to the substrate, with a 

decrease in the microbial activity disturbance due to the organic shocks imposed on the anaerobic 

system with the substrate additions performed.   

 

4.2.2.4.4 Anaerobic process performance 

Figure 74 shows the measured values for the methane volume (absolute values), the total VFA 

concentration expressed as COD equivalents and the pH values measured during the incubation 

period, for bioreactors FA8 and FA9. As the results for FA10 are similar to those obtained in the FA9 

bioreactor, only the performance of FA9 is presented and discussed, comparing it with the reference 

bioreactor FA8, with the addition of chemical alkalinity instead of highly porous geopolymer spheres. 
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The four AD cycles are divided in the figure for clarity by vertical dashed lines on day 47, 78 and 103, 

corresponding to the beginning of the 2nd, 3rd, and 4th AD cycles, respectively, and to the new 

substrate additions.  

  

Figure 74| Evolution of CH4 (◊), total VFA concentration (□) and pH () with time for the assays FA8 and FA9. 

 

During the experiment, with successive substrate additions, a decrease in the disturbance of the 

systems was observed. The pH values tend to decrease after substrate additions, and the extent of 

the pH drop decreases with increasing incubation time. Similar behavior was observed in the VFA 

formation. The initial period, in which a high amount of VFA was measured in the liquid phase, is 

longer than the periods after subsequent substrate additions (2nd, 3rd and 4th AD cycles). As 

mentioned earlier, this behavior can be indicative of the good performance and adaptation of the 

systems to the imposed conditions.  

Methane formation was also evaluated, in terms of the absolute methane volume produced. Until 

day 57 of incubation, the methane volume produced by the reference bioreactor (FA8) was higher 

than the volume accumulated by the bioreactor FA9. With the fast metabolization of VFA 

accumulated, mainly the n-butyric acid present in bioreactors with HPGS (Figure 71), and with the 

second substrate addition, methane production boosted after day 55, surpassing bioreactor FA8 in 

terms of absolute methane volume. The formation of n-butyric acid in bioreactors with HPGS was 

very important for the performance of the anaerobic digester in terms of methane formation. After 

the turning point during the 2nd AD cycle, in which n-butyric acid was formed at high concentrations, 

the methane volume formed in the bioreactors with HPGS was always higher than in the reference 

bioreactor, until the end of the experiment. 

In terms of total VFA accumulation over time, the number of VFA species determined tended to 

decrease with successive substrate additions. A faster consumption of VFA species was observed, 

preventing its accumulation in the liquid fraction. The decrease in the total VFA concentration with 

FA8  
 
  
 
 
 
 
 
 
 
 
 
 
 

FA9 
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the increase in the number of cycles affected the pH, which, as previously discussed, tended to 

stabilize with the incubation time. 

Table 38 lists the values and the respective determination coefficients calculated for the maximum 

rates of VFA production and VFA consumption in the 1st AD cycle, as well as the maximum methane 

production rate calculated in the 1st, 2nd, 3rd and 4th AD cycles. The VFA production and consumption 

rates were not evaluated for the 2nd, 3rd and 4th AD cycles due to the lack of experimental points (only 

two points in each cycle or variable).   

Table 38| Maximum VFA production rate, VFA consumption rate and methane production rate for the 1st AD 

cycle of the fed-batch assays FA8 and FA9, and maximum methane production rate in the 2nd, 3rd and 4th AD 

cycles for bioreactors FA8 and FA9 (values and respective determination coefficient). 

AD 
cycle 

Parameter 
FA8 FA9 

Value Det. Coeff. Value Det. Coeff. 

1st 

VFA production rate (gO2VFA/L/d) 0.594 0.730 0.569 0.857 

VFA consumption rate (gO2/L/d) 0.337 0.941 0.375 0.889 

CH4 production rate (mL/d) 38.63 0.978 15.17 0.927 

2nd CH4 production rate (mL/d) 28.92 0.987 104.3 0.990 

3rd CH4 production rate (mL/d) 44.82 0.987 150.95 0.988 

4th CH4 production rate (mL/d) 171.75 0.966 100.3 0.901 

 

Regarding the acidogenic step of the AD process, both FA8 and FA9 bioreactors showed similar 

production and consumption rates. VFA species were produced faster than their consumption, and 

this is due to the fact that the methanogenic microorganisms, which metabolize VFA as a source of 

methane formation, have lower rates than acidogenic microorganisms (Anderson et al., 2003). For 

this reason, VFAs tend to accumulate in the liquid phase and, when readily biodegradable substrates 

are used, the total VFA amount is usually higher than 2 – 3 gO2/L (Escalante et al., 2018).  

For methane production rate, the values for both bioreactors tend to increase with the successive 

substrate additions. In the reference bioreactor FA8, methanogenic microorganisms improved their 

activity over time, increasing from 38.63 mL/d to 171.75 mL/d of methane produced. In the bioreactor 

FA9, with the addition of high porosity GS to control the pH, methane production in the 1st AD cycle 

was very low, but with the n-butyric production on day 55 of incubation (see the previous discussion), 

the methane production rate increased largely and achieved a maximum of 150.95 mL/d in the 3rd 

AD cycle. In the 4th AD cycle, the performance of the bioreactor FA9 decreased by 34 %.  

Figure 75 shows the performance values for the assays with four AD cycles, considering the 

results for degree of acidification, organic matter removal and methanization degree in each of the 

four AD cycles performed, for both bioreactors (FA8 and FA9). Figure 76 shows the COD balances 

for bioreactors FA8 and FA9, at the end of each AD cycle. For the initial samples (beginning of AD 

cycles), it was considered that methane was not formed (0 % of COD as gas), no organic matter was 

removed for growth or activity of microorganisms (0 % of COD removed) and the non-acidified 

fraction of the COD accounts for 90 – 97 % of the COD present in each bioreactor.  

Since the acidified fraction at the end of the experiments represents only a very small part of the 

initial sCOD present in the anaerobic digesters, the degree of acidification for both bioreactors in the 

different AD cycles was between 2 and 7 %. The methanization degree followed a trend similar to 

the maximum methane production rate, increasing with the successive substrate addition.  



Sustainable methodologies based on residue recovery for pH control in anaerobic digestion 

196 

 

Figure 75| Degree of acidification, sCOD removal and methanization degree for bioreactors FA8 and FA9, in 

the 1st, 2nd, 3rd and 4th AD cycles. 

 

 

Figure 76| COD balance at the end of each AD cycle for FA8 and FA9 bioreactors, considering the acidified 

(measured as gO2/L) and non-acidified sCOD, the gas (methane) formed (measured as gO2/L) and the 

removed sCOD. 

 

Regarding the sCOD removal, the values were higher than 84 %, with a slightly decreasing trend 

with the increase in the time of the experiment. Although these values are very promising, the 

presence of non-degraded organic material hindered sCOD removals above 95 %. These sCOD 

removal percentages are in line with those obtained for the previous assays presented (FA1 to FA7).  

Thus, it is possible to conclude that the use of geopolymer spheres, namely those with higher 

superficial porosity (HPGS), is favorable to the increase in the volume of methane. These spheres 

allowed a stable process through the pH control, improved the VFA formation, specially the main 

acidic species for the methane formation (n-butyric and acetic acids), and boosted the methane 

volume produced in the bioreactors, compared to a reference assay in which chemical compounds 

were added to buffer the AD system. Besides that, the use of this type of materials has a sustainable 

advantage, as it can be recovered after AD tests. The integrity of the spheres was kept after use, 

and they can be recycled for other applications, meaning zero-waste generation.  

 

4.2.2.5 Geopolymer spheres characterization after anaerobic digestion assays 

In addition to the performance advantages, namely, the increase in methane production, in 

comparison to the use of commercial powdered alkaline chemicals, GS also show a crucial technical 

advantage, since it can be recovered after the AD process and then reused in other applications (e.g. 

lightweight aggregates in the production of mortars). Figure 77 shows SEM micrographs for 

geopolymer spheres samples before anaerobic fed-batch assays, namely LPGS (a and b) and HPGS 

FA8           FA9 

FA8       FA9 
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(d and e), and EDS spectra for the referred materials (c and f, respectively). The chemical 

composition of the spheres under study before and after the AD process is listed in Table 39. 

 

Figure 77| SEM micrographs (a, b, d, e) and EDS spectra (c, f) of the GS after fed-batch tests inside the 

anaerobic digester: (a, b, c) LPGS and (d, e, f) HPGS. 

 

Table 39| Chemical composition of the GS with low and high porosity, before and after the fed-batch AD tests; 

the elemental composition of the material as determined by XRF is expressed as oxides and loss on ignition 

(LOI) was determined at 1100ºC. 

Oxides (wt.%) 
Before AD tests After AD tests 

LPGS HPGS LPGS HPGS 

SiO2 28.0 27.9 52.1 56.4 

TiO2 0.56 0.68 0.90 1.01 

Al2O3 10.2 9.75 19.8 20.9 

Fe2O3 1.45 1.85 2.49 2.71 

MgO 0.41 0.42 0.82 0.80 

CaO 4.06 4.85 5.14 5.71 

MnO 0.11 0.14 0.14 0.15 

Na2O 10.7 14.3 1.25 1.17 

K2O 1.37 1.60 3.65 3.98 

SO3 1.24 1.95 0.56 0.61 

P2O5 1.24 1.95 2.76 2.59 

LOI 41.2 35.8 10.2 3.66 
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Figure 77 shows that, even after 87 days inside anaerobic digesters in adverse environmental 

conditions, the spheres preserve their integrity. Nevertheless, the SEM micrographs (Figure 77 (b) 

and (e)) show an increase in the porosity of both GS, certainly caused by alkalis leaching. Indeed, 

the EDS spectra shown in Figure 77 (c) and (f) show a massive reduction in sodium content in 

comparison with the results before use.  

By the analysis of the main constituents of the spheres before and after AD tests, it is shown that 

sodium is almost depleted after AD process, decreasing 89 to 92 % at the end of the experiments, 

for both GS types. However, it also shows that SiO2/Al2O3 remains almost unchanged 

(approximately 2.8), meaning that the composition of the aluminosilicate gel has not been seriously 

altered after use for such a long period of time and experiencing relatively low pH values at certain 

times. 
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4.2.3 Comparison of fly ash-based geopolymer spheres assays for 

methane production  

In the previous sub-sections, the results obtained for the assays using fly ash-based geopolymer 

spheres as buffering material were presented. During the assays, several previously defined 

objectives were answered. It was observed that, although there was leaching of organic matter 

present in the spheres and detected when the spheres were added to the water, the anaerobic 

microbial population was able to convert this organic matter together with the added substrate into 

methane, thus achieving high methane yields.  

Accordingly, with the results obtained in the anaerobic oxitop assays using both FA-based and 

MK-based geopolymer spheres, the addition of FA-based GS brings benefits for the AD of cheese 

whey, compared to the addition of MK-based GS. From an economic point of view, the use of FA-

based geopolymers is preferential, since they contain a higher amount of waste (fly ash) in their 

composition. The use of FA-based GS instead of MK-based GS contributes to a more sustainable 

approach, giving a new life to waste through the creation of new products to be applied, for example, 

in the improvement of anaerobic processes. 

After the oxitop assays performed, batch and fed-batch bioreactors were operated. The focus of 

these studies was the maintenance of the pH and the ability of the spheres to control pH within a 

naturally unbalanced anaerobic digester. For better understanding, the range of pH values achieved 

in the stability phase, which is after the initial period of instability due to the accumulation of VFA 

species, is shown in Figure 78. In the box plots presented, a horizontal line marks the median values 

(mid-point of the data), the middlebox (interquartile range) represents the middle 50 % of the scores 

for the data and the upper and lower whiskers represent the scores outside the middle 50 %. For this 

figure, only the values of the 1st AD cycle were considered. The grey band represents the optimum 

methanogenic pH range considered in this work (6.5 to 7.2). The pH range achieved in the FA1 

bioreactor was much smaller than in the others, due to the lack of chemical alkalinity or GS addition 

to control the pH. The values ranged from 3.8 to 4.4 in the stability phase, without the formation of 

methane-rich biogas and, for this reason, were excluded from Figure 78. 

 

Figure 78| pH range in stability phase in assays with FA-based GS (FA2, FA3, FA5, FA6, FA7, FA9 and 

FA10) and respective reference assays (FA4 and FA8).  

 

The use of high amounts of spheres, as in FA2 and FA3 bioreactors, led to higher pH values, 

around 7.8, in the stability phase. These values are slightly higher than those considered as optimum 
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pH values for the methane formation. Comparing the reference assays (FA4 and FA8) with the 

corresponding tests (FA5, FA6 and FA7 for reference FA4, and FA9 and FA10 for reference FA8), it 

was observed that the addition of chemical alkaline solution led to generally higher pH values at the 

end of the 1st AD cycle than when using GS.  

