
Universidade de Aveiro 

Ano 2021 

Verónica Costa  
Oliveira 
 

Recuperação de fósforo de digestato de resíduos 
urbanos com vista à sua valorização como 
fertilizante 
 
Phosphorus recovery from municipal solid waste 
digestate aiming at its valorization as a fertilizer 

 

 

   





 

Universidade de Aveiro 

Ano 2021 

Verónica Costa  
Oliveira 
 
 

Recuperação de fósforo de digestato de resíduos 
urbanos com vista à sua valorização como 
fertilizante 
 
Phosphorus recovery from municipal solid waste 
digestate aiming at its valorization as a fertilizer 

  
 
 
Tese apresentada à Universidade de Aveiro para cumprimento dos requisitos 
necessários à obtenção do grau de Doutor em Ciências e Engenharia do 
Ambiente, realizada sob a orientação científica da Doutora Célia Maria Dias 
Ferreira, Professora Auxiliar do Departamento de Ciências e Tecnologia da 
Universidade Aberta, e co-orientação do Doutor João António Labrincha 
Baptista, Professor Associado com agregação do Departamento de Engenharia 
de Materiais e Cerâmica da Universidade de Aveiro e da Doutora Maria do 
Carmo Simões Mendonça Horta Monteiro, Professora Adjunta da Escola 
Superior Agrária do Instituto Politécnico de Castelo Branco. 
  
 

 
Apoio financeiro da FCT e do FSE através do Programa Operacional Capital 
Humano (POCH). 

Referência da Bolsa de Doutoramento: SFRH/BD/115312/2016. 

   



 

  

  
 

 

 
 

 



 

  
 

 
 
 

 
 

o júri / the jury   
 

Presidente / president Doutor José Fernando Ferreira Mendes 
 Professor Catedrático, Universidade de Aveiro 

 
 

Vogais / members Doutor Knud Henrik Kirstein Hansen 
Professor Associado, Universidade Técnica Federico Santa Maria 

  
 Doutora Margarida Maria João de Quina 

Professora Auxiliar com Agregação, Universidade de Coimbra 
  
 Doutora Ana Paula Duarte Gomes 

Professora Auxiliar, Universidade de Aveiro 
  
 Doutora Maria Isabel da Silva Nunes 

Professora Auxiliar, Universidade de Aveiro 
  
 Doutora Maria Teresa Loureiro dos Santos 

Professora Adjunta, Instituto Politécnico de Lisboa 
  
 Doutora Helena I. Gomes 

Investigadora, University Of Nottingham 
  
 Doutora Célia Maria Dias Ferreira 

Professora Auxiliar, Universidade Aberta 
  
 
 





 

  

  
 

agradecimentos / 
acknowledgements 

 

First of all, I am deeply grateful to my supervisor Célia Dias Ferreira for her 
invaluable and countless help, support and guidance and her availability every 
time it was needed. Thank you so much for believing in me and including me in 
your research projects as well as for your comments, suggestions, inputs, 
corrections, discussions in all steps of my work.  

I also wish to express my gratitude to my co-supervisors João Labrincha and 
Maria do Carmo Horta for excellence guidance, support, teachings, and 
encouragement during the entire period of this thesis. 

Furthermore, I would like to thank Associate Professor Gunvor Kirkelund, for 
having me in her top research group at Civil engineering department - 
Technical University of Denmark (DTU) for six months, and providing me with 
good conditions to carry my work and for sharing her experience and 
knowledge. It was my pleasure to meet you and work with you! I would also like 
to express my appreciation to laboratory technicians Ebba Cederberg Schnell, 
Sabrina June Hvid and Malene Grønvold for performing the chemical analyses 
at DTU. 

I would like to give my thanks to Marta Batista for laboratorial support at the soil 
and fertility laboratory at Agrarian School of Castelo Branco where the tests to 
evaluate the agronomic potential of recovered struvite for my thesis were 
conducted.  

A very special thanks to my colleagues at CERNAS, for all the good moments, 
lunch and coffee times during this thesis and support to finish the thesis work. 

I gratefully acknowledge Portuguese Foundation for Science and Technology 
for my PhD grant (reference SFRH/BD/115312/2016). I also want to thank all 
the remain financial support from SYMBIOSIS project (0340-3-E), and CICECO 
and CERNAS research centers for the development of this thesis. 
 

 





 

  

 

 

 

 

 

 

 

 

 

 

  

palavras-chave 

 
Processo electrodialítico, reciclagem de fósforo, estruvite, ensaios 
agronómicos, nutrientes, economica circular, gestão de recursos. 
 

resumo 
 

 

O fósforo (P) é um nutriente vital para o desenvolvimento das plantas e a 
produção de alimento. É um dos principais constituintes dos fertilizantes e até 
ao momento ainda não foi encontrado nenhum outro elemento que o possa 
substituir. O P é obtido principalmente da rocha fosfatada, que é um recurso 
não renovável. Isto suscita uma questão fundamental sobre como garantir um 
fornecimento contínuo de P para a produção de fertilizantes fosfatados 
necessários para produzir alimento para a humanidade, no futuro. Portanto, é 
de extrema importância promover a circularidade do P por meio da sua 
reciclagem e da recuperação a partir de fluxos de resíduos. 

O digestato de resíduo urbano (RU) é o resultado do processo de digestão 
anaeróbia. Este contém P, mas também contaminantes, pelo que atualmente, 
o digestato de RU é na maioria das vezes encaminhado para aterro. Isto 
levanta a questão de saber quão viável é a extração do P do digestato de RU 
para a produção de um fertilizante de elevada qualidade. 

O presente trabalho de investigação é focado na utilização do digestato de RU 
como um recurso secundário de P. Nesta tese é explorada pela primeira vez a 
extração de P do digestato de RU utilizando o processo electrodialítico (ED) 
combinado com a precipitação de estruvite. O processo ED permite a 
separação de aniões (p. ex. PO43-) e catiões (p. ex., metais como Cu2+) 
presentes no digestato de RU, transportando-os seletivamente através de 
membranas de troca iónica, sob a influência de um campo elétrico. 
Considerando este princípio, as experiências de extração de P foram 
realizadas à escala laboratorial, tendo em conta três objetivos: i) a extração do 
P disponível no digestato de RU, ii) a otimização do desempenho energético 
do processo ED e iii) a melhoria do processo ED através da conjugação com a 
recuperação do azoto (N) do digestato de RU. 

O P extraído durante o processo ED foi utilizado para a síntese de estruvite 
secundária (MgNH4PO4·6H2O), através do processo de precipitação química. 
Para a síntese desta estruvite foram exploradas fontes alternativas de N e 
magnésio (Mg), nomeadamente a água do mar (como fonte de Mg) e o N 
contido no próprio digestato de RU. 

A estruvite é um fertilizante de libertação lenta, o que significa, que fornece 
nutrientes ao solo ao longo do tempo. A eficácia agronómica da estruvite 
secundária, obtida com o P extraído do digestato de RU, foi avaliada, 
primeiramente em ensaios de incubação (para estudar a evolução do P no 
solo, ao longo do tempo) e depois em ensaios em vaso, onde o crescimento da 
planta num solo fertilizado com estruvite e num solo fertilizado com um 
fertilizante comercial foi comparado. 

Os resultados mostram que cerca de 90% do P que está presente no digestato 
de RU pode efetivamente ser extraído através do processo ED e convertido 
em estruvite. Por ser uma espécie carregada negativamente, o P foi extraído  



 
 

 

do digestato do RU e foi concentrado no anólito, após ter sido aplicada uma 
corrente elétrica de 50 mA (1,0 mA cm-2). Durante o processo ED observou-se 
que a extração de P era fortemente dependente do pH do digestato de RU, e 
que era necessário um pH baixo (2,5-3,0) para aumentar a sua solubilização. 
Isto foi conseguido através da utilização da reação eletroquímica que ocorre no 
ânodo (origina iões H+), o que evitou a adição de produtos químicos. Os efeitos 
benéficos desta reação eletroquímica foram fundamentais para a 
implementação de uma outra estratégia para a extração de P: uma extração 
em duas fases. Na primeira etapa, o elétrodo (+) foi colocado em contato com 
o digestato de RU, o que causou uma acidificação mais rápida do digestato 
enquanto o P permaneceu neste compartimento. Quando o pH da suspensão 
de digestato de RU atingiu o valor de 3, o elétrodo (+) foi movido para o 
compartimento do anólito e o P que tinha sido solubilizado durante a primeira 
etapa migrou do compartimento de digestato de RU para o compartimento do 
anólito. Esta estratégia permitiu uma redução efetiva do tempo necessário para 
a extração de P pelo processo ED (para 7 dias) e, consequentemente, uma 
diminuição do consumo de energia (≈30%). 

A extração de outro nutriente importante, o N, do digestato de RU também foi 
realizada, ao mesmo tempo que ocorria a extração de P, adicionando uma 
membrana permeável a gases (GPM) ao cátodo da célula electrodialítica. O N 
era extraído do digestato de RU para o compartimento do cátodo, na forma de 
ião NH4+ (por electromigração), e lá era convertido em NH3 gasoso e capturado 
pela GPM produzindo uma solução limpa rica em N, deixando para trás os 
metais pesados na solução do cátodo. A solução limpa rica em N foi 
subsequentemente usada com sucesso como fonte de N na síntese de 
estruvite secundária. A combinação destas duas tecnologias de membrana - 
ED e GPM - para extração simultânea de P e N foi explorada neste trabalho 
pela primeira vez, e contribuiu para a sustentabilidade da síntese de estruvite 
secundária. 

Neste trabalho, a estruvite secundária produzida utilizando o P recuperado do 
digestato de RU apresentou uma elevada qualidade, mesmo quando durante a 
sua precipitação foram utilizados materiais alternativos em vez de materiais 
sintéticos. A sua ação como um biofertilizante fosfatado foi semelhante à de 
um fertilizante sintético comercial. 

O principal resultado desta tese é a prova de conceito de um processo 
inovador que combina a técnica electrodialítica com uma membrana permeável 
a gases para a reciclagem de P a partir do digestato de RU. O biofertilizante 
livre de contaminantes, produzido à escala de laboratório, amplia as 
possibilidades para a reciclagem do P em larga escala e para a implementação 
de estratégias eficientes para fechar o ciclo do nutriente P, contribuindo assim 
para uma gestão mais sustentável dos recursos. 
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abstract 

 
Phosphorus (P) is a vital nutrient for plant development and food production. It 
is a key fertilizer constituent and no feasible substitute has been found yet. P is 
mainly obtained from phosphate rock, which is a non-renewable resource. This 
raises the critical issue of ensuring a continuous supply of P-fertilizers to feed 
mankind in the future. Therefore, it is of utmost importance to promote the 
circularity of P by recycling and recovering P from waste streams.   

The municipal solid waste (MSW) digestate is the result of the anaerobic 
digestion of MSW. It contains P but also contaminants, so currently it is mostly 
sent to landfill. This raises the question of how feasible is the extraction of P 
from MSW digestate for the production of a high-quality fertilizer. 

The present research is focused on MSW digestate utilization as a secondary P 
resource. In this PhD thesis, the extraction of P from MSW digestate using the 
electrodialytic (ED) process combined with struvite formation is explored for the 
first time. The ED process allows the separation of anions (e.g. PO43-) and 
cations (e.g. metals like Cu2+) present in MSW digestate by selectively 
transporting them across ion-exchange membranes under the influence of an 
electric field. Considering this extraction principle, P extraction experiments 
were conducted at lab-scale attempting to reach three purposes: i) extraction of 
the P available in the MSW digestate, ii) optimization of the energy 
performance of the ED process and iii) improvement of ED process, allowing 
also to recover nitrogen (N) from MSW digestate.  

The ED-extracted P was used for the synthesis of secondary struvite 
(MgNH4PO4·6H2O), through chemical precipitation. Alternative sources of N 
and magnesium (Mg) needed for the synthesis of struvite were explored, 
named seawater (as Mg source) and N contained in the MSW digestate itself. 