The conditions applied to the selected bioreactors compared here were summarized in Table 24. 

The bioreactors were selected according to the best performance obtained in terms of pH 

control/methane formation, in each set of assays, combined with different types of geopolymer 

spheres added. Table 40 summarizes the main parameters used to evaluate the performance of the 

different assays performed with the different types of spheres tested. The main parameters include 

the pH variation, the organic matter removal, the maximum total VFA concentration and the methane 

content, the methane yield, the final degree of acidification and the anaerobic biodegradability of 

each assay.  

Table 40| Comparative values for the performance of AD bioreactors with cheese whey as a substrate, using 

different types of geopolymer spheres, as a pH control material. For bioreactors FA6, FA7 and FA9, the 

results are presented by the AD cycle.   

 
Parameter FA3 FA6 FA7 FA9 

Experimental 
conditions 

Number of cycles 1 2 2 4 

GS type FA-based LPGS HPGS HPGS 

GS amount (g/L) 27 16 16 16 

Substrate added per 
AD cycle (gO2/L) 

8.0 8.0 8.0 8.0 

pH 

Initial pH  6.99 
6.87 (1st) 
6.1 (2nd) 

6.87 (1st) 
5.98 (2nd) 

7.59 (1st) 
5.92 (2nd) 
6.68 (3rd) 
7.07 (4th) 

Minimum pH 5.40 5.14 5.27 5.22 

Final pH 7.75 
7.17 (1st) 
7.63 (2nd) 

7.15 (1st) 
7.46 (2nd) 

7.22 (1st) 
7.39 (2nd) 
7.46 (3rd) 
7.78 (4th) 

Organic 
matter 

removal 
sCOD Removal (%) 75.5 

90.1 (1st) 
89.7 (2nd) 

82.1 (1st) 
84.5 (2nd) 

93.0 (1st) 
90.5 (2nd) 
91.9 (3rd) 
85.4 (4th) 

Acidogenic 
step 

[VFA]max (gO2VFA/L) 9.96 
5.97 (1st) 
4.31 (2nd) 

6.34 (1st) 
5.91 (2nd) 

6.27 (1st) 
7.13 (2nd) 
4.22 (3rd) 
2.43 (4th) 

Final DA (%) 14.9 2.26 2.06 4.77 

Methanogenic 
step Maximum CH4 

content (%) 
76.6 

78.9 (1st) 
85.9 (2nd) 

73.1 (1st) 
78.4 (2nd) 

74.0 (1st) 
74.7 (2nd) 
65.9 (3rd) 
55.4 (4th) 

Final YCH4/sCOD 
(mLCH4/gO2 removed) 

187 
68.6 (1st) 
188 (2nd) 

233 (1st) 
203 (2nd) 

17.7 (1st) 
145 (2nd) 
176 (3rd) 
90.2 (4th) 

Global anaerobic 
Biodegradability (%) 

88.8 47.8 89.2 30.0 
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With this summary, it is observed that the use of HPGS improved the methane formation. In fact, 

the highest methane yield of the removed sCOD was obtained in the bioreactor FA7, with a low 

degree of acidification and very good sCOD removal. The imposition of four AD cycles (bioreactor 

FA9) limited the methane production, with less anaerobic biodegradability and methane yield than in 

the bioreactor FA7. The reason for an anaerobic performance lower than the assays with two AD 

cycles may be related to the provenance and conditions of the anaerobic culture in the WWTP at the 

time of collection. In addition, maintaining an anaerobic culture for long periods can lead to a lower 

anaerobic performance, since microorganisms (especially methanogens) are very sensitive to 

temperature changes and the absence of sources of organic carbons. 

The increase in porosity was an asset in the use of GS in the AD system. With the increase in the 

porosity of the spheres studied in the bioreactor FA7, the boosted anaerobic performance was 

obtained with a low amount of spheres (16 g/L), compared to the assay with FA-based GS using 

27 g/L. Thus, a smaller amount is required to obtain similar results (comparison of FA7’s first AD 

cycle with that of FA3 bioreactor).  

Considering the variations in the pH values (Figure 78) and the anaerobic performance 

parameters (Table 40), it can be concluded that the use of 16 g/L of HPGS to control the pH in a 2-

AD cycle process for cheese whey is appropriate for achieving proper environmental conditions to 

favor methane production. It is possible to achieve high methane yield, high anaerobic 

biodegradability and maintenance of pH values within the optimum methanogenic pH range when 

16 g/L of HPGS were used.  
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4. 3 Phase 3: Red mud-based geopolymers 
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4.3 Phase 3: Red mud-based geopolymers addition to anaerobic 

digestion assays 

The results of the assays described in sections 3.5.1 and 3.5.2 were performed, applying the 

experimental conditions detailed in Table 23 and Table 24. Due to its methanogenic potential, cheese 

whey was used as a substrate in the AD assays. For these assays, red mud geopolymer spheres 

were used as buffer material. The main difference in the spheres used is the binder used in 

manufacture, which in this case is red mud (residue) instead of fly ash (residue) or metakaolin 

(commercial).   

The first assays were performed in batch mode, using the oxitop system, to select the amount of 

spheres suitable to be used in prolonged anaerobic assays. The second assays were performed in 

fed-batch mode and were incubated for a long period, performing a total of eleven substrate 

additions. These substrate additions were performed to cause instability of the anaerobic system and 

enhance the prolonged pH control achieved by the addition of red mud spheres.  

For these assays, several goals were defined, namely:  

I. Determination of the red mud-based geopolymer spheres concentration that promotes pH 

control in the optimum methanogenic pH range in the anaerobic digestion of cheese whey; 

II. Evaluation of the anaerobic performance of batch bioreactors treating cheese whey, with 

different amounts of red mud-based geopolymer spheres as buffer material; 

III. Study of the effect of organic shocks on the buffer capacity of red mud-based geopolymers 

spheres, in the anaerobic digestion process treating cheese whey; 

IV. Evaluation of the anaerobic performance of fed-batch bioreactors using red mud-based 

geopolymer spheres as a buffer material in the anaerobic digestion of cheese whey;  

V. Comparison of the performance of anaerobic fed-batch bioreactors using commercial 

alkalinity versus red mud geopolymer spheres in the treatment of cheese whey;  

VI. Evaluation of the potential of red mud-based geopolymer spheres as a buffer material in 

anaerobic systems.  
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4.3.1 Red mud-based geopolymer spheres: anaerobic digestion 

assays with cheese whey 

 

4.3.1.1 Geopolymer spheres characterization before anaerobic digestion assays 

Prior to use in anaerobic assays, the geopolymer spheres containing red mud wastes were 

analyzed. Figure 79 shows a representative optical micrograph of the red mud-based geopolymer 

spheres (a)), a SEM micrograph (b)) and the EDS spectrum (c)) of the surface of the sphere. The 

optical micrograph shows a narrow particle size distribution of the spheres, with an average diameter 

of 2.36 ± 0.10 mm. The SEM micrograph reveals the presence of a significant amount of pores on 

the sphere’s surface, which should enable the diffusion of alkalis from the interior and, as a result, 

regulate the pH inside the reactors. The EDS spectrum shows that iron, silicon, and calcium are the 

three most abundant elements in spheres, while other elements such as aluminum, titanium, sodium 

and potassium are present in smaller amounts. These elements are in line with the chemical 

composition of the precursors, namely red mud and fly ash wastes, as discussed by Novais et al. 

(2018a). 

  

Figure 79| Optical microscopy photograph (a) and SEM characterization (b) of the red mud-based inorganic 

polymer spheres, including the EDS spectrum of the spheres surface (c).  

  

(a)                         (b) 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

     (c)  
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4.3.1.2 Oxitop batch assays with the addition of red mud-based geopolymer spheres  

To evaluate the anaerobic performance of batch bioreactors treating cheese whey and using 

different amounts of red mud-based geopolymer spheres (RMGS) as a buffer material, the oxitop 

system was used, applying the conditions detailed in Table 23. In this experimental set-up, the pH 

values, conductivity values, and methane content were monitored during the 35 days of incubation. 

This preliminary pH evaluation performed in oxitop bioreactors was used to select the optimal 

concentration of RMGS to be used in fed-batch anaerobic digesters, performed in larger scale 

bioreactors.  

The tested concentrations of RMGS (20, 30 and 40 g/L) were chosen due to previous work 

performed by Novais et al. (2018a). Comparing the leaching behavior of FA-based geopolymer 

spheres with RM-based geopolymer spheres, Novais et al. (2018a) concluded that the lower amount 

of alkaline activators present in RMGS led to less OH- leaching capacity. In this way, the 

concentrations of RMGS tested were slightly higher than those used with FA-based spheres (27 g/L 

of FA-based GS and 16 g/L of HPGS), in order to theoretically obtain suitable pH values for energy 

valorization of cheese whey. 

Figure 80 shows the values determined for the cumulative pressure inside the oxitop bioreactors 

(a), as well as the methane volume produced during the time (b). For the bioreactor R25, the pressure 

values were zero due to a failure of the oxitop system. For bioreactors R26, R27 and R28, the 

pressure was measured only until day 18 (R28) and 21 (R26 and R27), since the oxitop system has 

a major limitation on the pressure limit of the measuring head (≈ 333 hPa or 0.33 atm), which can 

cause restrictions on gas measurements (Pabón Pereira et al., 2012). With the biogas sampling, the 

pressure decreased each time a sample was taken, which allowed the continuity of measurements 

by the oxitop heads, until the referred days, where the methane formation continued and no pressure 

values were recorded. 

The behavior of bioreactors with RM-based GS addition is similar, regarding the methane volume 

formed. The biological systems presented a lag phase of 10.6 days (R27 and R28) and 12.3 days 

(R26), which corresponds to small pressure variations. After the start of methane production, the 

pressure inside the bioreactors increased rapidly. After approximately 16 days of incubation, the 

pressure inside the bioreactors tended to slow down, which led to a stabilization in the methane 

volume formed. This stabilization in the pressure values is an indicator of the bioreactors stability 

during the anaerobic operation.  

Figure 80 also shows the pH values (c) measured during the incubation time in all bioreactors 

with RM-based GS addition (R26, R27 and R28) and with chemical alkalinity addition (R25). Table 

41 lists the pH values at the beginning, on the 1st day of incubation and at the end of the experiments, 

as well as the methane content at the end of the experiment. 

After one day of incubation, the pH values decreased significantly, from 7.12 to 5.49 – 5.72. The 

reference bioreactor, with 4 g/L of alkalinity measured as CaCO3, showed a similar pattern, 

decreasing largely from 8.09 to 5.56. This rapid decrease in pH values was due to the nature of the 

substrate (cheese whey), namely, its high biodegradability and capacity to form VFA from the organic 

matter present in the waste, under anaerobic conditions. It was observed that, with the increase in 

the amount of RM-based GS added to each bioreactor, the pH of the first incubation day tended to 

increase slightly, as expected. This trend was observed throughout the incubation time, as can be 

observed in Figure 80 (c), with the bioreactor R26 showing lower pH values than the other 
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bioreactors. At the end of the experiment, the final pH was higher in bioreactors with a higher amount 

of RM-based GS added. The final pH values were slightly above the optimum methanogenic pH 

range considered in this work (6.5 to 7.2) and, for this reason, the amount of RM-based GS added 

in fed-batch bioreactors, to be presented in the following sub-section, was slightly lower than that 

used in the oxitop bioreactor with the lower amount (R26, with 20 g/L). In addition, and comparing 

the oxitop assays with RM-based GS and with FA-based, the amount of spheres tested was similar, 

but the range of pH values was slightly different, coming close to 8 with RM-based GS and almost 

neutral (≈ 7) with FA-based GS. The composition of the spheres influences the leaching behavior of 

the spheres and, considering RM-based GS, the presence of a highly alkaline waste (red mud) led 

to an increase in pH values.    

 

Figure 80| Methane production (cumulative pressure inside oxitop bioreactors (a) and cumulative methane 

volume (b)) and pH (c) and conductivity values at 25 °C (d), measured during the incubation time for oxitop 

tests with RMGS addition. 

 

Table 41| pH values at day 0, 1 and 35, in oxitop bioreactors containing different alkaline agents at different 

concentrations. 

 Assay ID 
Alkaline agent 
concentration 

(g/L) 

pH at 
day 0 

pH at 1st 
day 

pH at 
35th day 

CH4 content 
(35th day) 

(%) 

Chemical 
alkalinity 

R25 4 8.09 5.56 8.12 60.9 

Red mud-
based GS 

R26 20 7.12 5.49 8.00 56.9 

R27 30 7.12 5.72 8.02 59.7 

R28 40 7.12 5.72 8.11 63.4 

 

After the initial pH drop observed on the first incubation day, corresponding to the minimum pH 

value reached for all four bioreactors, the pH increased until day 8 of incubation. No significant 

differences were observed in the bioreactors with 30 and 40 g/L of RMGS (R27 and R28, 

respectively), with pH values close to the reference reactor (R25), between days 3 and 8, where pH 

values of 7.6 – 7.8 have been achieved. The bioreactor R26, with the lowest amount of RMGS, 

showed values tending to be lower than the other bioreactors and, after 8 days of incubation, the pH 

measured was 7.0. For this bioreactor, the pH range of 7.6 – 7.8 was achieved only after 12 days of 

(a)         (c) 
 
 
 
 
 

 
 
 

(b)         (d)  



4 | Results and Discussion 

209 

incubation. This delay may be related to the lower pH value achieved on the 1st day of incubation 

(Table 41), which led the microorganisms to recover slowly from the acidic environmental conditions 

created by the addition of a readily biodegradable substrate.   

From day 12 of incubation and until the end of the experiment, all four bioreactors showed pH 

values in the same range, tending to increase after day 18, to pH values above 7.9. Although VFA 

analysis was not performed in these bioreactors over time, the pH profile obtained is an indicator of 

VFA depletion of the liquid fraction. This depletion made it possible to stabilize the formation of 

methane-rich biogas, since the main precursors of methane have already been consumed and 

converted into the most reduced form of carbon.  

Figure 80 (d) shows the conductivity values measured over time in the oxitop batch assays. The 

initial conductivity of the reference test, with the addition of chemical alkaline compounds to promote 

pH regulation, was more than twice the conductivity of the bioreactors R26, R27 and R28. The 

beginning of the experiment led to an increase in conductivity of 2.4 mS/cm for the reference assay 

and from 3.8 to 4.4 for bioreactors with RMGS addition. After the 1st incubation day, the increase in 

conductivity was less pronounced, with a variation of ± 1 mS/cm.   

During the incubation time, the measured conductivity was higher with a higher amount of RM-

based GS added, and these results suggested that the addition of RMGS improved the increase in 

the conductivity of the medium. This increase in conductivity is probably related to the leaching 

behavior of the spheres during the anaerobic incubation process. In their work, Ye et al. (2018) 

demonstrated that the addition of red mud to a sludge AD process increased the conductivity of the 

system, enhancing the electron transfer between different species of microorganisms, namely 

methanogens and syntrophic bacteria, with a beneficial effect in the methanogenesis step.      

Figure 81 depicts the initial and final values of alkalinity and soluble organic matter. With the 

addition of RM-based geopolymer spheres, the final alkalinity increased to values above 2.6 g/L 

measured as CaCO3, obtaining an even greater value the greater the amount of spheres added. For 

the reference bioreactor, a slight increase in final alkalinity was observed, mainly due to the depletion 

of VFA from the liquid medium, which increased the final measured pH values.   

 

Figure 81| Initial and final values for alkalinity and sCOD in the oxitop bioreactors with RMGS addition.  

 

Figure 82 shows the parameters to evaluate the anaerobic performance of the operated oxitop 

bioreactors, namely, the methanization degree, the anaerobic biodegradability, the final methane 

content and the organic matter removal. For the bioreactor R25, the pressure values inside the flask 
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were not measured and, for that reason, the methanization degree and the anaerobic 

biodegradability were not determined for this bioreactor. The methane content was similar in all 

bioreactors, between 57 and 63 % at the end of the experiments. 

 

Figure 82| Methanization degree, anaerobic biodegradability, methane content and sCOD removal 

percentage obtained at the end of the oxitop bioreactors testing the addition of RMGS as pH buffer material.   

 

In all bioreactors, the final soluble organic matter was highly reduced, reaching 77 – 85 % of the 

sCOD removal in bioreactors with the RM-based GS addition. The final sCOD values increased 

slightly with the increase in the spheres amount added, and from 1.34 gO2/L to 2.10 gO2/L remained 

in the liquid fraction of R26 and R28 bioreactors, respectively (Figure 81). This reduction in the sCOD 

removal with the increase in the spheres amount added may be related to the environmental 

conditions provided by the addition of increasing amounts of buffering material. With high pH values 

(above 8.1 in the bioreactor R28 at the end of the experiment), the conversion of VFA into methane 

can be impaired and the sCOD reduction is not as effective as, theoretically, at pH close to the neutral 

range.    

Both the methanization degree and anaerobic biodegradability are directly related to the methane 

volume produced in each bioreactor. The higher methane volume produced by the bioreactor R27 

led to the best methanogenic performance in this assay, although the final pH values achieved are 

slightly higher than 8.0. The 98 anaerobic biodegradability percentage indicates the potential of this 

system, using RM-based geopolymer spheres as a buffer material, to treat and valorize the cheese 

whey stream. For the other bioreactors, the values for the anaerobic biodegradability was ≈ 88 %, 

indicating that only about 12 % of the total removed sCOD was not converted into methane.  

Considering the results presented for batch anaerobic assays, the use of RM-based GS is 

promising for pH control of the AD process treating cheese whey effluents. For fed-batch anaerobic 

assays operated to treat high-load cheese whey effluent, the amount of spheres used was slightly 

reduced, since the pH values at the end of the batch experiments were above the optimum 

methanogenic pH range, as discussed previously. On the other hand, the reduced amount of spheres 

was tested to evaluate the capacity of the spheres to buffer a naturally unbalanced anaerobic system.   

 

4.3.1.3 Fed-batch assays with red mud-based geopolymer spheres addition  

Fed-batch assays using RM-based geopolymer spheres were performed as described in section 

3.5.2.2, applying the main operating conditions listed in Table 24. Three experimental conditions 



4 | Results and Discussion 

211 

were tested to compare the effect of RM-based geopolymer spheres addition, namely without 

chemical alkalinity or GS addition (RM1), with 2 g/L of initial added alkalinity measured as CaCO3 

(RM2), and with GS addition (RM3).  

 

4.3.1.3.1 pH evolution 

The pH evolution was monitored during all incubation time and the values are shown in Figure 

83. In the figure, vertical dashed lines mark the substrate additions and the grey bar highlighted the 

optimum methanogenic pH range, for the sake of clarity. The substrate additions correspond to the 

starting point of a new AD cycle, totaling eleven AD cycles in this fed-batch experiment.  

 

Figure 83| pH evolution with time for assays RM1 (○), RM2 (◊) and RM3 (□). The dashed lines mark the 

substrate additions and the grey bar is highlighting the optimum methanogenic pH range. 

 

The addition of an easily biodegradable carbon source such as cheese whey to an anaerobic 

treatment system promotes a pH decrease in the medium, with the fast conversion of organic matter 

into volatile fatty acids, intermediate compounds of the AD process. As expected, the blank assay 

(RM1), without chemical alkalinity or GS addition, presented low pH values after substrate addition. 

After 3 days of incubation, the pH of the RM1 bioreactor decreased from almost neutral to values 

below 5.0. These acidic conditions are often associated with the decrease in the methane production 

and the increase in the acid accumulation, and this scenario can lead to a complete failure of the 

anaerobic system (Speece, 1996; Taconi et al., 2008). In this case, the anaerobic system was unable 

to recover from low pH values and the pH remained below 4.0 during all the incubation time. With 

successive substrate additions, the system tended to achieve pH values still low and, after 45 days 

of incubation, it stabilized at around 3.7 and no effect of substrate additions on the pH was verified 

after day 45 until the end of the experiment.  

The reference bioreactor (RM2), with the chemical alkalinity addition, presented a pH profile 

similar to the test bioreactor (RM3), with the RM-based GS addition. The initial pH values are in the 

neutral range, with the bioreactor RM2 presenting slightly higher values, due to the type of alkalinity 

provided to the system. As chemical alkalinity was added in the form of a solution, the effect on pH 

was observed instantly, leading to a slightly higher pH value in the bioreactor RM2 (7.71) than that 

measured in the bioreactor RM3 (7.25), with RM-based GS addition. The slow release of OH- ions 

was not perceived at the beginning of the experiment (sample at t=0), and the pH of the bioreactor 

RM3 remained unchanged, at values similar to those of the blank bioreactor (RM1).  
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As occurred in the RM1 bioreactor, the pH dropped after the substrate addition and, on the 3rd 

day of incubation, the anaerobic systems presented pH values above 6.0. Comparing these 

bioreactors with the previous anaerobic systems presented, with FA-based GS addition (see section 

4.2), the reestablishment of almost neutral pH values was faster here (RM2 and RM3), with a less 

pronounced pH decrease. This behavior may be related to the experimental conditions applied in 

these bioreactors, with a lower initial organic load (4 gO2/L instead of 8 gO2/L of sCOD added at the 

beginning of the AD cycles), and a higher biomass concentration (4.5 gVSS/L instead of 2.5 gVSS/L), 

compared to assays using FA-based GS to control pH. Thus, the F/M ratio in these bioreactors was 

lower than in the bioreactors using FA-based GS as a buffer material, allowing for faster stabilization 

of the system in terms of pH values and prolonged operation using RM-based GS to control the pH.   

The successive additions of 4 gO2/L of substrate in the first 4 AD cycles did not significantly 

change the pH of the system, and the values remained in the favorable range for the methane 

formation. At the beginning of the 5th AD cycle, a slight decrease in pH values was observed, since 

the organic load doubled to 8 gO2/L. The addition of increasing amounts of organic matter led to a 

decrease in pH values, due to the VFA formation, and an accumulation of organic matter in the 

bioreactors. At the beginning of the 7th AD cycle, the pH of the medium in both reference and test 

bioreactors severely decreased to values close to 5.5, due to the VFA accumulation. The 

accumulation of VFA reflects, in most cases, the imbalance between acid producer bacteria and acid 

consuming archaea (methanogens), and this imbalance is associated with a pH drop and a break in 

buffer capacity (Ahring, 1995; Franke-Whittle et al., 2014). Despite the VFA accumulation, anaerobic 

digesters were able to recover from low pH values and, after 13 days, the pH rose again to values 

close to neutrality in the bioreactor RM3. The bioreactor RM2 took 16 days to recover from the pH of 

5.5, anticipating an increased difficulty in maintaining the buffer capacity of the system. 

After the 20 days instability period in the 7th AD cycle, substrate additions had a clear effect on 

the pH of both systems. Immediately after substrate addition, the pH decreased at the beginning of 

the cycles in both bioreactors, the drop being more pronounced in the bioreactor RM3, with a 

decrease of at least 0.6 pH points. The bioreactor RM2 presented a more unstable operation in terms 

of pH variations from the eighth AD cycle, with the propensity to reach decreasing values over the 

incubation time. During the 10th AD cycle, the bioreactor RM2 was unable to recover from low pH 

values before the substrate addition on day 82 of incubation. At the beginning of the 11th AD cycle 

and after the substrate addition, the pH inside the reference reactor dropped to 4.15 and remained 

constant until the end of the experiment. In this case, it is clear that the anaerobic system failed, 

since the chemical alkalinity provided at the beginning of the experiment was not sufficient to provide 

adequate buffer capacity for the anaerobic system treating cheese whey, operated for long periods.      

After the substrate addition and the consequent pH drop, the RM3 system recovered rapidly from 

the pH reduction in 8th, 9th and 10th AD cycles, with the pH, at the end of the cycles, above the 

optimum methanogenic pH range. With the addition of a high amount of organic matter (20 gO2/L) 

at the beginning of 11th AD cycle, the pH dropped sharply to values close to 5.0. After 7 days of the 

AD cycle, the pH of the system begins to recover, reaching values close to neutrality after 13 days 

of instability. This second period of instability was caused by an organic loading shock, and the 

anaerobic culture took the same time to recover as in the first period of instability (7th AD cycle).  

The recovery of the AD system of the RM3 bioreactor is an indication that the slow OH- leaching 

from RM-based spheres is beneficial for pH control in a naturally unbalanced anaerobic system, 
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promoting a prolonged buffering capacity, contrary to the use of chemical compounds to provide 

alkali to the anaerobic process. The alkalinity of the RM3 bioreactor increased from 0.6 to 8 g/L 

measured as CaCO3 at the end of the experiments, which indicates a great capacity of this system 

to withstand sudden pH changes. This value is above the value considered acceptable for most AD 

systems (up to 5 g/L measured as CaCO3) and can cause problems related to foam and scum 

formation (Gerardi, 2003).    