Acting as a slow-release fertilizer, struvite releases nutrients to the soil along 
the time. The agronomic efficacy of the secondary struvite, obtained using the 
P extracted from MSW digestate was assessed, first in incubation trials (to 
study the evolution with time of P in the soil) and then in pot trials, where plant 
growth in struvite fertilized soils and in soils fertilized with a commercial fertilizer 
was compared.  

The research findings show that up to 90% of P present in MSW digestate 
could be extracted using ED and converted to struvite. Being a negatively 
charged specie, P moved from the MSW digestate and concentrated in the 
anolyte solution when a 50 mA electric current (1.0 mA cm-2) was applied. 
During ED process, the extraction of P was strongly dependent on the pH of 
MSW digestate, and a low pH (2.5-3.0) was needed to enhance the P 
solubilization from the MSW digestate. This was achieved by using the 
electrochemical reaction occurring at the anode (originates H+ ions), thus 
avoiding the addition of chemicals. The benefit of this electrochemical reaction 



 
 

was fundamental for the implementation of another strategy for P extraction: a 
dual-stage approach. In the first stage, the electrode (+) was placed in contact 
with the MSW digestate, causing a faster acidification of the digestate while P 
remains in this compartment. When the pH reached 3 in the MSW digestate 
suspension, the electrode (+) was moved into the anolyte compartment and the 
solubilized P migrated from the MSW digestate compartment to the anode 
compartment. This strategy effectively reduced the time required for the ED 
extraction of P (to 7 days) and consequently decreased the energy 
consumption (≈30%). 

The extraction of another important nutrient, N, from MSW digestate was also 
pursued by adding a gas permeable membrane (GPM) to the cathode of the 
ED cell, while the extraction of P was taking place. N moved from the MSW 
digestate into the cathode compartment as NH4+ (by electromigration), and 
there it was converted to gaseous NH3 and collected by the GPM into a clean N 
solution, leaving behind the heavy metals at the cathode solution. The clean N 
solution was subsequently used with success as a source of N in the synthesis 
of secondary struvite. The combination of these two membrane technologies - 
ED and GPM - for simultaneous extraction of P and N was explored in this work 
for the first time, and contributed to the sustainability of the synthesis of 
secondary struvite.  

The secondary struvite produced in this work using P recovered from MSW 
digestate proved to be of high quality, even when alternative materials were 
used instead of synthetic ones during its precipitation. Its action as an effective 
P biofertilizer is similar to that of a commercial synthetic fertilizer. 

The major outcome of this work is the proof of concept of an innovative process 
that combines ED and GPM for the recycling of P from MSW digestate. The 
contaminant-free biofertilizer, produced at lab scale, widens the possibilities for 
the large scale recycling of P and for the implementation of efficient strategies 
to close P-nutrient cycling, thus contributing to a more sustainable resource 
management. 
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1. Introduction 

1.1 Problem statement: importance of P and its origin 

Phosphorus (P) is a vital element for human, animal and plant nutrition, being a limited and 

irreplaceable resource. It is a unique chemical element, as it determines the development of 

agricultural production, stimulated by the food needs of the world’s growing population (Corre et 

al., 2009). P has important biological functions being the building blocks of DNA, cell membranes, 

energy-storing ATP, and bones. Thus, it is essential for growth and development of all living 

organisms and is present in most organic materials (Smol, 2019). Moreover, P cannot be replaced by 

any other element in biochemical processes, so humans ultimately rely on P availability.  

Phosphate rock, the primary source of P, is a non-renewable resource (like oil) and its reserves are 

gradually being depleted as a result of the intensive level of exploitation (Cornel and Schaum, 2009; 

Krüger and Adam, 2017). Phosphate rock is defined as “unprocessed ore and processed concentrates 

that contain some form of apatite, a group of calcium phosphate minerals” (Jasinski, 2013). P 

minerals can be found in sedimentary or igneous rocks. About 80 % of the world’s current production 

of phosphate rock is mined from sedimentary deposits formed by deposition of phosphate-rich 

materials in marine environments (Jasinski, 2013).  

Mining and processing of phosphate rock can be done by a wide variety of techniques and many 

types of equipment, similar to the ones used for coal mining (Jasinski, 2013; Ptácek, 2016). 

Regardless of the “P peak” (peak in global P production) occurring in the coming 50 or 300 years, 

the quality of the remaining reserves is weakening, both in terms of P content (i.e. available 

phosphate (P2O5) for plants) and the presence of heavy metals and other contaminants, and access to 

it is becoming physically more difficult (Schroder et al., 2010). This has caused an increase of the 

waste generated and of the costs associated to phosphate exploitation (Schroder et al., 2010). As a 

result, phosphate rock was one of the six new materials included in the EU list of critical raw 

materials (CRM) in 2014. 

The first EU list of CRMs was proposed in 2011, comprising 14 CRMs, and revised in 2014, counting 

with 20 CRMs. The third EU list of CRMs was published in 2017, including 27 raw materials and 

the last revision occurred in 2020, counting now with 30 CRMs (European Commission, 2020a). 

This list includes the materials which are in risk of supply and have a high economic importance for 

the European industry and value chains. Additionally, in the EU Circular Economy Action Plan, the 

CRMs are a priority area since their efficient use and recycling must be fostered. Since EU is 

currently facing the problem of the criticality of raw materials, ensuring its security, sustainable use 

and affordable supply is a top priority, given the strategic importance of the raw materials for the EU 



 

Chapter 1 

4 

manufacturing industry. Table 1.1 shows the indicators used for the criticality assessment of the 

phosphate rock material for the years of 2014, 2017 and 2020. Mostly, China is the dominant country 

in terms of phosphate rock production and its presence has upped, but it doesn’t take part of the main 

importer countries to the EU. Those are Morocco and Russia, totalling almost 50 % of the imports to 

the EU and 44 % of the sources of the EU supply. The import reliance rate, which is calculated as 

the ratio of EU net imports and EU net imports plus EU domestic production, demonstrates that EU 

is highly dependent on phosphate rock imports for supplying its global needs of P (84 % in 2020). 

Being China, Morocco and USA, the largest phosphate rock producers, EU is vulnerable to 

geopolitical tensions in the countries that export phosphate and at any time the market response can 

be similar to what happened during 2008, when the price of phosphate rock spiked by 800 % 

(Schroder et al., 2010). The substitutability index (SI) of phosphate rock material was already very 

high in 2014, achieving the highest value in 2017, which means that its substitution has become more 

difficult (values are between 0 and 1, with 1 being the least substitutable). The end-of-life recycling 

rate, defined as the ratio of recycling from old scrap to EU global demand, has increased but it is still 

low. Some technologies are already implemented in a few European countries (Germany and 

Switzerland) to promote recycling from secondary raw materials such as sewage sludge. 

Table 1.1 Parameters used for criticality assessment of phosphate rock (data sourced from European 
Commission (2020b, 2017, 2014)).  

 Main country 

producers 

Main importers 

countries to the 

EU 

Sources of EU 

supply 

Import 

reliance 

rate 

Substituta-

bility index 

(SI) 

End-of-life 

recycling 

input rate 

2014 

(2010-2012) (mainly 2012) - - - - 

China (38%) 

USA (17%) 

Morocco (15%) 

Morocco (33%) 

Algeria (13%) 

Russia (11%) 

- - 0.98 0% 

2017 

(2010-2014) (2010-2014) (2010-2014)  SIEI*/SISR**  

China (44%) 

USA (13%) 

Morocco (13%) 

Morocco (31%) 

Russia (18%) 

Syria (12%) 

Algeria (13%) 

Morocco (28%) 

Russia (16%) 

Syria (11%) 

Algeria (10%) 

Finland (12%) 

88% 1.0 / 1.0 17% 

2020 

China (48%) 

Morocco (11%) 

USA (10%) 

 

- Morocco (24%) 

Russia (20%) 

Finland (16%) 

84% - 17% 

*SIEI represents the economic importance of phosphate rock, which is related to technical and cost performance of its substitutes for 
individual applications. **SISR represents the supply risk of phosphate rock, which is related to global production, criticality and co-/by-
production of its substitutes for individual applications. 
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In 2019, the estimated total world production of phosphate rock ore from mines reached 

approximately 265 Mt (Jasinski, 2020). More than 85 % of mined phosphate rock is used to 

manufacture phosphate fertilizers, providing about half of the fertilizer P consumed globally. The 

remaining 15 % is used to make elemental P (commonly used to manufacture chemical compounds) 

and animal feed supplements (Jasinski, 2013). However, phosphate rock, when used in an untreated 

form, is not very soluble and provides little available P to plants (Jasinski, 2013). Therefore, the 

majority of P fertilizer production is based on a wet (chemical) process involving the reaction of 

phosphate rock (after removal of impurities – beneficiation process) with acid (e.g. H2SO4). From 

this reaction, it is produced phosphoric acid (H3PO4) which will be then used as feedstock in the 

production of fertilizers such mono-ammonium phosphate (MAP) or di-ammonium phosphate 

(DAP) or triple-superphosphate (TSP) (International Plant Nutrition Institute, n.d.).  

To tackle a major challenge of our days, which is achieving food security for a growing world 

population, the supply of H3PO4 is forecast to grow annually by almost 11 % from 2015 to 2020 

(Table 1.2). Europe registered a very low growth (0.2 %). The World and Europe demand for H3PO4 

was estimated to reach 42.1 million tonnes and 3.8 million tonnes by the end of 2020, respectively, 

representing a growth of more than 10% from 2015 to 2020. In Europe, the H3PO4 available for 

fertilizer production did not follow the same trend as in the world; it has registered a negative growth 

from 2015 to 2020. In spite of its positive value, the potential H3PO4 balance (difference between the 

availability and the demand of phosphoric acid) for Europe is almost zero, which clearly shows that 

the consumption of fertilizers has been much higher than the production in this region (FAO, 2017). 

Table 1.2 World and Europe supply and demands of phosphoric acid (thousand tonnes of P2O5) between 
2015 and 2020 (data sourced from FAO (2017)). 

 
2015 2016 2017 2018 2019 2020 

Growth rate (%) 

2015-2020 

World        

H3PO4 supply capability 47424 48394 49558 51190 52361 53078 10.7 

H3PO4 industrial demand 5684 6038 6209 6528 6692 6803 16.4 

H3PO4 available for fertilizer 41740 42356 43349 44662 45670 46275 9.8 

H3PO4 fertilizer demand 37635 38372 39579 40469 41320 42133 10.7 

Potential H3PO4 balance 4105 3984 3770 4193 4350 4142 - 

Europe 

H3PO4 supply capability 4763 4774 4774 4774 4774 4774 0.2 

H3PO4 industrial demand 939 947 979 1010 1011 1012 \7.2 

H3PO4 available for fertilizer 3824 3827 3796 3764 3763 3762 -1.6 

H3PO4 fertilizer demand 3373 3486 3583 3646 3700 3760 10.3 

Potential H3PO4 balance 451 341 213 118 63 2 - 
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The enormous demand of phosphate fertilizers to produce food for humans and animals linked to the 

need of keeping P security to meet the needs of current and future generations, as well as the finite 

availability of phosphate rock in the world and the limited natural resources of P in Europe, show the 

urgency of managing well and in a more sustainable way the available P resources. This can be 

chased by two possible ways: i) exploit new mine resources or ii) recycle already exploited P 

resources, for instance from organic wastes.  

According to the EU economic strategy, the new circular economy action plan for a cleaner and more 

competitive Europe intends to promote circular economy processes, fostering sustainable 

consumption and aiming to ensure that the resources used are kept in the EU economy for as long as 

possible (COM/2020/98) (European Commission, 2020c). For these reasons, the recycling P from 

waste streams have increased and must be encouraged in order to ensure global and European food 

security. 

1.2 (un)Sustainable use of P 

In a modern society, the current dynamics and P-use patterns have implications. Sustainable P use 

has to date mostly been associated with minimizing environmental pollution (Schroder et al., 2010). 