 

4.3.1.3.2 Volatile fatty acids production  

Figure 84 shows the results for the VFA composition of each sample of the bioreactors RM1, RM2 

and RM3, displayed as total VFA concentration as acetic acid equivalents (gAC/L). The individual 

concentration of VFA species, namely, acetic, propionic and n-butyric acids, was expressed as COD 

equivalents (gO2/L) and is shown in Figure 85. The other VFA species (i-butyric, i-valeric, n-valeric 

and n-caproic acids) were also determined individually and presented a much lower concentration 

than the species in Figure 85, and for this reason were not presented individually, but as “others” in 

the figure, having been considered to calculate the TVA concentration over time presented in Figure 

84.  

In the blank bioreactor (RM1), the VFA concentration increased during almost the entire 

incubation time. The decrease in some individual VFA species concentration was not significant in 

the total VFA concentration expressed as acetic acid, presenting only small fluctuations. After the 7th 

substrate addition, the total VFA remained almost constant within the range of 3-4 gAC/L, until the 

beginning of the 10th AD cycle. The successive addition of organic matter from the cheese whey 

caused very low pH values and an accumulation of VFA. However, the very low pH measured in the 

blank test (Figure 83) led to the inhibition not only of methanogenic archaea, but also of hydrolytic 

and acidogenic bacteria. VFA species, at pH values below the acids’ dissociation constant (4.86, at 

25 °C), exist mainly as undissociated acids, which can easily diffuse into the cell’s membrane and 

cause microbial inhibition (Wainaina et al., 2019). Thus, the very low pH did not favor either VFA 

accumulation or methane formation.         

For bioreactors RM2 and RM3, the total VFA concentration remained mainly less than 1 gAC/L 

in the first six AD cycles. The increase in the organic matter concentration added in the fifth AD cycle 

led to a slight increase in the VFA concentrations detected in the liquid fraction. With the seventh 

substrate addition, in both RM2 and RM3 bioreactors there was a sharp increase in the total VFA 

concentration to values around 3 gAC/L, which corresponds to 5 to 6 gO2/L of TVFA expressed as 

COD equivalents. This increase in VFA concentration was related to the addition of larger amounts 

of organic matter (an increase from 4 to 8 gO2/L of sCOD concentration added). As mentioned 

earlier, the imbalance between the two main groups of microorganisms present in an anaerobic 

digester (acidogens and methanogens) led to the accumulation of VFA, since the methanogenic 

archaea consume the intermediates at a slower rate than the acidogenic bacteria produced them 

(Prazeres et al., 2012; Wainaina et al., 2019). With the increase in VFA concentration and its 

accumulation in the medium for long periods, methanogenic archaea tend to become markedly 

stressed and can cause the inhibition of methane formation (Treu et al., 2019).   

Although this increase in VFA concentration, the buffer capacity of both anaerobic systems (RM2 

and RM3) is sufficient to ensure the functioning of the processes and the feasibility of the anaerobic 
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treatment. After the 7th AD cycle, a shift in the behavior of the systems was observed, caused by the 

increase of the applied organic load. With a high amount of organic matter in the bioreactor, high 

concentrations of VFA were obtained and the VFA remaining in the medium at the end of each AD 

cycle was increasingly high, until the 11th AD cycle.  

 

Figure 84| Total VFA concentration (represented as acetic acid equivalents per L) during incubation time of 

RM1 (○), RM2 (◊) and RM3 (□) assays.   

 

 

Figure 85| Concentration of individual VFA species, namely acetic, propionic and n-butyric acids, with time, 

for fed-batch bioreactors operated with the addition of RMGS, namely RM1, RM2 and RM3. 
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The last AD cycle was decisive for the success of the different types of buffer materials used. The 

high organic load applied caused a destabilization of the system, with a pronounced pH drop and an 

increase in VFA concentration, reaching about 7 gAC/L after 10 days of cycle. The buffer capacity of 

the RM2 bioreactor was unable to promote the recovery of the system, and the VFA concentration 

continued to increase until the end of the experiment, reaching a maximum TVFA concentration of 

8.04 gAC/L. The bioreactor RM3 was able to recover from low pH and high VFA concentration, and 

methanogenic microorganisms converted the intermediates (VFA) into methane, removing them 

from the liquid phase. At the end of the experiment, the TVFA concentration reached 2.49 gAC/L, 

the lowest value of the three conditions tested.  

In this experiment, the VFA profile shown in Figure 85 for the three conditions tested is very 

different. In the bioreactor RM1, without chemical alkalinity or RM-based GS, there was an 

accumulation of VFA in the liquid phase since the 1st substrate addition. The concentration of n-

butyric acid increased over time, until the beginning of the 7th AD cycle. After the 7th substrate 

addition, the n-butyric acid concentration remained almost constant (3 to 4 gO2/L) until the end of 

the experiment. Acetic acid was also formed after the 1st substrate addition, remaining between 1 

and 2 gO2/L until the beginning of the 11th AD cycle, where the concentration increased to values 

above 2 gO2/L. Propionic acid remained constant after its formation on day 11 of incubation and at 

the end of the experiment the concentration was 1.28 gO2/L. In this bioreactor, VFAs named “others” 

have a significant part of the total VFA mixture, accounting for more than 30 % of the total VFA after 

day 39 of incubation (during the 6th AD cycle). In this case, n-caproic acid was accumulated in a 

larger amount than iso-butyric, iso-valeric and n-valeric acids.  

For the bioreactors RM2 and RM3, by the end of the 6th AD cycle, concentrations of the individual 

VFA are very low and acetic acid was the VFA predominant acidic specie. With the increase in 

organic load, n-butyric acid was produced and accumulated in the medium for 13 days of the 17th AD 

cycle. After that, and until the end of the cycle, VFA species were consumed, with acetic acid being 

the first depleted, followed by n-butyric acid. After the 7th AD cycle, the VFA profile changed and the 

amount of VFA measured increased, with peaks of n-butyric acid on the 3rd day of each AD cycle, 

being consumed thereafter.  

The last AD cycle, as with the pH profile, led to the destabilization of anaerobic systems, with high 

VFA amounts accumulated. In the bioreactor RM2, n-butyric, acetic and propionic acids accumulated 

in the medium and remained until the end of the experiment. Considering the VFA profile, it is 

possible to conclude that methanogenic microorganisms were inhibited, reducing the conversion of 

VFA into methane, due to the low pH and unfavorable environmental conditions. With the ninth 

substrate addition, propionic acid was formed and its concentration reached more than 3 gO2/L, 

corresponding to ≈ 30 % of the TVFA concentration. At the end of the experiment, the propionic acid 

concentration was 3.77 gO2/L.   

In the last AD cycle of the bioreactor RM3, n-butyric acid accumulated in the medium, reaching 

more than 9 gO2/L 8 days after the beginning of the 11th AD cycle. Despite the very high 

concentration achieved, this VFA specie was converted into methane and after 20 days of cycle the 

n-butyric concentration was only 0.01 gO2/L. Acetic acid was also consumed, but at the end of the 

experiment 0.64 gO2/L of acetic acid were still present in the liquid phase. This reduction in VFA 

content, accomplished by increasing pH values, reflects the capacity of RM-based GS to promote 

pH control in unbalanced systems and even in unfavorable conditions, such as high organic loads. 
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As observed in the bioreactor RM2, propionic acid started to accumulate in the ninth AD cycle 

and increased until the end of the experiment, reaching a final concentration of 3.46 gO2/L. When 

all species were partially depleted, propionic acid accounts for 82 % of the TVFA at the end of the 

experiment for bioreactor RM3. Accumulation of propionic acid may be an indication of a disturbance 

of the anaerobic system. Several authors have reported the toxic effect of propionic acid in an 

anaerobic digester, with methanogenic microorganisms being vulnerable to propionic concentrations 

higher than 1.5 to 3.0 gO2/L (Lee et al., 2015; Wijekoon et al., 2011). For some authors, the propionic 

concentration during the AD process must be monitored and the accumulation of this VFA specie 

can be understood as a warning sign and may suggest an imbalance in the anaerobic process 

(Ahring et al., 1995; Gourdon and Vermande, 1987).  

Until the end of the 9th AD cycle, the blank bioreactor presented the highest TVFA concentration 

expressed as gO2/L, compared to the reference (RM2) and test (RM3) bioreactors. With the inhibition 

of both methanogenic and acidogenic microorganisms in the bioreactor RM1 and with increased 

organic load in the bioreactors in which both groups of microorganisms are still active (RM2 and 

RM3), the TVFA concentration in the reference and in the test bioreactors exceeded the TVFA 

concentration in the bank assay. At the end of the experiment, the TVFA concentration of the 

reference assay (RM2) was 64 % higher than the blank assay (RM1) and more than three times the 

TVFA concentration in the test assay (RM3).   

 

4.3.1.3.3 Methane production  

Figure 86 depicts the volume of methane produced in the anaerobic fed-batch assays RM1, RM2 

and RM3, expressed as gO2/L, and the methane yield determined over time for the assays RM2 and 

RM3. In the figure, the AD cycles were divided for the sake of clarity, using vertical dashed lines. For 

the calculation of methane yields, the cycles were considered independent and it was considered 

that, at the beginning of each cycle, methane production was zero (YCH4/sCOD removed = 0).  

By the end of the fourth AD cycle, methane production in both the reference (RM2) and test (RM3) 

assays was very similar, with a slightly higher volume in the reference assay. With the 5 th substrate 

addition, the bioreactor RM3, with the RM-based geopolymer spheres addition, increased its 

methane production and, at the end of the 5th AD cycle, the methane volume in RM3 was slightly 

higher than in RM2. In the 6th AD cycle, RM3 boosted its biogas production and obtained a higher 

methane volume than RM2, creating a significant difference between the two bioreactors’ 

performance. From this AD cycle and until the end of the experiment, the RM3 bioreactor produced 

a higher accumulated methane volume than the RM2 bioreactor, reaching 16.1 L of methane 

(corresponding to a volume of 40.9 gO2/L, expressed as COD equivalents), after 110 days of 

incubation. This final volume corresponds to almost twice the methane volume produced in the 

bioreactor RM2, which presented 8.3 L of methane (corresponding to a volume of 21.1 gO2/L, 

expressed as COD equivalents).  

As previously discussed, due to the strong inhibition of low pH and high VFA concentration, the 

blank bioreactor RM1 presented very low methane production throughout the incubation time. After 

six AD cycles, only 0.07 L of methane was produced, which corresponds to 0.17 gO2/L (expressed 

as COD equivalents). For this reason, the methane yield for the blank bioreactor RM1 was not 
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included in Figure 86 (b), which presented very low yield values compared to the bioreactors with 

the addition of alkaline materials (RM2 and RM3). 

 

Figure 86| Methane produced in the bioreactors RM1 (○), RM2 (◊) and RM3 (□), expressed as COD 

equivalents (a) and methane yield (b) determined over time in assays with the addition of different types of 

alkaline agents (chemical compounds – RM2 – vs red mud-based geopolymer spheres – RM3).  

 

Although the methane volume produced in the 1st AD cycle was similar in both RM2 and RM3, 

the differences in organic matter removed led to significant differences in the methane yield 

determined. Thus, in the bioreactor RM3, the microbial community converted a higher fraction of 

sCOD removed to methane instead of cell growth and maintenance. The methane yield determined 

for the bioreactors RM2 and RM3 was similar in several AD cycles, such as the 2nd, 3rd and 4th. In 

the 5th and 6th AD cycles, RM3 presented the highest methane yield, which corresponds to the 

methane volume boosted, as mentioned previously. The environmental conditions inside the 

bioreactor with the RM-based GS addition were more favorable for the methane production than 

inside the reference bioreactor with chemical alkalinity addition, that is, with similar organic loads, 

the methanogenic microorganisms converted a higher amount of sCOD into methane in the 

bioreactor RM3. A similar trend in methane yield was observed in the 8th, 9th and 10th AD cycles, with 

the RM3 bioreactor presenting better anaerobic performance, regarding the methane formation from 

the removed organic matter.  

The instability observed in the 7th AD cycle, characterized by low pH values and organic matter 

and VFA accumulation, was also observed in the methane formation. The methane volume 

stagnated for 13 days and, when the systems recovered from low pH values, methane was formed. 

(a)  
 
 
 
 
 
 
 
 
 
 
 
 
 

(b)  



Sustainable methodologies based on residue recovery for pH control in anaerobic digestion 

218 

The values achieved for the methane yield were similar to those obtained in previous AD cycles for 

the bioreactor RM2. However, in the bioreactor RM3, the values for the methane yield decreased 

compared to the 5th and 6th AD cycles, leading to the conclusion that the methanogenic microbial 

community was affected by low pH values, causing partial inhibition. After instability, anaerobic 

microorganisms were able to recover and achieve high methane yields, close to the maximum 

theoretical methane yield (0.396 LCH4/gO2 removed).  

With the increase of the organic load added in each AD cycle, the methane yield tended to 

decrease, making the conversion of sCOD to methane less efficient by methanogenic 

microorganisms. The 11th substrate addition caused the second period of instability due to the high 

content of organic matter added (20 gO2/L), decreasing the pH inside the bioreactors and increasing 

the VFA concentration. The methane yield determined in this last AD cycle was almost constant at 

approximately 0.200 LCH4/gO2 removed for the bioreactor RM3 and decreased to less than 

0.100 LCH4/gO2 removed in the bioreactor RM2, due to the stop in the methane formation with 

continuous removal of sCOD.  

From the results obtained, an improvement in the methane volume accumulated was evident 

when RM-based GS were used to control the pH, instead of a chemical alkalinity solution. Similar 

results were obtained by Ye et al. (2018), who tested the addition of 20 g/L of red mud powder to an 

anaerobic digester, obtaining a 36 % increase in the methane volume accumulated. In the present 

study, the use of red mud geopolymer spheres increased the methane accumulation by 94 %, 

compared to the use of a chemical alkalinity solution. The use of GS led to a controlled release of 

alkalis, creating conditions more favorable to methanogenesis. Also, the presence of RM-based GS 

enhanced the hydrolysis and the acidification steps (Ye et al., 2018c), improving the overall AD 

treatment of cheese whey.   

Figure 87 shows the values of the CO2/CH4 ratio determined over time. The vertical dashed lines 

indicate the AD cycles performed. A CO2/CH4 ratio above 1 indicates a methane content lower than 

50 % and, in the figure, this point is highlighted with a horizontal grey line. In this representation, the 

null values indicate a zero methane content measured in the biogas. The values of the CO2/CH4 ratio 

for the blank bioreactor were not represented in the figure, as the methane content was very low, 

which generates very high values of the CO2/CH4 ratio. For the RM1 bioreactor, methane production 

was detected only in the initial days of incubation and its production was inhibited after four AD 

cycles. 

  

Figure 87| CO2 to CH4 ratio in the biogas produced in the anaerobic assays RM2 (◊) and RM3 (□).  
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For the fed-batch experiments RM2 and RM3, the CO2/CH4 ratio values were kept below 1 on 

most days when the biogas content was analyzed, which corresponds to a methane content higher 

than 50 %. Methane formation was observed after one day of incubation, with 20 % methane in 

biogas, with a rapid increase to 60 % methane in biogas on day 4. The lag phase in these 

experiments was drastically reduced when compared to assays using FA-based GS, due to the 

applied organic load, which did not lead to a sharp pH drop and enable to kept the system more 

stable, and due to the acclimatization of the anaerobic sludge at 36 °C, prior to incubation. The fact 

that the anaerobic sludge used as inoculum is already acclimatized to the mesophilic temperature 

caused an increase in the hydrolysis and acidogenesis rate, leading to a decrease in the lag phase 

related to the methane formation. Thus, the anaerobic treatment process is faster when the 

anaerobic sludge is already active and, considering a full-scale treatment, it is characterized by a 

lower operational HRT.   

When substrate additions were performed, the CO2/CH4 ratio increased in all AD cycles, with a 

significant increase in the 7th and 9th AD cycles, meaning that the methane content decreased in the 

biogas formed. The increase in carbon dioxide formed in the acidogenesis and acetogenesis steps 

of the AD process, where organic matter is converted into VFA (and CO2), causes these variations 

in the methane content. With the VFA accumulation in the digesters, an overflow of protons is 

induced, which decomposes the bicarbonates present in the liquid phase and produce CO2, which 

increases the CO2 content in the biogas and decreases the pH of the digester (Palacios-Ruiz et al., 

2008). 

With the fast conversion of VFA into methane, the methane content in the biogas increased, 

decreasing the CO2/CH4 ratio to values below 1. In the unstable AD cycles (7th and 11th), the methane 

content remained below 50 % by longer periods and, after about 13 days of cycle, increased to values 

above 60 %. In the last AD cycle, and due to the inhibition that occurred in the bioreactor RM2 due 

to VFA accumulation, the methane content was null from day 88 and until the end of the experiment. 

Similar behavior was observed by W. Zhang et al. (2020), who obtained a reduced methane content 

in the biogas, with the accumulation of VFA in the medium, when a high organic load was supplied 

to the digester.  

  

4.3.1.3.4 Anaerobic process performance  

Figure 88 depicts the values for the absolute methane volume (measured in mL), the total VFA 

concentration expressed as COD equivalents, and the pH values measured during the incubation 

period for the fed-batch bioreactors RM1, RM2, and RM3. The eleven AD cycles are divided in the 

figure for the sake of clarity by vertical dashed lines on days 7, 14, 21, 28, 34, 41, 61, 68, 75, and 

82, corresponding to the beginning of each AD cycle with new substrate additions. 

For these experiments with the addition of RM-based GS, the substrate was fed with an increase 

in load, starting at 4 gO2/L and, after four substrate additions, the concentration increased to 8 gO2/L. 

Compared to previous fed-batch bioreactors (see for example FA9 and FA10, with only four AD 

cycles), RM2 and RM3 bioreactors showed more variations in organic loads, which created a 

dynamic system. The initial F/M ratio applied to the bioreactors RM2 and RM3 was much lower 

(0.9 gO2/gVSS) than the initial F/M ratio in the FA-based GS assays (approximately 3.5 gO2/gVSS). 

These differences led to a faster metabolization of organic matter into VFA and a faster methane 
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formation from VFA (methane measured in biogas since the first day of incubation), leading to lower 

VFA concentrations and higher pH values. This faster metabolization may be related to the higher 

amount of microorganisms (twice as much as in FA-based GC assays), with half the concentration 

of organic matter, which is intended to avoid the inhibition of RM bioreactors caused by an excess of 

the substrate. This pattern was observed in the first six AD cycles of RM2 and RM3 bioreactors, with 

low VFA concentration (< 2 gO2/L) and almost neutral pH values (≈ 7).  

 

Figure 88| Evolution of CH4 (◊), total VFA concentration (□) and pH () with time for the assays RM1, RM2, 

and RM3. 

 

The destabilization of anaerobic bioreactors in the 7th and 11th AD cycles, characterized by a 

decrease in pH values and an increase in VFA concentration, can lead to changes in the metabolism 

of microorganisms, due to the organic overload observed inside the bioreactors. The use of RM-

based geopolymer spheres clearly enhanced the formation of methane and allowed the 

implementation of a stable system in terms of the release of alkalis during the incubation time.  

Table 42 lists the values and corresponding determination coefficients calculated for the 

maximum methane production rate calculated in all AD cycles, individually, for the bioreactors RM2 

and RM3. The absence of methane in the biogas did not allow the calculation of the maximum 

methane production rate for the bioreactor RM1. The VFA production and consumption rates were 

not calculated for this experiment due to the lack of experimental points (only two sampling points 

were analyzed in each AD cycle). According to the determination coefficients obtained for these 

results, it can be concluded that the data has a good adjustment to the developed models, with 
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determination coefficients higher than 92 % for the methane production rates. The exception was the 

maximum methane production rate for the bioreactor RM2, in the 11th AD cycle, whose methane 

formation was unstable due to the substrate accumulation and consequent inhibition of the 

methanogenesis step, leading to the interruption of methane formation, three days after the 

beginning of the 11th AD cycle. 

Table 42| Maximum methane production rate for all AD cycles performed with RM2 and RM3 bioreactors, 

expressed in mL/d. 

AD cycle 
RM2 RM3 

Value Det. Coeff. Value Det. Coeff. 

1st 48.67 0.996 23.96 0.987 

2nd 44.23 0.991 68.07 0.963 

3rd 49.64 0.996 39.71 0.917 

4th 37.31 0.914 39.58 0.936 

5th 70.50 0.949 88.57 0.993 

6th 144.66 0.915 150.21 0.885 

7th 49.90 0.997 145.95 0.992 

8th 464.54 0.955 466.97 0.952 

9th 200.26 0.951 429.80 0.998 

10th 218.92 0.983 474.64 0.959 

11th  127.86 0.868 323.07 0.977 

 

For both assays, the four initial AD cycles presented methane production rates around 40 mL/d, 

both bioreactors being similar. With the fifth substrate addition and with an increase in the substrate 

concentration, both bioreactors presented a boost in the methane formation rate. With the seventh 

substrate addition, and due to the substrate overload, the methane formation decreased significantly 

and the maximum methane rate decreased to one third in the bioreactor RM2. In the bioreactor RM3, 

and despite the initial inhibition in the 7th AD cycle, the maximum methane rate was not widely 

affected. After the instability period in the 7th AD cycle, the bioreactor RM3 was able to produce large 

amounts of methane per day, reaching a maximum methane rate of 474.64 mL/d in the 10th AD cycle. 

In the bioreactor RM2, and despite a promising rate achieved in the 8th AD cycle (464.54 mL/d), the 

system was unable to keep high methane production rates, decreasing to less than a third in the 11th 

AD cycle, compared to the 8th AD cycle. These variations in the methane production rate are closely 

related to the substrate additions and the corresponding concentration of organic matter, leading to 

bacterial inhibition in the absence of adequate alkalinity addition.  

Figure 89 shows the results for degree of acidification, methanization degree, organic matter 

removal, and anaerobic biodegradability, parameters determined in the eleven AD cycles operated 

in the bioreactors RM2 and RM3. The results for the bioreactor RM1 are not shown in Figure 89 

because the methanization degree was close to zero (very low methane formation) and the sCOD 

removal was zero or very low, due to the VFA accumulation in the medium with successive addition 

of organic matter in each AD cycle operated. The VFA accumulation in the blank bioreactor (RM1) 

represents only about 30 % in terms of the degree of acidification, also indicating an inhibition of the 

acidogenic microbial population.   
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Figure 89| Anaerobic performance for each AD cycle in bioreactors RM2 and RM3, including degree of 

acidification (a), methanization degree (b), sCOD removal (c), and anaerobic biodegradability (d). 

 

With the increase of substrate additions, the degree of acidification increased in the bioreactor 

RM2, with the VFA accumulation after the seventh substrate addition, reaching more than 40 % at 

the end of the experiment. With the inhibition of methane production, RM2 obtained a low 

methanization degree, mainly at the end of the experiment, where methane production was very low. 

Unlike the bioreactor with the addition of chemical alkalinity (RM2), the bioreactor with the addition 

of RM-based GS (RM3) obtained a high methanization degree and a low acidification degree (below 

20 %), indicating a good anaerobic performance, even after the instability observed at the 7th AD 

cycle.  

The sCOD removal between the 2nd and 6th AD cycles presented values above 75 % for the two 

reactors presented in Figure 89. The performance regarding the capacity to remove organic matter 

from the medium was affected by the instability observed in the 7th AD cycle, and the sCOD removal 

for the RM2 bioreactor decreased considerably to values below 50 %. For the bioreactor RM3, the 

sCOD removal was kept above 70 %, with sCOD being removed from the liquid to be converted into 

methane or new cellular material. This difference in behavior regarding sCOD removal for the 

bioreactors RM2 and RM3 after the 7th AD cycle is also an indicator of the viability of using the 

sphere’s in detriment of chemical alkalinity, to control the pH in high load anaerobic systems.  

For the bioreactor RM3, anaerobic biodegradability increased from the 2nd to the 6th AD cycle, 

indicating an improvement in the anaerobic performance by methanogenic microorganisms. Despite 

this trend, the bioreactor RM2 presented generally higher anaerobic biodegradability in the 2nd, 3rd, 

and 4th AD cycles. The instability in the 7th AD cycle led to a drop in anaerobic biodegradability of 

more than 38 % in RM2 and more than 55 % in RM3. The two bioreactors recovered, and the 

anaerobic biodegradability achieved its maximum value in the 8th and 9th AD cycles for RM3 and 

RM2, respectively. The increase in the organic matter content added to each bioreactor had a 

positive effect on methanogenic microorganisms, leading to an increase in the anaerobic 

(a)         (b) 
 
 
 
 
 
 
 
 
 
 

(c)         (d)  
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biodegradability of the substrate under study. For these bioreactors, the global anaerobic 

biodegradability was between 43 % (RM2) and 53 % (RM3), indicating that part of the total removed 

sCOD was not converted to methane, and this organic matter was removed for maintenance or 

cellular metabolism.    

Figure 90 shows the COD balances performed for the blank (RM1), reference (RM2), and test 

(RM3) bioreactors at the end of each AD cycle performed. For the initial samples of each AD cycle, 

methane formation was considered zero (0 % of sCOD as “gas”) and no organic matter was removed 

for growth or microorganisms’ activity (0 % of sCOD as “removed”). 