However, taking into consideration the new status of P as a scarce resource, this definition has been 

changed to include not only the pollution of aquatic ecosystems, but also the important link to food 

security. In other words, the sustainable use of P should imply the access to sufficient P in the short 

and long term to produce enough food to feed a growing world population, while livelihoods are 

ensured and environmental and social impacts are minimized (Schroder et al., 2010). Therefore, an 

integrated approach based on environmental protection, food security, farmer livelihood security, 

cost-effectiveness and long-term availability is fundamental to guarantee P supply security. 

In the global food system, there are substantial losses of P at mining and fertilizer processing, 

transport and storage, application, harvest, food processing and retailing and food consumption 

(Schroder et al., 2010). The P flows and balances for the entire EU-27 were quantified by van Dijk 

et al. (2016), who reported that roughly half is accumulated in agricultural soils in crop production 

and half is lost from the system in solid and liquid wastes from the different sectors (reference year: 

2005). The dissipation of P into the environment mainly occurs through losses from human 

consumption (54 %), food processing (28 %) and the remaining losses were shared almost equally 

between crop production (7 %), animal production (5 %) and non-food production (6 %) (Dijk et al., 

2016). The losses from human consumption are dominated by materials that are lost from wastewater 

treatment through sewage sludge (227 kt P year-1) and the second significant source of P losses 
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includes food waste from households, retail and food service (175 kt P year-1) (Dijk et al., 2016).  

The concentration of P in sewage sludge from municipal wastewater treatment may vary from 1 % 

to less than 6 % on dry solid basis (1984, McLaughlin) while in food and food processing waste is 

0.4 % of total solids (TS) (Kalmykova, 2013). In Portugal, the sewage sludge generated from urban 

wastewater treatment plants is mainly recycled through agriculture use (>90%) followed by 

landfilling (<10%) (Bianchini et al., 2016). The main disposal methods of the municipal solid waste 

(MSW) are landfill (58%) and energy recovery without ash valorization (17%) (APA, 2020a), which 

means that P is lost. Only about 8% of the MSW is recycled through composting or anaerobic 

digestion processes (APA, 2020a). Additionally, in 2019, 5,281,000 tonnes of MSW were generated 

in Portugal and it has increased during the last 5 years (≈11 %). Almost 50 % of it comprises food 

waste and paper, which are the two major sources of P in MSW (APA, 2020a). 

Because P is a vital element for food security with no substitute, the management of this element 

must change towards more sustainable practices, which can improve the P use and recovery in the 

entire global food system. Several sustainable measures can be adopted throughout the food 

production and consumption chain, such as (Schroder et al., 2010): 

1. Reducing mining losses and increasing recovery. This can be done mainly by the 

improvement of the technology used and the management at all steps of the process;  

2. Increasing efficiency in agriculture through the optimization of land use, prevention of 

erosion, maintenance of soil quality, improvement of fertilization recommendations, change 

of the fertilization placement methods, improvement of crop genotypes and promotion of 

mycorrhizas, adjustment of inputs to outputs and adjustment of livestock diets; 

3. Increasing efficiency in food commodity chain through improvement of the management or 

technical practices, production of food closer to the point of demand, reduction of spillages 

or wastage of edible food. 

4. Recovering and reusing of P from waste streams.  

Pollution prevention, fertilizer value, industrial phosphorus value and improved wastewater 

treatment were pinpointed by Schroder et al. (2010) as the key drivers for P recovery and reuse from 

waste streams. Perhaps, the most important driver will be the fertilizer value of the recovered P. The 

most important use of the fertilizer will be the food production, in order to meet world’s long-term 

food demand. Hence, the quality of the final P recovered product and its effectiveness as a fertilizer 

must be ensured. The P recovery from wastes should not be only boosted for pollution prevention, 

but also consider the resultant product and its suitability for use in agriculture (Schroder et al., 2010). 

This is exactly the main topic of this PhD thesis, which intends to create knowledge about how an 
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organic waste can be regarded as a secondary resource of P for the production of a high quality 

fertilizer for use in food production. 

1.3 Chemical precipitation/crystallization as an approach to recover P from waste 

streams for use as fertilizer 

In the past decades, various technologies to recover P from waste streams, aiming the production of 

alternative fertilizers for use in agriculture, have undergone accelerated development; the price of 

fertilizers and the stringent discharge limits on this nutrient are the main triggers for it (Mehta et al., 

2015). The different technologies can be broadly divided into biological (e.g. Enhanced Bioprocess 

P removal (EBPR), anaerobic digestion – production of sludge) (De-Bashan and Bashan, 2004), 

chemical (e.g. precipitation/crystallization – production of struvite, calcium phosphates), and 

thermochemical/chemical processes (e.g. incineration, pyrolysis – production of ashes, biochar) 

(Mehta et al., 2015).  

The biological and thermochemical processes have received more attention by the scientific 

community than the chemical processes. The former processes have been widely used on P recovery 

from domestic and food industry waste streams (Mehta et al., 2015). All the P recovery technologies 

present advantages and limitations (Table 1.3) and its adoption depends on the waste stream’s 

specific characteristics, technology feasibility and required characteristics of the nutrient recovered 

product. The recovery of P through chemical precipitation/crystallization is one of the simplest and 

easiest technology, allowing to obtain a P rich product containing a high P content and low level of 

metals that are readily useable in agriculture. Consequently, researchers have considered this 

technology as the most readily adoptable technology for P recovery even though its application is 

currently less prominent than other mature technologies such as EBPR (Mehta et al., 2015). 
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Table 1.3 Summary of advantages and limitations of the most used P recovery technologies (Mehta et al., 
2015). 

 Biological Chemical Thermochemical/chemical 

Waste 

streams 

- Municipal wastewater 

(+++) 

- Animal manure and 

wastewater (++) 

- MSW (+++) 

- Municipal wastewater (++) 

- Animal manure and 

wastewater (+) 

- MSW (+) 

- Municipal wastewater (+++) 

- Animal manure and 

wastewater (+) 

- MSW (++) 

Advanta-

ges 

- P-rich product (5%) 

- Low to medium 

operating and capital costs 

- High engineering 

feasibility 

- High technology 

maturity 

- Low to medium 

environmental concerns 

- P concentration into solid 

material (struvite, CaP) 

- P-rich product (struvite: 12%) 

- Easy to control the operational 

conditions 

- Short hydraulic residence time 

(<60min) 

- Low cost of product 

transportation 

- Medium operating and capital 

costs 

- High engineering feasibility 

- Medium technology maturity 

- Low environmental concerns 

- Reduction of bulk volume of 

waste 

- Some processes allow 100% P 

retention in the solid product  

- Low cost of product 

transportation 

- Medium engineering 

feasibility 

- Medium technology maturity 

 

 

Limita-

tions 

- Presence of HM in 

sludge which may hinder 

P recycling as fertilizer 

- High sludge’s volume 

which makes expensive its 

transportation 

- Difficult in process 

control (fluctuating 

performance and high 

dependence on skilled 

operators) 

- Need of addition of chemicals 

to occur the chemical 

precipitation reaction 

- Application of an extraction 

process to convert organic P 

into inorganic P prior to the 

chemical precipitation 

- Need of addition of acids or 

bases 

- Use of high operating 

temperatures (200->900°C) and 

pressures (2-15 MPa) 

- Need of HM removal from ash 

and biochar 

- High operating and capital 

costs 

- High environmental concerns 

through greenhouse gases 

emissions  

  (+: low research level; ++: medium research level; +++: high research level) 

 

The chemical precipitation via crystallization is a well-studied method based on a phase shift process, 

which transforms the P dissolved (in solution) into a particulate and inorganic compound, promoting 

then the P separation from the liquid bulk (Mehta et al., 2015). About 80-90% of soluble phosphates 

can be removed from waste streams through chemical precipitation. This process occurs under 

supersaturated conditions which can be created by changes in temperature, pH and/or addition of 

metal ions to the waste streams (Corre et al., 2009). By adding salts of Al, Fe, Mg or Ca, P can be 

recovered as a solid precipitate. The most common P recycled products for use as fertilizer make use 

of Mg- and Ca-based precipitation processes (Rittmann et al., 2011). The recovery of P using Al- 

and Fe- salts is very commonly applied for the wastewater treatment (Caravelli et al., 2010; Qiu et 

al., 2015); however, Rittman et al. (2011) reported that P recovery from these solids seems to be 
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more difficult and the toxicity effect of Al to many plants and some soil organisms is also a concern. 

Additionally, some authors reported that the availability of iron phosphates to plants is very low 

(Johnston and Richards, 2003; Lindsay and Dement, 1961), which makes these P-products less 

attractive for recovery efforts. 

1.3.1 Struvite 

Phosphorus recovery as magnesium ammonium phosphate hexahydrate (struvite, MgNH4PO4·6H2O) 

is a well-known chemical precipitation method, enabling the simultaneous recovery of nitrogen (N) 

and P from nutrient-rich waste streams. Struvite is a crystalline substance which is formed under 

alkaline conditions according to the following reaction (Rahman et al., 2014): 

Mg2+ +NH4
+ + H2PO4

- + 6H2O → MgNH4PO4·6H2O + 2H+    (1.1) 

 

Struvite contains 13 % of P, 6 % of N and 10 % of Mg. In waste streams, the content of Mg is 

generally low, therefore, it should be added (e.g. MgCl2, Mg(OH)2 or MgO) in order to achieve the 

Mg:NH4:PO4 molar ratio required for struvite precipitation (Mehta et al., 2015). Struvite is sparingly 

soluble under neutral conditions, but highly soluble in acid and highly insoluble in alkaline media 

(Rahman et al., 2014). In the struvite formation reaction, two chemical stages are involved: i) crystal 

nucleation or crystal birth and ii) crystal growth. These mechanisms may be affected by the pH of 

the solution (Bouropoulos and Koutsoukos, 2000), supersaturation level (Doyle and Parsons, 2002; 

Shaddel et al., 2019), mixing energy (Ohlinger et al., 1999), temperature (Aage et al., 1997) and the 

presence of other ions and organic impurities (Le Corre et al., 2005).  

Struvite has been recovered from several waste streams such as municipal wastewater (Rahman et 

al., 2014; Su et al., 2014; Sun et al., 2020), sewage sludge (Munir et al., 2017), sewage sludge ash 

(Xu et al., 2012), calf manure (Schuiling and Andrade, 1999), swine wastewater (Liu et al., 2011; 

Ryu and Lee, 2016), poultry manure (Yilmazel and Demirer, 2011), hog manure (Katanda et al., 

2016), among others. In a recent study, Kataki et al. (2016) identified 23 types of waste (categorized 

into farm waste, municipal waste and industrial waste), which were used for the precipitation and 

recovery of struvite. Struvite is treated as a phosphate fertilizer, although many of those studies 

focused on the removal of nitrogen because this nutrient is often found in a much higher 

concentration than P. Just few studies have reported the P recovery as struvite from MSW, more 

specifically from landfill leachate (Hassidou et al., 2010; Kumar and Pal, 2015; Zhao and Ding, 

2011). However, the process conditions for recovery of struvite from wastes are typically different 

for each waste; in the review of Kataki et al. (2016), a pH between 8.5-9.5 seems to be the most 
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favourable pH for struvite formation, permitting a maximum P recovery of about 85-95 %. In 

Portugal, the commercialization of struvite as fertilizer is not included in the national legislation 

(Decree-law nº103/2015) (Ministério da Economia, 2015); however, in 2019 the EU proposed 

regulation 2019/1009, which lays down rules on the making available on the market of EU fertilizing 

products in which struvite is included (European Parliament and of the Council, 2019). According to 

Uysal et al. (2010), struvite also contains a negligible pathogen and trace organic contaminants. 

Struvite has been widely mentioned as a suitable slow-release fertilizer and several studies have 

suggested that it has comparable performance to a fertilizer made from phosphate rock (Ehmann et 

al., 2017; Telse et al., 2017; Xu et al., 2018).  