 

Figure 90| COD balance at the end of each AD cycle for RM1, RM2, and RM3 bioreactors considering the 

acidified (measured as gO2/L) and non-acidified sCOD, the gas (methane) formed (measured as gO2/L), and 

the removed sCOD. 

 

According to the results presented, the blank bioreactor did not even show methanogenic 

behavior, as neither methane was formed during the experiment, nor acidogenic behavior, since the 

acidified COD fraction does not exceed 40 % until the 6th AD cycle and decreases to less than 20 % 

of the 7th AD cycle until the end of the experiment. This COD profile led to the conclusion that the 

blank bioreactor, without the addition of chemical alkalinity or RM-based GS to control the pH, was 

inhibited by the substrate accumulation. Thus, the treatment process of cheese whey that applies 

the environmental conditions studied in the bioreactor RM1 is not suitable to be implemented for 

valorization, since energy (methane) or material (VFA) recovery was not observed and, 

consequently, there was a poor anaerobic performance.  

The RM2 and RM3 bioreactors presented a similar COD balance until the end of the 5th AD cycle. 

In the 6th AD cycle, with the increase in the sCOD concentration added to the bioreactors, the 

performance of the reference bioreactor decreased, accompanied by an increase in the VFA 

concentration and a decrease in methane production. The bioreactor RM3 presented a different 

       RM1 
 
 
 
 
 
 
 
 
 
 
 
 
 

RM2          RM3 
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behavior, with an increase in the quantity of methane formed (expressed as gO2/L) and maintenance 

of acidified and non-acidified fractions of soluble COD.     

Comparing the two bioreactors with the addition of the alkaline materials (RM2 and RM3), it can 

be concluded that the addition of RM-based GS is preferable to the addition of chemical alkalinity 

solution, leading to a more stable system, with energy valorization assets. Due to its structure, which 

is kept almost intact during the anaerobic experiments presented here, the use of RM-based GS is 

also preferable due to the possibility of being recovered and reused in other applications, acting as 

an adsorbent for metals or dyes (Novais et al., 2018a) for example, thus contributing to the concept 

of the circular economy.   

 

4.3.1.4 Geopolymer spheres characterization after anaerobic digestion assays 

After the AD assays, the spheres were collected by settling and washed with water to remove 

residual biomass, prior to their microstructural characterization. Figure 91 (a) and (b) show optical 

and SEM micrographs representative of the spheres after their use in the 110 days of incubation, 

inside the bioreactors. Figure 91 (c) shows the EDS spectra of the spheres’ surface after the AD 

assays. In these assays, the spheres kept their integrity, with a mass loss of 3 % (spheres from RM3 

bioreactor), after 110 days of incubation within the anaerobic bioreactor. 

 

Figure 91| Optical micrograph (a), SEM micrograph (b), and EDS spectra (spheres surface) (c) of the red 

mud-based geopolymer spheres after AD assays. 

 

As can be observed, the spheres keep their integrity, even after the long immersion period inside 

the digesters, and this resistance, even after 110 days of the experiment, suggests that a strong 

(a)            (b) 
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geopolymerization has occurred. This characteristic is very relevant, as it can allow the reuse of the 

spheres after their use in AD for a variety of applications, such as adsorbent of heavy metal. 

The EDS spectra (Figure 91 (c)) shows that, as expected, the sodium content in the samples 

decreases sharply during the AD experiments (see Figure 79 (c) for the comparison of the EDS 

spectra of the spheres before the AD assays). This decrease in sodium content explains the high 

capacity of the spheres to regulate pH, as discussed in detail in the previous sections. Interestingly, 

after AD, the spheres show the presence of significant amounts of phosphorus on their surface and 

lesser amounts in their inner structure (results not shown), absent in the spheres' chemical 

composition before being used in AD. These differences in the phosphorous location suggest that 

the spheres may be acting as a support media for the growth of bacteria. 
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4.3.2 Comparison of red mud-based geopolymer spheres assays for 

methane production 

With the RM-based GS addition, batch oxitop and fed-batch bioreactors were operated. Table 43 

summarizes the main anaerobic performance parameters to compare these two types of bioreactors 

operated at similar conditions. The results for the bioreactor R27 consider the entire operation time 

(35 days) and the results for bioreactor RM3 consider only the 6th AD cycle (both reactors were 

operated under similar conditions of applied organic load). This cycle of the bioreactor RM3 is 

presented in Table 43, since it corresponds to the incubation time between days 34 and 41, where 

the initial load added (8 gO2/L) is identical to that of bioreactor R27, thus enabling a comparison 

between the two different systems operated (batch vs fed-batch). 

Table 43| Comparative values for the performance of AD bioreactors with cheese whey as a substrate, using 

RM-based GS addition, as a pH control material. For the fed-batch bioreactor, the results of the 6th AD cycle 

are presented (equivalent to the same operation time and load performed for the batch bioreactor R27).  

 Parameter R27 RM3 

Experimental 
conditions 

Total number of cycles 1 6 (11 in the entire experiment) 

GS type RMGS RMGS 

GS amount (g/L) 30 15 

Substrate added per 
AD cycle (gO2/L) 

8.0 Variable (sCOD6th AD cycle = 8 gO2/L) 

pH 

Initial pH 7.12 7.13a 

Minimum pH 5.72 6.05 

Final pH 8.02 7.27a 

Organic 
matter 

removal 

sCOD Removal  
(%) 

84 
77a 

(94b) 

Acidogenic 
step 

[VFA]max (gO2VFA/L) n.d. 1.66a 

Final DA (%) n.d. 17a 

Methanogenic 
step 

Maximum CH4 content 
(%) 

82 81a 

YCH4/sCOD removed 
(mLCH4/gO2 removed) 

389 349a 

Anaerobic 
biodegradability (%) 

98 
88a 

(53b) 
a Values obtained considering the 6th AD cycle individually  
b Value obtained considering the first 6 AD cycles 
n.d. – not determined 

 

For batch oxitop assays, the bioreactor R27 is presented because the initial RMGS/substrate ratio 

is similar to that imposed at the beginning of the bioreactor RM3 operation (3.75 gspheres/gO2). For 

the bioreactor R27, 30 g/L of spheres were added to treat an initial organic load of 8 gO2/L, whereas, 

for bioreactor RM3, half of the mount (15 g/L) of spheres was added to treat half of the initial organic 

load of reactor R27, i.e. 4 gO2/L (value of the 1st AD cycle). On day 34, corresponding to the 

beginning of the 6th AD cycle, the organic load is similar to that applied to the bioreactor R27 

(8 gO2/L) and is the one considered in Table 43.  
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For the bioreactor R27, the reduction in the initial organic matter added did not exceed 84 %. 

However, from this removed organic matter, a high amount of methane was formed, achieving a high 

methane content in the biogas (82 %) and a high methane yield (389 mLCH4/gO2 removed), with 

values closed to the theoretical methane yield, considering the experimental conditions performed 

(396 mLCH4/gO2 removed). At the end of the experiment, the pH measured in bioreactor R27 was 

slightly above the optimum methanogenic pH range, with values close to 8. Comparatively, the 

bioreactor RM3 also presented good methanogenic performance, with high values for the methane 

yield of the 6th AD cycle (349 mLCH4/gO2 removed) and the methane content in the biogas (81 %). 

The pH in fed-batch assays was kept in a pH range close to neutrality, with a final value of 7.27 at 

the end of the 6th AD cycle.  

The use of a smaller amount of spheres in the fed-batch bioreactor RM3 was much more 

challenging regarding the stability of the reactors than in the case of the R27 reactor. In fact, in the 

reactor RM3, and until the 6th AD cycle, six substrate additions were made, totaling 32 gO2/L added 

to the bioreactor, corresponding to 4 times more load than that applied to the batch bioreactor R27. 

In addition, the amount of spheres was lower in the bioreactor RM3 (15 g/L versus 30 g/L). Thus, 

and considering the first 6 AD cycles, lower amount of spheres had to control the pH in a more 

demanding environment with a higher total organic load. It was found that, even under these 

conditions, the spheres were able to maintain the ideal environment for achieving high biogas 

volumes, similar to those of the R27 reactor, and with a high methane content (81%). The pH was 

the main indicator of the buffer capacity of the spheres, achieving pH values at the end (7.27) lower 

than those observed in the batch bioreactor (8.0).  

The time of consumption of the substrate by anaerobic microorganisms was also very important. 

Under batch conditions, the single addition of substrate for a long period (35 days) allowed complete 

substrate uptake, leaving a sCOD of less than 1.5 gO2/L in the liquid phase. Regarding the reactor 

in which the feeding strategy was different (6 consecutive additions of the substrate), there was an 

increase in the rate of substrate consumption, which allowed, in the 6th AD cycle, the depletion of 

sCOD after 7 days of operation (approximately the duration of each AD cycle). This enhancement 

affected directly the global anaerobic biodegradability of the system. In the 6th AD cycle, the 

anaerobic biodegradability achieved was high (88 %), but considering the first 6 AD cycles, a lower 

anaerobic biodegradability of 53 % was obtained. This lower value was impaired by the initial 

adaptation period (1st and 2nd AD cycles) and conditioned by the high amount of total organic load 

added until the 6th AD cycle (32 gO2/L).   

Considering the results presented, the fed-batch (or even continuous) operation is preferable, 

since it can treat high amounts of effluents with a high load and, at the same time, achieve a very 

good methanogenic performance with high organic matter reduction. The red mud-based GS 

demonstrated its efficiency in buffering the pH in bioreactors with a high organic load.     
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4.3.3 pH control of the anaerobic digestion process using geopolymer 

spheres based on fly ash versus based on red mud wastes 

The use of GS incorporating wastes from different sources, namely fly ash from biomass 

combustion and red mud wastes from alumina production, in the AD process to treat cheese whey 

from a dairy industry, led to differences in the performance of digesters. Figure 92 depicts a 

comparison of the pH values obtained during the entire incubation time for the most representative 

bioreactors, that is, the bioreactors that presented the best anaerobic performance in terms of 

methane production, and with the use of the two types of geopolymeric spheres tested in this work. 

In Figure 92, the results from the batch bioreactor FA3, with 28 g/L of FA-based GS, the fed-batch 

bioreactor FA7, with 16 g/L of high porosity FA-based GS, and the fed-batch bioreactor RM2, with 

15 g/L of RM-based GS, were included, as well as a gray bar highlighting the suitable pH range for 

methanogenic activity. 

 

Figure 92| Comparison of pH values over time for assays with FA-based GS addition (FA3 (□) and FA7 (○)) 

and RM-based GS addition (RM2 (◊)).  

 

All three bioreactors compared here presented very good anaerobic performance regarding 

methane formation, with methane yields higher than 200 mLCH4/gO2 removed. The main monitoring 

parameter considered in this work (pH), over the entire incubation time, shows that all the solutions 

presented to replace the addition of chemical compounds to an anaerobic system treating cheese 

whey under demanding conditions are feasible. The three different types of spheres (FA-based GS, 

HPGS, and RM-based GS) allowed the continuous pH control, despite the organic shocks applied 

(high organic load) and the instability imposed on anaerobic systems, combined with an extended 

incubation time and several substrate additions.  

In addition to the good results presented in terms of pH control (buffering capacity) and methane 

formation, these alkaline materials can contribute to a circular economy approach applied to 

biological processes. The use of these materials has led to a drastic reduction in chemicals (raw 

materials) to operate anaerobic systems, replacing the chemical addition to pH control and alkalinity 

supply. In addition, the incorporation of wastes in the creation of new products, and the valorization 

of wastes, either in new materials (fly ash and red mud in the geopolymer spheres) or in energy 

vectors (organic matter of the cheese whey into methane), contribute to increasing the sustainability 

of waste and wastewater treatment strategies.
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5 | Conclusions and perspectives for future work 

5.1 Conclusions 

This work provided new sustainable solutions for the control of pH in complex anaerobic systems, 

throughout the recovery of different wastes. To accomplish this purpose, it was studied the 

valorization of a bleaching effluent from the pulp and paper industry and a by-product of the dairy 

industry, cheese whey, by anaerobic processes using anaerobic mixed cultures (microorganisms) to 

promote organic matter reduction and improve the energy (methane) formation. Both streams act as 

substrates in the AD process and, due to their characteristics, the anaerobic processes must be 

controlled, mainly in terms of pH. To control the pH, two types of approaches were used, to replace 

the addition of chemical compounds to the process, reducing costs and the environmental impact of 

the use of chemical raw materials. Firstly, the use of fly ash (powder) collected from the combustion 

of residual biomass was studied in the AD of bleaching effluents and cheese whey by-product. 

Second, the geopolymer spheres were manufactured using waste (fly ash or a mixture of fly ash and 

red mud waste) and added to the AD process by treating the cheese whey by-product.  