1.3.2 Calcium phosphates 

Brushite, octacalcium phosphate, hydroxyapatite, whitlockite, monetite or amourphous calcium 

phosphate are several forms of calcium phosphate solids (Karunanithi et al., 2015). Hydroxyapatite 

(Ca5(PO4)3OH) is the most common calcium phosphate form used as fertilizer as well as a secondary 

P source for fertilizer industry, while the other calcium phosphate forms mainly serve as a P source 

for industry. The formation of hydroxyapatite is described in the following equation: 

10Ca2+ + 6PO4
3- + 2OH- → 2Ca5(PO4)3OH      (1.2) 

 

It requires the presence of Ca2+ and enough P to produce thermodynamic supersaturation, under high 

pH (above 10) (Rittmann et al., 2011). The first stage of precipitation process is the nucleation of P 

which can be accelerated by using seeding surfaces (e.g. sand, calcite) on which the precipitates can 

form (Rittmann et al., 2011). The chemical reaction of P precipitation may be influenced by the pH, 

P concentration and presence of other ions (e.g. carbonate) (Karunanithi et al., 2015).  

The production of calcium phosphate from waste was mostly investigated for municipal wastewater 

(Bellier et al., 2006; Vasenko et al., 2020) and animal wastewater and manure (Szogi and Vanotti, 

2009; Vanotti et al., 2012). It mainly comprises two steps: i) reduction of the levels of carbonate, 

ammonium buffers and suspended solids in waste and ii) addition of alkaline earth base to precipitate 

P (Vanotti et al., 2012). A pH range of 8-11 is used for calcium phosphate precipitation. The 

efficiency of P removal by this method is up to 60-90 % (Karunanithi et al., 2015). Concerning the 

value of calcium phosphate as fertilizer, Achat et al. (2014) reported that hydroxyapatite recovered 

from a dairy effluent was as effective as a commercial triple superphosphate in a pot experiment with 

a mixture of ryegrass and fescue. 
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1.3.3 Overall analysis 

Both struvite and hydroxyapatite are two suitable options to recover P from wastes as a fertilizer. 

The fertilization with struvite provides P to the soils but also N, which is other macronutrient vital 

for plant development. Magnesium and calcium are also needed for plant development, but in a 

smaller quantity. Struvite acts as a slow release fertilizer; this means that a small, steady amount of 

nutrients are released to the soil over a course of time. Unlike quick releasing fertilizers that can be 

quickly leached out of the soil by regular rain or watering, struvite stays in the soil for longer, making 

its application frequency lesser. The possibility of reaching a higher P recovery efficiency and using 

lesser chemicals during the precipitation process (to rise pH) makes struvite recovery more attractive.  

The chemical precipitation of struvite is mainly applicable to waste streams having a relatively high 

P content (>50 mg L-1) (Mehta et al., 2015). However, the P recovery from wastes may be limited 

due the complexation of P with other ions (e.g. Ca, Al, Fe), which affects its availability for the 

precipitation process. Therefore, the P speciation and distribution between soluble and particulate 

forms needs to be understood before recovery. For instance, Kataki et al. (2016) reported that only 

40 % of the total P is presented in the liquid fraction of agricultural, municipal and industrial wastes, 

demonstrating that a major portion of P is lost if the solid fraction is not considered in the recovery 

process. This indicates that it is important to convert P into an available form by releasing it (e.g. 

conversion of organic P to inorganic P), and thus assuring maximum P recovery.  

Electrodialytic (ED) process is one of the emerging technologies which can be applied to transform 

P into an available form, ready for struvite precipitation while also selectively reducing the presence 

of contaminants contained in wastes. 

1.4 Electrodialytic extraction of P from solid wastes 

1.4.1 Basic principles of electrodialytic process 

The electrodialytic (ED) process arises from the combination of two well-known technologies: i) 

electrokinetic (EK) and ii) electrodialysis (Guedes, 2015). The first one has been successfully used 

to treat contaminated soils since the late 1980s, and uses a low-level direct current, in the order of a 

few mA/cm, between oppositely located electrodes to move the contaminants out of the matrix 

towards one of the electrode compartments (Acar and Alshawabken, 1993). The second one is a 

membrane-separation technology which has been mainly used for desalination of brackish water 

sources, and uses selectively permeable membranes and direct current to move ions from one solution 

chamber to another (Strathmann, 2000). In 1995, ED technology was patented by a team at the 
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Technical University of Denmark (PCT/DK95/00209). The first applications of ED aimed at in situ 

remediation treatment of the moist and consolidated soil (Guedes, 2015). Since then, several ex situ 

experiments were carried out using a suspension of the solid matrix (Jensen et al., 2007; Ottosen et 

al., 2009).  

The overall principle of ED is analogous to EK; however, ion exchange membranes (IEM) are used 

instead of passive membranes (Figure 1.1). The IEM are used to allow the selective passage of 

electrically charged ions contained in a saturated waste suspension into an electrolyte solution placed 

in a separate compartment. In detail, an anion exchange membrane (AEM) is used to separate the 

waste suspension chamber from the anolyte chamber (electrolyte solution placed at the anode-side) 

and only allows the passage of anions (e.g. PO4
3-, Cl-) contained in the waste into the anolyte; while 

the cation exchange membrane (CEM) is placed between the waste suspension chamber and the 

catholyte chamber (electrolyte solution placed at the cathode-side) and only allows the passage of 

cations (e.g. Ca2+, Cu2+). 

 

 

Figure 1.1 Schematic representation of the main transport processes occurring during ED process (IEM: ion 

exchange membrane; adapted from Gomes (2014)) 

In ED, several transport processes are driven by the electric current which acts as a “cleaning agent” 

(Figure 1.1): 

1. Electromigration. It refers to the movement of ions under an applied electric current and is 

the key transport mechanism for soluble charged species; the negative charged ions will move 



 

Chapter 1 

14 

towards the anode, while the positive charged ions will move towards the cathode (Acar et 

al., 1995). 

2. Electro-osmosis. It is the transport of bulk liquid through a pore under the influence of an 

electric field (Grimnes and Martinsen, 2015). This mechanism involves the formation of an 

electrical diffuse layer at the surface which often is positively charged, creating an electro-

osmotic flux from the anode to the cathode (Acar et al., 1995). This mechanism is the most 

important for the removal of uncharged or weakly dissociated organic contaminants (Guedes, 

2015). 

3. Electrophoresis. It is the movement of charged colloidal particles in a liquid medium under 

an applied electric field (Ohshima, 2016). The charged colloids are attracted electrostatically 

to one of the electrodes and repelled from the other (Guedes, 2015). In a stationary system, 

the charged colloidal particles move at a constant velocity as a result of the balance between 

the applied electric field acting on the particles and a viscous resistance exerted by the liquid 

on the colloidal particles (Ohshima, 2016).  

4. Diffusion. It is the movement of ionic species caused by chemical concentration gradients 

created by the electrically induced mass transport. In general, this transport process is often 

ignored because the ionic mobility of a charged species will be at least one order of magnitude 

higher than that by diffusion (Acar and Alshawabken, 1993). 

 

During the ED process, electrochemical reactions also play a key role. Electrode reactions of 

electrolysis of water occur at anode (+) and cathode (-), which respectively result in the production 

of hydrogen ions (H+) generating an acid front from the anode, and hydroxide ions (OH-), producing 

an alkaline front from the cathode, according to the following reactions: 

 

2 H2O → 4 H+ + O2 (g) + 4 e- (anode)        (1.3) 

2 H2O + 2 e- → 2 OH- + H2 (g) (cathode)      (1.4) 

 

There are other electrode reactions that may occur when the concentration of the available species 

(such as metals; Me) is increased, for instance (Acar and Alshawabken, 1993): 

 

H+ + e- → ½ H2 (g) (anode)         (1.5) 

Men+ + ne- → Me (cathode)         (1.6) 

Me(OH)n + ne- → Me + nOH- (cathode)       (1.7) 
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1.4.2 ED extraction of P from solid wastes 

ED is an extraction technology which allows the selective separation of anions and cations across 

ion exchange membranes under an applied electric field. Anions (e.g. PO4
3-) will move towards the 

anode (+) passing through an AEM while cations (e.g. Cu2+) will move towards the cathode (-) 

passing through a CEM. This working mode is considered the great advantage of this technology 

over other extraction techniques, because it allows the recovery of a P-rich solution virtually free of 

contaminants, since the cations are transported by the electric field towards the opposite side. 

Unlike most heavy metals, P mainly exists as anionic species unless the pH is strongly acidic (Figure 

1.2). There are four P speciation species: H2PO4
-, HPO4

2-, PO4
3- and H3PO4. The corresponding 

acidity constants of the first three P species are 2.12, 7.2 and 12 at a temperature of 298 K, as follow: 

 

H3PO4(aq) + H2O(l)   H3O+
(aq) + H2PO4

-
(aq)       (1.8) 

H2PO4
-
(aq) + H2O(l)   H3O+

(aq) + HPO4
2-

(aq)       (1.9) 

HPO4
2-

(aq) + H2O(l)   H3O+
(aq) + PO4

3-
(aq)      (1.10) 

 

 

Figure 1.2 Speciation of orthophosphate ions (expressed as mole fraction of total P) in solution as a function 

of pH (adapted from Yang et al. (2016)) 

H3PO4, is not electrically charged, so when an electric current is applied it will not move out of the 

waste compartment and will remain in the waste suspension. The formation of H3PO4 is highly 

favoured when the pH is < 2. Moreover, at pH above 7, the bi- and trivalent P species are 

predominant, which means that the amount of energy spent during the ED process will increase, 
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because it will need twice or three time the energy just to remove one phosphate ion. Therefore, pH 

is a very important factor influencing the ED extraction of P from wastes, and it should be carefully 

monitored mainly to avoid the formation of H3PO4 (Sturm et al., 2010).  

ED has been applied to extract/separate inorganic (e.g. heavy metals, phosphorus) and organic 

compounds (e.g. caffeine, ibuprofen) from several other environmental contaminated matrices such 

as mine tailings (Rojo and Hansen, 2005), wood waste (Ottosen et al., 2003), sewage sludge (Guedes 

et al., 2015, 2017), sewage sludge ashes (Ebbers et al., 2015a; Ottosen et al., 2013, 2020), MSW fly 

ashes (Jensen et al., 2010; Kirkelund et al., 2020), harbour sediments (Kirkelund et al., 2009; 

Nystroem et al., 2005). 

Focusing on P extraction, in 2010, Sturm et al. (2010) published the first study on the extraction of 

P from incinerated sewage sludge ash using an EK process in a packed bed set-up (Figure 1.3a), 

showing that it is possible to concentrate a small part of the P in the processing solution at the anode. 

However, P recovery was very low (<1 %) and this investigation also demonstrated that the set-up 

used was not feasible from the viewpoint of energy demand.  

Later on in 2014, an improvement of the process efficiency was achieved by combining ED and acid 

extraction; prior to the ED treatment, the ash is suspended in sulphuric acid (Guedes et al., 2014; 

Ottosen et al., 2014). In these two studies, experiments were conducted in an ED cell with three 

compartments (Figure 1.3b): i) anolyte, where the anode (+) was placed in and where the anions are 

moved into from the ash suspension compartment though an anionic exchange membrane (AEM); 

ii) ash suspension, with a stirrer to maintain the suspension in agitation and iii) catholyte, where the 

cathode  (-) was placed in and where the cations (e.g. heavy metals) are moved into from the ash 

suspension compartment though a cationic exchange membrane (CEM). In the particular case of P, 

through this process, the phosphate ions, which have predominantly negative charge, are transported 

out from the ash suspension chamber into the anode (+) chamber, passing through the anionic 

exchange membrane. As this membrane only allows the negatively charged species to pass through, 

while rejecting positively charged species, phosphate ions and heavy metals are obtained separately 

in concentrated solutions, allowing thus the P-rich solution with enough quality to be used for the 

production of P-based fertilizers. In this set-up, up to 99 % of P in the ashes was dissolved after 7 

days; however, even after 14 days of experiment, only 69 % of P was transported towards the anode, 

the remaining P was in ash solution or transported towards the cathode side.  

A mathematical model was proposed for simulating the ED recovery of P from sewage sludge ash 

containing heavy metal (Villen-Guzman et al., 2018); the system set-up was modelled including four 

compartments (solid, liquid, anode and cathode) and the implemented model reproduced 

satisfactorily the experimental results previously published by Guedes et al. (2014). With this model, 
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it became possible to optimize and improve some key aspects of the experimental methods, such as 

the choice of an enhancing agent, stirring rate or the current density applied, which is essential for 

the scaling-up of the ED technology. 

In 2015, Ebbers et al. (2015a) made adjustments to the earlier 3-compartment ED cell by reducing 

the number of compartments and introducing the anode directly into the ash suspension (Figure 1.3c). 

This new approach assures the acidification of the ash suspension using the acid produced through 

electrolysis of water at the anode, to promote a faster mobilization of P and heavy metals. In this set-

up, the positively charged species electromigrate from the ash suspension and accumulate into the 

cathode compartment, while up to 93 % of P in the ash was dissolved, after 7 days. A slightly higher 

P dissolution efficiency of approximately 99 % was reported in the study of Guedes et al. (2016a) 

where the same 2-compartment ED set-up was used to promote simultaneous P dissolution and heavy 

metals extraction from a ferric sewage sludge ash. Using the 3-compartment ED cell, a lower P 

dissolution was obtained (≈90 %) (Ebbers et al., 2015a; Guedes et al., 2016a). When the ash was 

suspended in distilled water, some studies reported similar or lower P efficiencies using the 2-

compartment (80-95 %) and 3-compartment ED cell (43 %) (Ebbers et al., 2015a; Ottosen et al., 

2016, 2020).  

Moreover, a bench scale 2-compartment ED set-up was successfully proposed by Kappel et al. 

(2018), where about 90 % of P was dissolved from incinerated sewage sludge ash before its use as a 

cement replacement in mortar. This shows that 2-compartment ED cell set-up is an attractive 

alternative to leaching with mineral acids in order to dissolve P from incinerated sewage sludge 

ashes; introduction the anode in the ash suspension can substitute the need for acidification by 

mineral acids.  

In a low-temperature gasification sewage sludge ash where P was precipitated with Fe and Al salts, 

the feasibility of 2-compartment ED set-up was low; it was possible to extract up to 26 % of the P 

after 7 days. More promising results were obtained with another ash from co-gasification of a mixture 

of biologically precipitated sewage sludge and wheat straw pellets – up to 90 % of the P was extracted 

from this ash (Viader et al., 2015). The authors referred that the poor separation of P from the 

gasificated sewage sludge ash in comparison to incinerated sewage sludge (around 80 %; Ebbers et 

al. (2015a)) is due to ash characteristics instead of the ED set-up; the reason is most likely the Fe(III) 

role in P-solubility at acid pH (pH=1.6). The presence of Fe-P bonds and the formation of positively 

charged Fe-P complexes in this ash were hampering the optimal ED separation (Ebbers et al., 2015a). 

Comparing P separation efficiencies of Fe- and Al-rich incinerated sewage sludge ashes in a 3-

compartment ED set-up, shows that only a minor part of P was transported into the anolyte (≈20 %) 

and the major part remained in the solution of the Al-rich ash (≈55 %) (Ottosen et al., 2014). The 
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reason was the formation of uncharged species between P and Al. In Fe-rich ash, the P separation 

was better (≈65 %). The authors mentioned that one major difference between the two ashes was that 

Fe containing minerals were only slightly soluble, whereas Al was rapidly dissolved in the waste 

suspension. This means that in Al-rich ash there is a basis for the formation of new complexes 

between Al and P after dissolution whereas this will only happen at a minor degree between Fe and 

P in Fe-rich ash (Ottosen et al., 2014). Therefore, it should be highlighted that the characteristics of 

the ashes can highly influence the P separation. 

In 2017, in order to improve the P recovery efficiency from a gasified sewage sludge (26 %; Viader 

et al. (2015)), an innovative sequential ED set-up was proposed by Viader et al. (2017a). This set-up 

combines a pair of 2-compartment ED cells (Figure 1.3d) and allowed a recovery of up to 70 % of P 

from this ash. The use of a second ED cell, where the ash is suspended in an alkaline solution 

(NaOH), allowed the P solubilisation from Al and Fe phosphates. In a following investigation, Viader 

et al. (2017b) employed two different ED methods to achieve comparable extraction of P from ashes 

of incineration and gasification of the same sewage sludge; the results showed that comparable P 

recovery rates were achieved with a single ED step for incineration ash (up to 80 %) and a sequential 

combination of two ED set-up for gasification ash (up to 69 %). 

 

 

Figure 1.3 Packed bed (a), 3-compartment ED set-up (b) 2-compartment ED set-up (c) and sequential 2-

compartment ED set-up (d) used to extract P from sewage sludge ash (AEM: anion exchange membrane; 

CEM: cation exchange membrane; C: cations; A: anions). Sourced from: (Ebbers et al., 2015a; Sturm et al., 

2010; Viader et al., 2017a) 
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The ED extraction of P from nanofiltration concentrates obtained from the surface water reservoirs  

was investigated by Couto et al. (2015) using 3-compartment (Figure 1.3b) and 2-compartment ED 

set-ups; the later set-up is similar to the one used in the second step of the sequential ED set-up 

(Figure 1.3d), where the cathode was in direct contact with waste, but distilled water was used instead 

of NaOH. This investigation showed that 2-compartment ED set-up was less effective than 3-

compartment - a higher P recovery (84 %) was reached in the 3-compartment ED set-up; in the 2-

compartment ED set-up, the alkaline pH conditions formed in the cathode side caused a subsequent 

precipitation of P as calcium phosphate leading to a decrease of P recovery efficiency. In addition, it 

was also found that when a different concentrate was tested using the 3-compartment ED set-up, only 

56 % of P was recovered.  

In the P extraction from raw municipal wastewater and sludges sourced from different places at the 

wastewater treatment plant using the 3-compartment ED set-up, Ebbers et al. (2015b) found that P 

extraction in wastewater rounded 68 %, while only a maximum of 40 % was obtained for sludges. 

The authors mentioned that at a low pH, P mobilizes more easily for an anaerobically digested sludge 

than for excess or polymer sludge; due to hydrolysis of organic matter during anaerobic digestion, 

with release of cell stored poly-P and org-P stored as ortho-phosphate, there was an improvement of 

P solubilisation and extractability.  

The efficiency of the 2-compartment ED set-ups with three cell designs applied to sewage sludge 

aiming P recovery was discussed by Guedes et al (2015). The first ED cell design is showed in Figure 

1.3b while the second ED cell design is the same explained above and tested by Couto et al. (2015) 

and Ebbers et al. (2015b), where the cathode was in direct contact with sludge and a anion exchange 

membrane is used to separate the compartments; the third ED cell design is similar to the second but 

a cation exchange membrane is used instead. Using the first ED set-up, less than 40 % of P in the 

sludge was dissolved; in comparison, up to 80 % or 90 % of P was dissolved when an incinerated or 

gasificated sewage sludge ash were tested, respectively. Using the second ED set-up, approximately 

78 % of P was extracted from the sludge which was higher than that obtained in the 3-compartment 

ED set-up (40 %) but lower or similar than that obtained using nanofiltration concentrates (56-84%). 

The same ED set-up was tested by Guedes et al. (2016b), which showed a slightly lower P extraction 

(70 %) from a fresh sewage sludge. Using the third ED set-up, up to 55% of P in the sludge was 

dissolved. This investigation showed that the most viable option for ED extraction of P from sewage 

sludge is the use of a 2-compartment ED set-up where the sewage sludge is placed at the cathode and 

the compartment separation is done by an anion exchange membrane, because the high pH was the 

main factor affecting the P solubilisation from the sewage sludge to the liquid phase (pH≈12.5). 

Using the data reported in the studies of Guedes et al. (2016b, 2015), a multivariate model was built 

to predict P recovery from sewage sludge; the model showed that the cell design, current density and 
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time highly influenced the P recovery (Guedes et al., 2017). 

Recently, the ED extraction of P was conducted using a mixture of sewage sludge and mining 

residues in a 3-compartment ED set-up (Figure 1.3b); approximately 71 % of P was extracted from 

the organic waste (Almeida et al., 2020). 

Table 1.4 summarizes the experimental work carried out to extract P from solid wastes using ED 

processes. ED extraction of P from solid wastes is an under-explored topic (less than 20 studies were 

published addressing this issue). Most of the studies on ED extraction of P were conducted using 

inorganic wastes, namely incinerated and gasificated sewage sludge ashes. So far, there are few 

studies (excluding the ones published during this PhD work) where ED was used to extract P from 

organic wastes. When this PhD work was started, only nanofiltration concentrates and sewage sludge 

had been tested. The inorganic wastes resulting from incineration and gasification processes have a 

higher P content than the organic wastes, because as the organic matter is destroyed, P ends up more 

concentrated in the ashes. Furthermore, in these thermal residues, P isn’t bounded to the organic 

matter, and therefore is mostly present in an extractable form, which means it is available to be 

transported out of the waste matrix by the electric fields, making less challenging the ED process 

applicability.  

The P extraction efficiencies from inorganic wastes are considerable higher than from organic 

wastes, showing the difficulty on the solubilization of the P-bounded to the organic matter. Recently, 

Almeida et al. (2020) tested the electrodialytic P extraction in a different organic waste (mixture 

sewage sludge and mining residues), showing a limited P extraction efficiency, ≈71 % which is a 

good efficiency but much lower than the obtained from inorganic wastes. Another conclusion is that 

it is not possible to clearly state which ED set-up is the best, as process parameters and wastes 

composition are different. This indicates that for each specific waste material, the type of solution in 

which the waste is suspended, the liquid to solid ratio, the stirring velocity, the electric current applied 

and the duration are parameters of major importance to the success and must be optimized.  

ED has never been used to extract P from MSW digestate (this waste is explained in the next section) 

and its subsequent recovery as struvite had never been pursued so far. When this PhD was started, 

the P-rich solution obtained during ED process had never been processed further. Since then, a study 

of Ottosen et al. (2016) reported the production of a salt through evaporation of the water from the 

filtrate P rich solution obtained in a 2-compartment ED set-up, showing that phosphoric acid salt 

crystals are mostly formed and they can be used in fertilizer production; however the authors found 

that full evaporation at 50 °C is time and energy consuming.