Anaerobic biodegradability tests using fly ash (powder) addition to the AD of bleaching effluents 

from the pulp and paper industry show that the use of this inorganic additive promotes pH control 

and improves the methane formation when compared to the addition of chemical compounds for pH 

control. However, this type of effluent has a high concentration of complex adsorbable organic 

halides (AOX) and has an inhibitory effect on the methanogenic step of AD, when the sCOD 

concentration is higher than 2.0 gO2/L. The use of CTB fly ash (from the biomass boiler that burns 

several types of woods) instead of CA5 fly ash (from the biomass boiler that burns only the 

Eucalyptus bark) in the AD of the bleaching effluent, led to a boosting in methane production and 

increased the final aerobic biodegradation of the effluent. 

The addition of fly ash (powder) to the AD of cheese whey did not improve the methane formation, 

because it was insufficient to promote a good buffer performance of the anaerobic system. In these 

experiments, the use of more than 5 g/L of fly ash inhibited the methane formation due to high pH 

values, and the use of less than 3 – 4 g/L of fly ash led to the VFA accumulation and consequent 

inhibition of methanogenic microorganisms, due to the acidic conditions of the medium (low pH 

values). This highly biodegradable substrate requires a buffer material that promotes a prolonged 

alkalis release and, for this reason, geopolymer spheres were manufactured and tested in 

succeeding assays. 

The geopolymer spheres were manufactured with fly ash wastes with a composition similar to 

those used in the tests with powder fly ash, described previously. The replacement of metakaolin 

(source of aluminosilicates) by fly ash in the geopolymers manufacture was studied, considering the 

influence of both types of spheres (FA-based and MK-based geopolymer spheres) in the AD 

treatment process of cheese whey. Of the batch operated oxitop bioreactors, the replacement of 

75 % metakaolin (FA-based spheres) by fly ash in the geopolymer spheres composition led to an 

improvement in the methane volume formed and to a pH control within the range of values that favors 

the methanogenesis (6.5 to 7.2), comparing its performance with MK-based spheres (replacement 

of 33 % of metakaolin by fly ash). 
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On a larger scale, and considering the results of batch oxitop bioreactors, two different amounts 

of FA-based spheres were tested in order to understand the role of spheres concentration in the 

performance of cheese whey AD. This inorganic buffer material efficiency is highly dependent on the 

added concentration and the best performance results were obtained when a higher spheres amount 

was added (bioreactor FA3 with 27 g/L of FA-based geopolymer spheres). Using a higher number of 

spheres to control the pH in the batch anaerobic bioreactor treating cheese whey, an improvement 

in methane volume of 30 % and a boost in methane yield of 23 % were obtained. In addition, the 

increase in the spheres concentration added led to an improvement in methanogenic activity, since 

the methanogens converted a higher percentage of initial organic matter into methane (high 

methanization degree). These bioreactors presented a clear methanogenic behavior, with high 

methane production and low acidification at the end of the experiments. For this reason, it has been 

proven that the use of FA-based geopolymer spheres, in addition to the economic and eco-friendly 

approach, promotes an increase in the produced methane volume, thus improving the process of 

cheese whey valorization. The cost comparison between the manufacture of FA-based GS and the 

commercial buffer supplementation showed that the proposed methodology is cost-effective, which 

simplifies its possible industrial application.  

In terms of the characteristics of the spheres, it is known that their porosity influences the leaching 

behavior of the hydroxide ions on the surface and inside the spheres. To study the influence of 

different porosity of the spheres in an anaerobic digester, a set of batch oxitop bioreactors was 

performed, studying different compositions and concentrations of spheres added. The increase in 

the number of spheres added led to higher final pH values, as expected. Besides that, the addition 

of LPGS reached pH values generally higher than the addition of HPGS, and this behavior may be 

due to the slower release of alkalis from this type of geopolymer spheres. From these tests, the 

concentrations and formulations applied in the subsequent fed-batch bioreactors were defined 

considering the results obtained.  

Thus, 12 and 16 g/L of low porosity spheres (LPGS) and 16 g/L of high porosity spheres (HPGS) 

were tested in two-cycle anaerobic tests (with two substrate additions). Both LPGS and HPGS 

presented good pH control throughout the incubation time and high overall organic matter removal. 

The use of HPGS instead of LPGS represented an increment of 103 % in the methane volume and 

87 % in the anaerobic biodegradability of the treatment system. The HPGS promoted a slower 

release of alkalis and, in both AD cycles, the methane yield obtained from the removed sCOD was 

improved compared to the LPGS addition (240 % higher in the 1st AD cycle and 8 % higher in the 2nd 

AD cycle). In addition, the modified Gompertz model was developed for these assays to predict the 

methane production potential and the duration of the lag phase and the models developed were 

adequate to obtain the kinetic constants and describe the methane volume produced, with correlation 

coefficients higher than 0.972 for both assays with 16 g/L of spheres (HPGS and LPGS).        

In order to study a prolonged operation of an anaerobic digester treating cheese whey and using 

HPGS as an inorganic additive to control pH, bioreactors FA9 and FA10 were operated; for 

comparison, a reference bioreactor (FA8) was also operated, testing the addition of chemical alkaline 

compounds as buffer materials. The same conditions of the previous bioreactors were applied, that 

is, the addition of 16 g/L of HPGS to the fed-batch bioreactors, increasing the number of substrate 

additions to four. From these bioreactors, the anaerobic performance was lower than that obtained 

in the previous assays described, and these differences may be related to the higher organic load 
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applied in the assays FA8, FA9, and FA10. Compared with the reference test performed, although 

lower than the previous one, the bioreactor to which HPGS was added presented an 8 % higher 

methane yield from the sCOD removed and a 25 % higher methane volume produced.  

From the assays using geopolymer spheres that incorporate fly ash in its composition, it can be 

concluded that the addition of HPGS promoted a better anaerobic performance than the other 

spheres tested. The addition of 16 g/L of HPGS, in addition to improving the methane volume formed, 

also increased the methane yield of the sCOD removed and the anaerobic biodegradability of the 

substrate. In the tested anaerobic systems treating cheese whey, the use of FA-based spheres 

achieved better results when a mesophilic 2-cycle fed-batch bioreactor was operated.  

The incorporation of alkaline wastes to replace metakaolin in the geopolymer spheres 

manufacture was also studied, using red mud wastes. These wastes were used in RM-based GS 

and two types of bioreactors were operated: batch oxitop bioreactors and fed-batch bioreactors. The 

batch oxitop bioreactors were performed to choose the suitable conditions to be applied in the fed-

batch bioreactors, as performed in assays with the FA-based GS addition.  

In batch oxitop bioreactors, different RMGS concentrations were tested. The increase in the 

spheres concentration led to slightly increased final pH values, as expected. Regarding the anaerobic 

performance parameters, all conditions tested presented a clear methanogenic behavior, with high 

sCOD removals, high methane volume, high methane yield, and high anaerobic biodegradability. 

The use of a similar RMGS concentration than in previous assays with FA-based spheres also led 

to increased pH values (≈ 8). For this reason, and to minimize the amount of spheres to be added, 

for the fed-batch bioreactors, a slightly lower amount of spheres was used: 15 g/L of RMGS versus 

16 g/L of HPGS versus 27 g/L of FA-based spheres.  

The fed-batch bioreactors using RMGS were operated for a long period, performing eleven AD 

cycles, with different amounts of organic matter additions, performed according to the response of 

the system and with the increase of the added organic load. These differences in the operation mode 

were performed to destabilize the anaerobic system and demonstrate the robustness of using RMGS 

as alkaline materials to control the pH in the AD process treating cheese whey, against the use of 

chemical compounds as buffer material. For comparison, a blank fed-batch bioreactor without 

alkalinity addition or RMGS (RM1) and a reference fed-batch bioreactor with chemical alkalinity 

addition (RM2) were also performed under the same operating conditions. 

Although the test bioreactor, with the RMGS addition (RM3), and the reference bioreactor 

presented similar anaerobic performance during the first six AD cycles, the RM3 bioreactor stood out 

and improved its performance compared to the bioreactor RM2 after the 8th AD cycle. The 7th AD 

cycle covered a period of instability and, due to the accumulation of organic matter (in the form of 

volatile fatty acids), the systems took almost three weeks to recover and restart to degrade the 

organic matter and convert it into methane. From this cycle until the end of the experiment, the test 

bioreactor presented better anaerobic performance than the reference bioreactor. At the end of the 

experiment, the bioreactor RM3 presented much better performance than the bioreactor RM2 in 

terms of organic matter removal (75 % versus 10 %), methanization degree (37 % versus 2 %), 

methane yield (94 versus 18 mLCH4/gO2 removed) and anaerobic biodegradability (120 % higher), 

presenting a typical methanogenic behavior. The RM2 bioreactor presented an acidogenic behavior, 

with low-performance parameters and a high degree of acidification (45 % versus 17 % of RM3) and 

a VFA final concentration (13.9 gO2/L).  
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This research work contributes to narrow the knowledge gap regarding the use of geopolymeric 

spheres as a buffer material in an anaerobic digestion process. It has been shown that this innovative 

approach can increase the process efficiency, mainly in terms of methane production, since the 

geopolymer spheres can release suitable alkali metals that improve digestion stability and 

performance. At the same time, due to its simplicity, the addition of geopolymer spheres to an 

anaerobic digestion process prevents the continuous need for alkalinity supply to adjust the pH, as 

often occurs in full-scale anaerobic digesters, thus reducing the process complexity. In addition, after 

being used in anaerobic processes with subsequent loss of pH control potential, the geopolymer 

spheres can be easily collected and reused in other applications, such as heavy metal adsorbents, 

which will increase the process sustainability (waste incorporation in geopolymers production and 

spheres reuse after exhaustion).  

In conclusion, some alternatives were presented regarding the operation mode and the materials 

to be used in the control of anaerobic digestion processes. The wastes recovered and used in an 

anaerobic valorization process led to a shift in the waste treatment paradigm and contributed to the 

concept of the circular economy. This approach led to the creation of value from waste (bleaching 

effluent from the pulp and paper industry, cheese whey from the dairy industry, fly ash from biomass 

combustion, and red mud waste from alumina production), designing new added-value products 

(geopolymer spheres), and create energy (methane) by applying a natural biological system 

(anaerobic digestion). In addition, the proposed innovative strategy (use of geopolymer spheres to 

control pH in anaerobic systems) has environmental and performance advantages over the 

commercial use of powdered alkaline chemicals, produced from virgin raw materials.  

This work was the basis of the publication in the form of three scientific articles (two of them 

published, one in 2018 and another in 2020, and a third article currently under review for publication). 

Two articles were also prepared for oral presentation at two international scientific conferences (one 

in Portugal, 2018, and another in France, 2019). Detailed information can be found at the beginning 

of each correspondent section in Chapter 4: Results and Discussion.  
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5.2 Perspectives for future work 

Considering the work presented, some suggestions for future work are proposed:  

 Test the continuous operation of anaerobic bioreactors 

To operate a continuously fed stirred bioreactor to treat cheese whey by applying geopolymer 

spheres (FA-based GS or RM-based GS) as a pH buffer material, two approaches can be used, 

in terms of the GS location in the system setup. An alternative is to add the spheres to the 

bioreactor itself and another alternative is to add them to the feed stream. If the spheres are 

added to the bioreactor, they must be immobilized to allow the continuous leaching, without 

compromising the integrity of the spheres, due to the continuous stirring in this type of 

bioreactor. If the spheres are added to the feed stream, they will not come into contact with 

anaerobic microorganisms and the leachate compounds (alkalis and possibly some trace 

metals) enter the bioreactor within the substrate stream. The replacement of spheres in the 

feed stream, after a certain period or after exhaustion, can be evaluated according to the 

process conditions to be implemented.    

 

 Evaluate the stability of the spheres in extreme environments  

The durability of the spheres inside the anaerobic digesters can be evaluated under extreme 

environmental conditions, such as low pH, high temperature, high saline conditions, or the 

presence of potentially toxic compounds. The use of different substrates with complex 

characteristics can also demonstrate the effectiveness of the spheres and open the possibility 

of expanding this technical solution to treat a wide variety of effluents from the food or other 

high polluting industries. After use in anaerobic processes, the spheres can be recovered and 

reused in other applications, which may or may not include an additional biological anaerobic 

process. A wide variety of applications can be explored since these geopolymeric materials 

have a porous surface, which can be suitable for removing pollutants or nutrients by adsorption. 

These materials can also be used as photocatalysts, in the degradation of organic compounds 

with the application of UV radiation. In biological fixed-film bioreactors, geopolymer spheres 

can be used as a carrier medium, as leaching properties are not required in this type of 

bioprocesses. These approaches contribute to zero-waste generation processes, increasing 

their sustainability. 