 

 
 

Table 1.4 Experimental conditions used in published studies on ED extraction of P from solid wastes (3-comp.: 3-compartment; 2-comp.: 2-compartment; AEM: 

Anion exchange membrane; CEM: Cation exchange membrane) 

Waste 
Tecnology/ 

Country 
P efficiency 

Configuration of ED 

reactor 
Strirred 

Liquid used 

for waste 

suspension 

Liquid/ 

Solid  

ratio 

Current 
Duration 

(d) 

P 

concentrate 

solution uses 

Reference 

Inorganic wastes 

Incinerated 

sewage 

sludge ashes 

Fluidized bed 

combustor at 

850ºC/Denmark 

-up to 99% P 

dissolved 

-up to 69% extracted 

into anolyte 
3-comp. ED set-up: anode, 

AEM, central, CEM, cathode 

overhead 

stirrer 

- H2SO4 0.19M 

- H2SO4 0.38 M 

5, 7, 

10, 20 

50mA 

7 

- 

Ottosen et 

al. (2014) 

Fluidized bed oven 

at 800ºC/Denmark 

up to 69% extracted 

into anolyte 
- H2SO4 0.08M 10 3, 7, 14 

Guedes et 

al. (2014) 

Incinerated 

sewage 

sludge ashes 

Fluidized bed 

combustor/ 

Denmark 

i) up to 95% P 

dissolved 

 

ii) up to 96% P 

dissolved 

i) 3-comp. ED set-up 

 

ii) 2-comp. ED set-up: 

anode/central, CEM, cathode 

overhead 

stirrer 

- H2SO4 0.19M 

-Distilled water 
10 50 mA 3, 7, 14  - 

Ebbers et 

al. (2015) 

Gasified 

ashes 

Fluid bed gasifier/ 

Denmark 
up to 90% P dissolved 

2-comp. ED set-up: 

anode/central, CEM, cathode 

overhead 

stirrer 
Deionized water 10 50mA 1,3,7 

- 

Viader et 

al. (2015) 

Incinerated 

fresh and 

deposited 

sewage 

sludge ashes 

Fluidized bed 

combustion/ 

Denmark 

i) up to 99% P 

dissolved 

 

ii) up to 90% P 

dissolved 

i) 3-comp. ED set-up 

 

ii) 2-comp. ED set-up: 

anode/central, CEM, cathode 

overhead 

stirrer 

i) H2SO4 0.19M  

 

ii)H2SO4 0.08M 

& 0.19M 

10 50mA 7 

- 

Guedes et 

al. (2016) 

Incinerated 

sewage 

sludge ashes 

Fluidized bed 

combustor at 

850ºC/Denmark 

up to 95% P dissolved 
2-comp. ED set-up: 

anode/central, CEM, cathode 

overhead 

stirrer 
Distilled Water 14 50mA 

3, 5, 7, 

10, 14, 

16 

Production of 

a P salt by 

evaporation 

of the water 

Ottosen et 

al. (2016) 

Gasified 

ashes 

Low temperature 

fluid bed gasifier/ 

Denmark 

up to 70% P 

extracted/dissolved 

2-comp. ED set-up: 1st step - 

anode/central, CEM, 

cathode; 2nd step - 

cathode/central, AEM, anode  

overhead 

stirrer 

1st step: distilled 

water;  

2nd step: NaOH 

10 50mA  4, 5, 8 - 
Viader et 

al. (2017) 

In
tro

d
u
ctio

n
 

2
1
 



 

 

Waste 
Tecnology/ 

Country 
P efficiency 

Configuration of ED 

reactor 
Strirred 

Liquid used 

for waste 

suspension 

Liquid/ 

Solid  

ratio 

Current 
Duration 

(d) 

P 

concentrate 

solution uses 

Reference 

i) incinerated 

sewage 

sludge ash 

 

ii) gasified 

sewage 

sludge ash 

i)Fluidized bed 

combustor at 

840ºC/Denmark 

 

ii)Fluid bed 

gasifier/Denmark 

i) up to 80% of P 

dissolved  

 

ii) up to 69% of P 

dissolved/extracted 

i) 2-comp. ED set-up: 

anode/central, CEM, cathode  

 

ii) 2-comp. ED set-up: 1st 

step - anode/central, CEM, 

cathode; 2nd step - 

cathode/central, AEM, anode  

overhead 

stirrer 

i) distilled water 

 

ii) 1st step: 

distilled water;  

2nd step: NaOH 

10 50 mA 
4, 5, 6, 7, 

8, 9 
- 

Viader et 

al. (2017) 

Incinerated 

sewage 

sludge ash 

Fluidized bed 

combustor at 

850ºC/Denmark 

up to 90% P dissolved 

bench scale 2-comp. ED set-

up: anode/central, CEM, 

cathode 

overhead 

stirrer 
Distilled Water 10 0.4 - 1.0 A 24 - 

Kappel et 

al. (2018) 

Incinerated 

sewage 

sludge ash 

Fluidized bed 

combustor at 

850ºC/Denmark 

up to 91% P dissolved 
2-comp. ED set-up: 

anode/central, CEM, cathode 

overhead 

stirrer 
Distilled Water 14 50 mA 6 - 

Ottosen et 

al. (2020) 

Organic wastes 

Nanofiltration 

concentrates 

Plate-and-frame 

unit with 

nanofiltration 

membrane/Portugal 

up to 84% of P 

extracted into anolyte 

-3-comp. ED set-up 

 

-2-comp. ED set-up: 

cathode/central, AEM, anode 

overhead 

stirrer 
- - 

0, 10, 20 

mA 
0.2-0.5 - 

Couto et 

al. (2015) 

i) municipal 

wastewater  

 

ii) sewage 

sludges 

Municipal 

wastewater 

treatment 

plant/Denmark 

i) up to 70% P 

extracted into anolyte 

 

ii) up to 40% P 

extracted into anolyte 

3-comp. ED set-up 
overhead 

stirrer 
- - 100mA 1 - 

Ebbers et 

al. (2015) 
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Waste 
Tecnology/ 

Country 
P efficiency 

Configuration of ED 

reactor 
Strirred 

Liquid used 

for waste 

suspension 

Liquid/ 

Solid  

ratio 

Current 
Duration 

(d) 

P 

concentrate 

solution uses 

Reference 

Sewage 

sludge  

Municipal 

wastewater 

treatment plant/ 

Portugal 

i) up to 40% of P 

dissolved 

 

ii) up to 78% P 

extracted into 

eletrolyte 

  

iii) up to 55% of P 

dissolved  

i) 2-comp. ED set-up: 

anode/central, CEM, cathode 

 

ii) 2-comp. ED set-up: 

cathode/central, AEM, anode 

 

iii) 2-comp. ED set-up: 

cathode/central, CEM, anode 

overhead 

stirrer 
- - 20, 50mA 5 - 

Guedes et 

al. (2015) 

Fresh sewage 

sludge 

Municipal 

wastewater 

treatment plant/ 

Portugal 

up to 70% P extracted 

into anolyte 

2-comp. ED set-up: 

cathode/central, AEM, anode 

overhead 

stirrer 
- - 

50, 75, 

100mA 

  

sequential: 

50-75-

100mA 

 

sequential: 

100-75-

50mA 

3 - 
Guedes et 

al. (2016) 

Mixture of 

sewage 

sludge and 

mining 

residues 

Municipal 

wastewater 

treatment plant & 

mine/ 

 Portugal 

up to 71% P extracted 

into anolyte 
3-comp. ED set-up 

Magnetic 

stirrer 
- 9 50, 100mA 0.04-0.08 - 

Almeida 

et al. 

(2020) 
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1.5 Municipal solid waste management in Portugal 

Municipal solid waste is defined as “waste from households, as well as other waste which, because 

of its nature or composition, is similar to waste from households” (European Council, 1999). In 

Portugal, the major components of the MSW are biowaste (39 %), plastics (11.5 %), paper/cardboard 

(10 %) and glass, fines <20mm and sanitary textiles (≈8 % each) (APA, 2020b), being strongly 

inhomogeneous. If this waste is not properly treated, it can cause several impacts on the 

environmental and human health. 

The total production of MSW in Portugal was of approximately 5.28 million tons corresponding to 

an annual capitation of 511 kg/inhab.year, i.e. a daily MSW production of 1.4 kg per inhabitant. 

Approximately 80 % of this waste was from unsorted collection while less than 20% was separately 

collected. Regarding MSW direct destinations, 33 % of the MSW generated in Portugal was sent to 

landfilling, followed by 24 % to mechanical and biological treatment (MBT), 19 % to energy 

recovery, 11 % for material recovery, 9 % to mechanical treatment and 2 % to organic recovery 

(APA, 2020b). 

In Portuguese territory, there are 18 MBT facilities for the treatment of unsorted waste (APA, 2020b) 

which include an anaerobic digester and composting station for biological treatment of the organic 

fraction. Figure 1.4 shows the main processes and by-products resulting from the treatment of MSW. 

 

 

Figure 1.4 Schematic representation of main processes involved in the MSW treatment (OFMSW: 

organic fraction of municipal solid waste) 

 



 

Introduction 

 

25 
 

1.6 Objectives 

This PhD thesis aims at recovering the P contained in the anaerobically digested organic fraction of 

municipal solid waste (herein referred as “MSW digestate”) using ED technique and transforming 

the extracted P into a second-generation fertilizer that poses an alternative to the synthetic phosphate 

fertilizers manufactured using finite mineral resources (e.g. phosphate rock).  

In this thesis, MSW digestate was chosen because is not properly managed by the waste management 

entities; its final destination is still the landfill or non-agricultural applications, since it contains 

hazardous materials that do not allow its direct use as soil amendment or fertilizer. This means that 

valuable constituents, such as P, are lost under the current waste treatment process. This work intends 

to demonstrate that MSW digestate can be valued as secondary source of P. Moreover, in organic 

wastes P is bounded to organic matter, which makes the application of every extraction technique 

more challenging; the ED extraction technique could be a nutrient recycling solution for organic 

wastes that remains less explored so far.  

The ultimate goal of this PhD study is the development of an integrated solution, coupling ED and 

chemical precipitation, for recovering P from organic waste as a fertilizer, contributing to a greener, 

resource efficient and sustainable economy, in line with European Union concept of a circular 

economy, with positive impacts on food security and on the economic sustainability of agriculture. 

In this PhD thesis, the following research questions are addressed: 

(i) Is P susceptible to being extracted from MSW digestate (organic waste) using the ED 

process? (Chapter 2) 

(ii) Can ED successfully enhance P extraction and separate heavy metals and calcium (cation 

that compete with magnesium on struvite formation), so that a high quality secondary 

struvite can be obtained? (Chapters 3 & 6)  

(iii) Can the consumption of energy and non-renewable synthetic materials be reduced during 

the P recovery from MSW digestate as secondary struvite? (Chapters 4 & 5) 

(iv) How does secondary struvite compare with conventional fertilization, regarding crop 

yields and soil quality parameters? (Chapters 7 & 8). 

  



 

Chapter 1 

26 

1.7 Outline of this thesis 

This PhD thesis is structured in four sections, where all the relevant research aspects have been 

addressed. Section I presents the introduction, sections II & III the experimental components and 

section IV synthesises the conclusions and impacts of this work. The research works encompassed 

in sections II & III have been published (chapters 2, 3, 4, 6, 7 & 8) or are under review (chapter 5) 

in five peer-reviewed international journals and one conference book. Therefore, they can be read 

individually, but some repetitions might occur in parts of the introduction and methods sections. 

Figure 1.5 summarizes the three phases of this PhD thesis as well as the main topic addressed in each 

phase. 

 

Figure 1.5 Outline of the three phases of the research study 

 

Section I - Introduction 

Chapter 1 comprises the general introduction of this PhD thesis with focus on the P importance for 

humankind and where it is sourced from, as well as its un-sustainable use, the utilization of chemical 

precipitation approach to recover P from wastes as fertilizer and the overview of the development of 

the electrodialytic technology to extract P from wastes. 

 

Section II – Experimental development of the P extraction and recovery from municipal solid waste 

digestate by electrodialytic and struvite formation 

Chapter 2 investigates for the first time the possibility of recovering P from MSW digestate using 
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the ED process combined with secondary struvite precipitation. This study was performed in a 

laboratory ED set-up, varying the intensity of the applied electric current, the experimental duration 

and the amount waste. 

Chapter 3 investigates several modifications to the ED process to enhance P extraction yield and the 

quality of secondary struvite fertilizer, as well as to reduce the hydraulic retention time of the ED 

process. This study was carried out by testing two different small lab-scale ED setups at four different 

experimental times. 

Chapter 4 assesses the possibility of turning the ED extraction of P from MSW digestate more 

energy-efficient, thus allowing to reduce the footprint and operational costs. This study introduces a 

dual-stage approach for the P extraction combined with the replacement of a continuous stirring by 

a pulse stirring and the use of a pulse current as alternative to a constant current. 

Chapter 5 investigates the simultaneous N and P extraction from MSW digestate followed by 

secondary struvite precipitation. This study was conducted using a novel small scale lab set-up 

integrating ED and gas permeable membrane technologies to extract P and N, respectively. 

Moreover, secondary struvite was synthesized using both organic N and P extracted solutions and 

seawater and its purity and elemental composition was compared with secondary struvite formed 

using synthetic N and Mg sources. 

 

Section III – Evaluation of the agronomic value of the secondary struvite from municipal solid waste 

digestate 

Chapter 6 evaluates the quality of the secondary struvite concerning its applicability as fertilizer, 

namely the crystal purity and the P and heavy metal contents. 

Chapter 7 investigates the use of secondary struvite as a source of P on soil P forms as well as on P’s 

soil and plant availability. This study was performed through incubation and micro-pot (cultivating 

rye, Secale cereale L.) experiments by comparing secondary struvite synthesized from MSW 

digestate with a commercial synthetic fertilizer (single superphosphate). 

Chapter 8 assesses the effects of secondary struvite fertilization on the presence of micro- and macro-

nutrients in the rye as well as the bioaccumulation of heavy metals in the rye. 

 

Section IV - Synthesis 

Finally, chapter 9 presents the major conclusions of this PhD research and discusses the main 

implications of these findings from an environment, economic and social perspective. 
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2. Extraction of phosphorus and struvite production from the 

anaerobically digested organic fraction of municipal solid waste 

Abstract 

In this work a first attempt was carried out to recover phosphorus from the organic fraction of 

municipal solid waste (OFMSW) and to transform it into a fertilizer. Recovery of phosphorus was 

carried out by the electrodialytic process combined with struvite formation. Experiments were carried 

out in an electrodialytic cell, using either distilled water or nitric acid, and extraction times ranged 

from 1 to 16 days. During these experiments phosphorus was solubilised from a real industrial waste 

and separated from metal contaminants using electromigration. The extraction step was then 

followed by batch chemical precipitation tests to yield struvite. 

Phosphorus extraction from the waste was up to 43 % in the electrodialytic treatment and its 

precipitation as struvite reached efficiencies close to 100 %. The electrodialytic process effectively 

separated Ca, Cd, Pb, and Cu from the phosphorus fraction, but was not as effective in separating 

Zn. Struvite still contained 0.6 – 1.4 g kg-1 of Zn, which restricted its agronomic application to some 

cultures.  

This works shows that phosphorus can be extracted from digestate of OFMSW using the 

electrodialytic process and afterwards can be precipitated as struvite, a slow release fertilizer. Despite 

this work being only a first attempt to recover phosphorus from digestate of OFMSW and still 

requires optimisation, the potential of the process was demonstrated, which means digestate of 

OFMSW currently represents a so far under-explored secondary source of phosphorus. 
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2.1 Introduction 

Anaerobic digestion of municipal solid waste (MSW) is a current practice in Europe, allowing for 

the recovery of the energy contained in the organic fraction of MSW (OFMSW) through biogas 

generation. In 2013 there were 166 anaerobic digestion plants across 15 European Union member 

states, with a total capacity of 5.7 Mtonne (European Commission, 2014a). Usually, these facilities 

can handle either source segregated bio-waste or the organic fraction recovered from MSW after 

mechanical sorting. The sludge-like residue remaining after anaerobic digestion process is called 

digestate. The processing techniques applied to digestate are solid/liquid separation (e.g. 

centrifugation), followed by mixing the solid fraction with carbon-rich material to achieve an 

optimum C/N ratio and finally composting. In case source segregated biowaste is used as feedstock 

for the anaerobic digestion process the resulting compost has a higher quality and, depending on the 

national regulations, might be sold as “soil improver” or as “organic amendment” (European 

Commission, 2014a). In southern European countries such as Portugal, Spain and Greece, separate 

collection of biowaste has not been implemented in large scale. In this case, the quality is lower than 

when source segregated biowaste is used due to the higher percentage of contaminants in the 

collected waste. The resulting stabilised product is either landfilled or used in non-agricultural 

applications (European Commission, 2014a). 

The “waste hierarchy” shows that waste recovery and recycling is to be prioritized over landfilling 

(European Parliament and of the Council, 2008). Digestate of OFMSW contains comparatively high 

amounts of phosphorus (P) (17 g - 58 g P2O5 kg-1; dry weight) (Oliveira et al., 2016; Tambone et al., 

2010), which are lost when digestates are landfilled. In 2014, phosphate rock was included in the EU 

Critical Raw Materials list, together with rare earth elements, cobalt and niobium (European 

Commission, 2014b), highlighting that the secure and continuous access to P is a growing concern 

within the EU. 

This work explores for the first time the possibility of recovering P from the anaerobically digested 

OFMSW using the electrodialytic (ED) process combined with struvite formation. In the ED 

technique, a voltage drop is applied across the waste material and the soluble ions migrate under the 

electric field towards the electrode of opposite charge, a process denominated electromigration. 

Phosphorus is present mostly as negatively-charged species (Ottosen et al., 2014), and moves to the 

anode during ED process, while contaminants such as heavy metals are usually positively charged, 

and migrate to the cathode. Consequently, a P-rich solution virtually free of metal cations and other 

positively or neutral contaminants is obtained at the end of ED process. The capacity to separate P 

from the remaining waste material is the major advantage of ED technique, when compared to other 

processes (e.g. acid/base extraction), and this separation capacity is of great importance when 
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extracting P from a waste of mixed constituents, where different contaminants might be present. 

In recent years, the ED process has been extensively investigated to extract P from waste matrixes, 

namely wastewaters (Fukumoto and Haga, 2004; Zhang et al., 2013), sludges from wastewater 

treatment plant (Ebbers et al., 2015a; Guedes et al., 2015; Viader et al., 2015; Wang et al., 2015) and 

ashes (Ebbers et al., 2015b; Guedes et al., 2014; Viader et al., 2017). However, most of these studies 

were limited to the extraction into solution of P using the ED process, and did not pursue the 

subsequent reuse of the P-rich solution obtained, even though this step is essential to close the P-

cycle. The exceptions were the works by Zhang et al. (2013) and Wang et al. (2015) in which a two-

step ED process was conducted on a synthetic wastewater, where P was present in solution. For a 

real industrial waste, the ED process used by Zhang et al. (2013) and Wang et al. (2015) cannot be 

applied due to the presence of suspended solids in high concentration, and because the target elements 

are not in dissolved form, else are bound to the solid matrix of the waste, and therefore are more 

difficult to extract. One of the objectives of the current work is applying the ED process to a real 

waste stream (digestate of OFMSW) and taking the process into the next level, by transforming the 

extracted P into a fertilizer. The option here explored is the production of struvite 

(MgNH4PO4·6H2O), a slow release P-based fertilizer that can be either directly used in agriculture 

or be used as raw material in the fertilizer industry (Karunanithi et al., 2015; Rahman et al., 2014; 

Xu et al., 2012). In addition, since the ED process has never been applied to the digestate of OFMSW, 

this works aims also to assess the feasibility of using this separation technique with this particular 

waste material. 

In summary, two main research questions are addressed: (i) Can P be extracted from digestate of 

OFMSW using ED process? and (ii) Can ED successfully separate heavy metals and calcium, so that 

a high quality struvite can be attained? 

2.2 Materials and Methods 

2.2.1 Digestate of OFMSW 

In April 2015, 10 kg of digestate of OFMSW were collected at a mechanical and biological treatment 

facility in Portugal. This facility receives unsorted waste discarded by households and commercial 

facilities. The organic fraction is mechanically separated from the remaining waste fractions and 

undergoes anaerobic digestion. The sample was collected after anaerobic digestion and before 

composting. Immediately after collection the sample was refrigerated <4 ºC until use (less than 48 h), 

was dried in a forced draft oven at a temperature of 105 °C for 24 h, then ground to pass through a 
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1 mm sieve and stored in closed decontaminated glass containers, at room temperature. The 

characterization of the sample of digestate of OFMSW was previously carried out in Oliveira et al. 

(2016). Briefly, the dry sample presented a pH of 7.8, an ash content of 18.55 % and a total P 

concentration of 8.1 mg g-1. The concentration of calcium and magnesium were 103.7 mg g-1 and 

12.6 mg g-1, respectively. The digestate of OFMSW presented copper (Cu) concentration of 

156.0 mg kg-1, zinc (Zn) was 452.4 mg kg-1, lead (Pb) was 195.9 mg kg-1 and cadmium (Cd) 

concentration was 2.17 mg kg-1. 

2.2.2 Electrodialytic experiments 

Electrodialytic experiments were conducted in a stationary (non-stirred) 3-compartment cylindrical 

Plexiglas laboratorial cell with an internal diameter of 4 cm (Figure 2.1). The three compartments 

were: I – anolyte compartment (L = 5 cm); II – central compartment (L = 10 cm or L = 3 cm, 

depending on the experiments), where a mixture of the digestate and distilled water (or 1.1 M nitric 

acid) were added (with a liquid/solid ratio of 2.5); III – catholyte compartment (L = 5 cm). One 

electrode was placed in compartment I and another in compartment III. The electrodes were platinum 

coated titanium bars, 3 mm in diameter and 5 cm in length. Ion-exchange membranes separated the 

compartments: a cation-exchange membrane (CMI-7000S, MEMBRANES INTERNATIONAL 

INC) was used between compartments II and III and an anion-exchange membrane (AMI-7001S, 

MEMBRANES INTERNATIONAL INC) was used between compartments I and II. This membrane 

setup delays pH changes in the waste material in compartment II, while allowing P and heavy metals 

to migrate into the electrolytes. A power supply (Hewlett Packard E3612A) was used to maintain a 

constant current density. In each electrode compartment (I and III), 0.01 M NaNO3 was used as 

electrolyte and circulated between the compartment and an external reservoir (Erlenmeyer flask) 

using a peristaltic pump (ISMATECH BVP). 
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Figure 2.1 Electrodialytic cell configuration with three compartments I - anode side, II – digestate of 

OFMSW and III – cathode side (AEM: anion-exchange membrane, CEM: cation-exchange membrane) 

 

Four electrodialytic experiments (A, B, C and D) were carried out using different electric current 

values, pH in central compartment and duration of experiment (Table 2.1). The first experiments (A 

and B) were carried out for a short period of time (1 - 2 d) to allow tuning of experimental conditions. 

In experiment B nitric acid was added to OFMSW digestate and placed in compartment II, while in 

experiment A distilled water was used instead. These first experiments were followed by two more 

experiments, running for longer periods of time, using also nitric acid (exp. C) and distilled water 

(exp. D). 

Previously it has been found that acidic conditions favour dissolution of P from digestate of OFMSW 

(Oliveira et al., 2016), so by using nitric acid higher P solubilisation is expected. However, because 

nitric acid dissociates into H+ and NO3
- ions, when it is used the electric conductivity (EC) values in 

the central compartment at the beginning of experiments were much higher in experiment B than in 

experiment A. This meant that in order to achieve similar values for the voltage drop in the following 

experiments a higher current (30 mA) was used in experiment C, while in experiment D the current 

passed was 10 mA, keeping the value used in the previous experiments (Table 2.1).  

Table 2.1 Experimental conditions in ED experiments. 

Exp mA Length of 

compartment 

II 

(cm) 

Suspension 

fluid 

pH of 

digestate’s at 

t = 0 

EC of the 

digestate’s at 

t = 0 

(mS cm-1) 

Voltage 

drop at 

t = 0 

(V) 

Duration 

(d) 

A 10 3 Distilled H2O 7.4 6.8 10.4 1 

B 10 10 1.1 M HNO3 1.8 >20 8.8 2 

C 30 10 1.1 M HNO3 1.9 >20 19.5 10 

D 10 10 Distilled H2O 6.2 5.8 25.7 16 
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Voltage drop and electric current were registered every day during the experiments. The pH and EC 

were determined in the catholyte and anolyte using a HANNA (Combo) probe. Correction of pH in 

the catholyte was carried out on weekdays to pH < 2 using 1:1 M HNO3, to prevent precipitation of 

insoluble substances due to the high pH values arising here. pH was measured daily in the digestate 

of OFMSW with pH strips (Panreac). In experiment D acidification to pH = 4 - 5 of digestates took 

place once, at t = 10 d, because the low electrical conductivity at that moment in time did not allow 

to achieve the set point of 10 mA without acidification. Once a day, 5 mL of anolyte and catholyte 

were collected, and soluble P and EC were measured in these solutions. This step allowed the 

calculation of the amount of P transported daily towards the electrolytes.  