 

 Development of analytic methods suitable for a deeper understanding of the anaerobic 

systems with the addition of GS   

The development of specific analytic methods appropriate for a deeper characterization of 

anaerobic processes in which GS is used as a buffer material can be an asset, helping to 

understand the evolution and behavior of anaerobic bioreactors that treat complex effluents. 

Furthermore, as the use of GS as buffer material in AD processes leads to the leaching of ions, 

metals, and organic compounds during the process, it would be interesting to identify and study 

the evolution of the content of such compounds in the liquid medium, which can directly or 

indirectly influence the AD process. Thus, analytical chemistry techniques can be very useful 
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in the optimization of complex biological processes and be highly important for a full-scale 

implementation of the anaerobic treatment process.    

  

 Evaluate the microorganisms-buffer materials interaction 

The interaction between microorganisms and buffer materials such as geopolymer spheres is 

unknown under anaerobic conditions. Thus, the study of the influence of microorganisms on 

the structure of the spheres and vice versa is very important to establish the interaction between 

the two components of an anaerobic system and to predict the performance of the system, as 

well as the need for GS supplementation during the process. For the characterization of specific 

groups of microorganisms, such as acidogens or methanogens, some molecular biology 

techniques can be used such as Fluorescence in Situ Hybridization (FISH) and Denaturing 

Gradient Gel Electrophoresis (DGGE). The deep characterization of the spheres can be 

performed, as well as the evaluation of the leaching profile before and after the AD process, 

namely the characterization of the leached compounds from the spheres and the 

characterization of the biofilms formed on the surface and pores of the spheres and how they 

affect the spheres’ structures. 

 

 Explore the potential of organic wastes to obtain added-value products, such as volatile 

fatty acids  

An alternative to the valorization of complex organic waste into an energy vector (methane) is 

its valorization in added-value materials, such as VFA. The production of organic acids during 

the anaerobic digestion process is natural and, if the conditions are advantageous regarding 

the pH range, the accumulation of acids is enhanced, and they can be recovered and used in 

a wide range of applications. To channel the anaerobic digestion process to favor the 

acidogenic phase and avoid the methanogenic phase, appropriate quantities of spheres, 

different spheres’ compositions, or different bioreactor operation modes can be tested. With 

this approach, the main challenge is to prevent the conversion of VFA into methane by 

methanogenic microorganisms, and to avoid the inhibition of acidogenic microorganisms due 

to high volatile fatty acids concentrations in the liquid phase, keeping the pH values in an acidic 

range (between 5 and 6, approximately). 
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7 | Appendices  

7.1 Example of a calibration curve for total phosphorous as 

orthophosphates determination 

To perform the calibration curve for P determination, a stock solution was prepared. 0.1 g of 

KH2PO4 was weighed rigorously and dissolved in 500 mL of distilled water. In 100 mL volumetric 

flasks, the following six standards were prepared, with different concentrations:  

Table 44| Preparation of stock solutions for total phosphorous as orthophosphates determination. 

[P] (mg/L) Volume of KH2PO4 stock solution (mL) 

0.0 0.0 

0.2 0.4 

0.4 0.8 

0.6 1.2 

0.8 1.6 

1.0 2.0 

 

After spectrophotometric measurements at 880 nm of each standard, the calibration curve was 

prepared, plotting absorbance versus phosphate standard concentration. Figure 93 shows an 

example of the calibration curve for total phosphorous as orthophosphates determination.  

 

Figure 93| Example of a calibration curve for the determination of total phosphorous as orthophosphates. 

 

7.2 Development of the method for determination of adsorbable 

organic halides 

For adsorbable organic halides determination, the following solutions were used:  

 Nitric acid (diluted): 0.02 M  

In a 1000 mL volumetric flask, dilute 1.372 mL of concentrated nitric acid (65 %) in distilled water. 

 Hydrochloric acid (diluted): 0.01 M  

In a 1000 mL volumetric flask, dilute 0.821 mL of concentrated hydrochloric acid (37 %) in distilled 

water.  

 Nitrate stock solution: 0.2 M 

In a 1000 mL volumetric flask, dissolve 17 g of NaNO3 in about 100 mL of distilled water; add 

25 mL of concentrated nitric acid (65 %), and add distilled water until final volume.   
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 Nitrate washing solution: 0.01 M 

Dilute 50 mL of nitrate stock solution in a 1000 mL volumetric flask and add distilled water until 

final volume.  

 4-chlorophenol (4-CF) standard stock solution: [AOX] = 200 mgCl/L 

Dissolve 72.5 mg of 4-CF in distilled water using a 100 mL volumetric flask.  

 4-CF standard working solution: 1 mgCl/L 

Dilute 5 mL of 4-CF standard stock solution in distilled water using a 1000 mL volumetric flask.  

 Checking standard solutions:  

Dilute the volumes indicated in Table 45 in distilled water using a 100 mL volumetric flask. On 

each analysis day, read at least one checking standard solution to confirm the signal of the 

equipment.  

Table 45| Checking standard solutions for AOX determination.  

[AOX] (gCl/L) Volume of 4-CF standard working solution (mL) 

10 1 

50 5 

100 10 

200 20 

250 25 

 

 Electrolyte solution:  

In a 1000 mL volumetric flask, add 1 g of sodium perchlorate to 750 mL of glacial acetic acid, and 

add distilled water until final volume. 

 

7.3 Example of calibration curves for volatile fatty acids determination 

To perform the calibration curves for each acidic specie quantified, several standard solutions 

with different concentrations of VFA were analyzed under the same conditions as the samples from 

the digesters. The stock VFA solution contained a mixture of seven acid species, namely acetic, 

propionic, i-butyric, n-butyric, i-valeric, n-valeric, and n-caproic acids. It was prepared by adding 1 

mL of commercial pure acids to a 100 mL volumetric flask. From the stock VFA solution, nine diluted 

standards were prepared in 25 mL volumetric flasks, with different VFA concentrations. The 

concentrations of each acidic specie in each standard are listed in Table 46.  

The calibration curves were performed by plotting the area obtained by chromatographic analysis 

versus the concentration of each acidic specie. Figure 94 shows an example of the calibration curves 

for each quantified acidic specie. The figure shows the linear regression parameters for each 

calibration curve obtained by the ordinary least squares method.  

Table 47 lists the retention time for each acidic specie and the slop obtained on the calibration 

lines. The slop was used to calculate the concentration of individual acidic species in the samples 

analyzed. This table also shows the determination coefficient for each calibration line.  
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Table 46| Concentration of acidic species in the diluted standard solutions for VFA determination.  

ID 
Volume of stock 

solution (mL) 

H-Ac  

(mg/L) 

H-Prop  

(mg/L) 

H-i-But  

(mg/L) 

H-n-But  

(mg/L) 

H-i-Val  

(mg/L) 

H-n-Val  

(mg/L) 

H-n-Cap  

(mg/L) 

P#1 0.125 52.5 49.0 48.0 47.5 46.0 46.0 47.0 

P#2 0.25 105.0 98.0 96.0 95.0 92.1 92.1 94.1 

P#3 0.5 210.0 196.0 192.1 190.1 184.1 184.1 188.1 

P#4 1.5 630.0 588.1 576.2 570.2 552.4 552.4 564.3 

P#5 2.5 1 050.0 980.1 960.3 950.4 920.7 920.7 940.5 

P#6 5 2 100.0 1 960.2 1 920.6 1 900.8 1 841.4 1 841.4 1 881.0 

P#7 7.5 3 150.0 2 940.3 2 880.9 2 851.2 2 762.1 2 762.1 2 821.5 

P#8 10 4 200.0 3 920.4 3 841.2 3 801.6 3 682.8 3 682.8 3 762.0 

P#9 20 8 400.0 7 840.8 7 682.4 7 603.2 7 365.6 7 365.6 7 524.0 

P#10 25 10 500.0 9 801.0 9 603.0 9 504.0 9 207.0 9 207.0 9 405.0 

 

 

Figure 94| Example of calibration lines obtained for individual VFA determination, namely H-Ac, H-Prop, 

H-i-But, H-n-But, H-i-Val, H-n-val, and H-n-Cap. 

 

Table 47| Retention time and slop of calibration lines for each acidic specie.  

 H-Ac H-Prop H-i-But H-n-But H-i-Val H-n-Val H-n-Cap 

Retention time 
(min) 

2.571 3.502 4.461 5.037 6.199 7.098 9.160 

m 945.4 1515.5 1683.3 1632.3 1782.3 1457.3 933.0 

r2 0.9964 0.9960 0.9954 0.9917 0.9958 0.9875 0.9837 
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7.4 Example of calibration curves for inorganic compounds 

determination 

The solutions used to construct the calibration curves for inorganic compounds determination 

were prepared using water containing 1.5 mL of concentrated HNO3 per liter (hereinafter referred to 

acidified water). For the determination of Ca, Mg and Fe, the standards (as the samples) were diluted 

prior to analysis. For this reason, the calibration curves were plotted considering the original 

concentration of the standards before dilution with lanthanum (Ca and Mg) or calcium (Fe) solutions.  

The stock solution for calcium determination was prepared by suspending 0.2497 g of CaCO3 

previously dried at 180 °C during 1 h, in acidified water. In a 100 mL volumetric flask, add 10 mL of 

concentrated HNO3 and add acidified water to the final volume. The final concentration of this solution 

is 1000 gCa/mL.  

The stock solution for magnesium determination was prepared by dissolving 0.1658 g of MgO in 

a minimum amount of concentrated HNO3. In a 100 mL volumetric flask, add 10 mL of concentrated 

HNO3 and add acidified water to the final volume. The final concentration of this solution is 

1000 gMg/mL. 

For Ca and Mg determination, prior to analysis, 10 mL of the samples or the standards prepared 

were mixed with 1 mL of lanthanum solution. The lanthanum solution was prepared by dissolving 

58.65 g of lanthanum oxide (La2O3) in 250 mL of concentrated HCl, with slow addition of acid until 

complete dissolution. In a 1000 mL volumetric flask, add acidified water to the final volume.  

The stock solution for iron determination was prepared by dissolving 0.10 g of iron wire in a 

mixture of 10 mL of HCl and 3 mL of concentrated HNO3. In a 100 mL volumetric flask, add 5 mL of 

concentrated HNO3 and add acidified water to the final volume. The final concentration of this solution 

is 1000 gFe/mL. For Fe determination, prior to analysis, 10 mL of the samples or the standards 

prepared were mixed with 2,5 mL of calcium solution. The calcium solution was prepared by 

dissolving 630 mg of CaCO3 in 50 mL of HCl 20 % (v/v). In a 1000 mL volumetric flask, add acidified 

water to the final volume. 

The stock solution for sodium determination was prepared by dissolving 0.2542 g of NaCl 

previously dried at 140 °C during 1 h, in acidified water. In a 100 mL volumetric flask, add 10 mL of 

concentrated HNO3 and add acidified water to the final volume. The final concentration of this solution 

is 1000 gNa/mL.  

From the stock solutions (1000 ppm), intermediate solutions were prepared. Table 48 lists the 

concentrations used in the intermediate solutions. From the intermediate solutions, six diluted 

standards were prepared in 100 mL volumetric flasks, for each metal to be analyzed. Table 49 

describes the concentrations of each metal per diluted stock solution, and the check solution is 

indicated (standard solution to adjust the operating conditions of the AA equipment).  

Table 48| Concentrations of intermediate standard solutions for metals determination.  

Metal Volume of stock solution (mL) [Metal] (ppm) 

Ca 5 50 

Mg 1 10 

Fe 6 60 

Na 10 100 
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Table 49| Concentration of calcium, magnesium, iron, and sodium in the diluted standard solutions for metals 

determination, and an indication of check diluted standard solution.  

ID 
Volume of stock 

solution (mL) 

Calcium 

(ppm) 

Magnesium 

(ppm) 

Iron 

(ppm) 

Sodium 

(ppm) 

P1 1 0.5 0.1 0.6 1.0 

P2 3 1.5 0.3 1.8 3.0 

P3 4 2.0 0.4 2.4 4.0 

P4 6 3.0 0.6 3.6 6.0 

P5 8 4.0 0.8 4.8 8.0 

P6 10 5.0 1.0 6.0 10.0 

Check 
Solution 

-- 4 ppm 0.3 ppm 6 ppm 10 ppm 

 

The calibration curves were performed by plotting the absorbance obtained by atomic 

absorption/emission spectroscopy analysis versus the concentration of each metal in the standard 

solutions. Figure 95 depicts an example of the calibration curves for each metal quantified. The figure 

shows the linear regression parameters for each calibration curve obtained by the ordinary least 

squares method.  

 

Figure 95| Example of calibration lines for metals determination. 
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