At the end of experiments, the pH, EC and volume of anolyte and catholyte were registered and 

samples were taken for determination of soluble P, Ca, Mg and heavy metals (Zn, Cu, Cd and Pb). 

Electric conductivity and pH were also measured in compartment II (OFMSW digestate) and the 

material in this compartment was mixed and dried (105 °C) for determination of total P (Ptot), 

sequential P fractionation, Ca, Mg and heavy metals. Ion exchange membranes and electrodes were 

soaked in 1:1 M HNO3 during 24 h, and the soaking solution was filtered and stored for analysis of 

soluble P, Ca, Mg and heavy metals. 

Phosphorus solubilised from the digestate of OFMSW in the central compartment and transported 

into the electrolytes is referred herein as “extracted P”, because this is the fraction that will be 

submitted to precipitation processes to yield struvite. Extraction efficiency of P is defined as the 

percentage of the initial mass of P in the digestate of OFMSW that is found in the electrolyte solutions 

at end of the ED experiments, calculated as: 

� �������	
� ���	�	��� �%� =  ���� �� � �� ����������� �� � � ��! �� "# ���$
���� �� � �� � � !�%������ �� � � &�%�����% × 100 (2.1) 

2.2.3 Struvite Precipitation 

Batch experiments aiming at P precipitation as struvite were conducted with the anolyte solutions 

resulting from ED experiments C and D. 

The anolyte solutions at the end of the ED experiments were transferred to a 500 mL beaker, with a 

magnetic stirrer. While stirring, hexahydrate magnesium chloride (MgCl2·6H2O) was added as Mg 

source, the pH was quickly adjusted to 9 using 5 M NaOH solution, and then ammonium chloride 

(NH4Cl) was added as nitrogen source. The amounts of magnesium and nitrogen were calculated to 

set the molar ratio Mg:N:P at 2:2:1. After 60 min with slow stirring, agitation was halted and the 

suspension filtered through a 0.45 µm membrane filter (Whatman ME25/21ST) to separate the 
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precipitate. The filtered solution was kept for further analysis. The harvested precipitates were dried 

at 50 °C and analysed using an X-ray Diffractometer (XRD, Rigaku Geigerflex, JP) with a Cu anode, 

operating at 45 kV and 40 mA. The patterns were collected in the 4 – 80 °2theta range (0.02 °2theta 

s-1 stepscan, and 1.5º min-1). The precipitates were also analysed using scanning electron microscopy 

coupled with energy dispersion spectroscopy (SEM-EDS) using Hitachi S4100 equipped with EDS 

– Rontec. 

Precipitation efficiency of P was defined as the percentage of P precipitated from solution 

(measured as the difference between the initial and the final concentration) in relation to the initial P 

in solution, calculated as: 

� *���	*	���	
� ���	�	��� �%� = �+�,-.-/-012+�,3-.01�
+�,-.-/-01

× 100    (2.2) 

2.2.4 Analytical methods  

Total P (Ptot), sequential P fractionation, Ca, Mg and heavy metals were measured in digestate of 

OFMSW before and after ED step. Total P (Ptot) was measured by shaking 1.0 g of incinerated 

digestate of OFMSW (1 h at 550 °C) with 0.5 M sulphuric acid for 16 h. After shaking, the solutions 

were centrifuged at 5000 rpm for 10 min and the supernatant analysed using the ascorbic acid 

colorimetric method (Murphy and Riley, 1962). The sequential P fractionation procedure followed 

was proposed by Hedley et al. (1982) as described in Siebers et al. (2013): 0.5 g of dried digestate of 

OFMSW was placed in a flask and 30 mL of extractant was added. Then, the solution was shaken 

for 18 h at 120 rpm and, finally, centrifuged and filtered with qualitative paper, before P analysis. 

The fractionation process involved four sequential extraction steps: 1) extraction of P with distilled 

water (H2O-P); 2) extraction of P with 0.5 M NaHCO3, pH = 8.5 (NaHCO3-P); 3) extraction of P 

with 0.1 M NaOH (NaOH-P); and 4) extraction of P with 1 M H2SO4 (H2SO4-P) (Siebers et al., 

2013). The corresponding putative P forms obtained from each extracting solution are as follows: (i) 

easily exchangeable and solution P (step 1), (ii) labile inorganic, organic and some microbial P (step 

2), (iii) inorganic and organic P forms sorbed and/or fixed by aluminium and iron oxide minerals as 

well as P forms in humic and fulvic acids (step 3) and (iv) P associated with Ca and Mg minerals 

(step 4) (Siebers et al., 2013). Each extract was analysed for inorganic P (Pino) content using ascorbic 

acid colorimetric method and Ptot content after digestion with potassium persulfate and sulphuric 

acid. Organic P (Porg) concentrations were calculated as the difference between Ptot and Pino. Calcium, 

Mg and heavy metals were measured in accordance with the procedure described in John et al. (2003) 

(in triplicate): 0.5 g of dried digestate of OFMSW were placed into a digestion tube and 5 mL of 

concentrated nitric acid (65 %) and 10 mL of hydrogen peroxide 30 % were added. The tubes were 
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heated in a block digester (SCP Science) at 120 °C until solution turned pale yellow or clear. Then 

the digested samples were filtered through 0.45 µm filter (SCP Science) into 50 mL volumetric flasks 

for further analysis. 

The Ca, Mg and heavy metal content in the solutions (anolyte, catholyte, membrane and electrode 

cleaning solutions, digested samples and solution after struvite precipitation) was measured by 

atomic absorption spectrometry (Perkin Elmer AAnalyst 300) and Ptot in solution was determined by 

the vanadomolybdophosphoric acid colorimetric method (John et al., 2003) at a wavelength of 470 

nm (spectrophotometer HITACHI: U-2000). All concentrations are given on a dry weight basis. 

2.3 Results and discussion 

2.3.1 Phosphorus extraction using ED process 

2.3.1.1 Phosphorus distribution at the end of ED 

By applying an electric field to the digestate of OFMSW it is expected that charged P species will 

move from the central compartment, across the ion-exchange membranes, towards the electrode of 

opposite charge. The distribution of P in the electrodes, ion-exchange membranes, electrolytes and 

OFMSW digestate sample at the end of ED experiments is presented in Figure 2.2. The mass balance 

shows that between 92 % and 109 % of the P initially in the digestate of OFMSW was recovered at 

the end of the ED experiments. These values are acceptable, considering the heterogeneous 

characteristics of digestate of OFMSW and the analytical procedures involved. No P was detected in 

the cathode compartment and P either stayed in the central compartment (II) or moved across the 

anion-exchange membrane into the anolyte (I), indicating it is present in this system as negatively 

charged compounds. Experiments A and D were carried out at pH values between 5 and 7 while 

experiments B and C at pH values between 1 and 3 (Figure 2.3). Given the pKa of phosphoric acid 

(2.12, 7.2 and 12) at the pH range of the experiments, P is expectedly present mostly as H2PO4
- and 

HPO4
2-, in experiments A and D and as H2PO4

- and H3PO4 in experiments B and C. Of these 

substances only H3PO4 is non-ionic.  The remaining P-forms are negatively charged and moved 

towards the anode, into the anolyte. 

No P was found at the surface of the electrodes, but a residual amount was found at the ion-exchange 

membranes, which is explained by these membranes being in physical contact with the digestate of 

OFMSW. 
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Figure 2.2 Distribution of P at the end of ED experiments, as a percentage of the total P in the digestate of 

OFMSW at the beginning (AEM: anion exchange membrane; CAT: cation exchange membrane) 

2.3.1.2 Phosphorus transport into the anolyte during ED 

The evolution with time of P in the anolyte solutions is shown in Figure 2.3. The amount of P 

removed to anolyte was higher in experiments with distilled water (exp. A and D) than with acid 

(exp. B and C) during the first 2 days of ED extraction. This result was not anticipated. In fact, a 

previous study by Oliveira et al. (2016), showed a dependence of solubilised P (from OFMSW) with 

the pH, in which more acidic conditions were found to favour the solubilization of P: while 90 % of 

P was solubilised at pH range of 1.2 – 1.5, solubilisation decreased to 60 % at pH range 2.0 – 4.2, 

and a further decrease to 20 % occurred when the pH increased to 4.9 – 5.6. For even higher pH 

(above 7) P solubilisation becomes less than 10 %. So the higher transport rates of P into the anolyte 

in the experiment at higher pH were unexpected. A possible explanation is that since under acidic 

conditions larger amounts of ions are present in the central compartment (solubilization from the 

sample itself and ions from the acid dissociation) most of the driving force of the electric field is used 

in the initial stage to transport other ions, rather than P. After day 7 the concentration of P in 

experiment C (with acid) reached values near those achieved in experiment D (with water). 

The practical result was that P in the anolyte was consistently higher in experiments with distilled 

water (exp. A and D) than in experiments with nitric acid (exp. B and C), for the same experimental 

time. This means that while acidifying a sample might increase dissolution of P from the waste 

(Oliveira et al., 2016), the presence of other dissolved substances hinders P transport into the anolyte. 

So in case more ions are present (acidic conditions) longer times and higher currents are required.  
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Figure 2.3 Evolution with time of (a) pH, (b) voltage drop across the cell and (c) P transported into the 

anolyte, during ED experiments 

In experiment C the voltage increases systematically after day 3, reaching the maximum allowed by 

the equipment around day 10, after which the experiment was halted because it was no longer 

possible to maintain the current at the pre-defined value. This increase in voltage drop was probably 

due to an increased resistance at the cathode/catholyte interface due to the formation of a 

whitish/orange precipitate at the surface of the cathode. Analysis of the precipitate collected from the 

cathode surface at the end of the experiment indicated the presence of Ca and Mg compounds, which 

are major constituents of digestate of OFMSW. The precipitate did not form however in experiment 

D, and it was possible in this case to sustain a constant extraction of P during the time of the 

experiment (t = 16 d). In experiment D a decrease in voltage drop after 10 d (from about 39 V to 

21 V) is attributed to the addition of nitric acid in the central compartment at day 10, which increased 

the amount of ions in solution and lowered pH from 6 to around 4.5, favouring additional dissolution 

of P. 

 

2.3.1.3 Extraction efficiency 

Phosphorus extraction efficiency from digestate of OFMSW was: 43 % in exp. D (16 d); 28 % in 

exp. C (10 d): 8 % in exp. A (1 d); and 0.3 % in exp. B (2 d). As the shorter experiments were carried 

out to tune operating conditions, results and discussion will focus on the longer experiments, C and 

D. 

The best extraction result of 43 % was obtained after 16 d of ED, in a digestate sample mixed with 

distilled water (L/S ratio of 2:5) and presenting an initial pH of 6.3. The sample was slightly acidified 

after 10 d of ED, lowering pH to circa 4.5.   
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The maximum P extraction herein is lower than in other previously reported works (Cordell et al. 

(2011) summarized many systems with recoveries over 80 %). For example, Zhang et al. (2013) also 

studied the two-step process, and Fukumoto and Haga (2004) reported an almost 99 % P recovery. 

So the question is why the P recovery from this system is so limited, leaving more than 50 % of P in 

the waste. 

The first observation is that in the cited experiments the sample submitted to ED treatment is obtained 

after a solid/liquid separation process, with the liquid fraction being used. Opposite to these previous 

studies, the aim of the current research is to use the solid fraction, after the solid/liquid separation. 

While the liquid fraction contains most of the easily soluble P, the solid fraction (from where the P 

is most difficult to extract) is the one targeted in the current research. Phosphorus speciation in 

digestate of OFMSW shows that the P fraction extractable with water (step 1 of the extraction 

procedure) is less than 10 % (Figure 2.4), supporting the considerations that most soluble P had been 

taken with the liquid fraction during the solid/liquid separation. It is also noteworthy that about 60 % 

of P is associated with Ca and Mg minerals (extraction step 4) and with the residual fractions, being 

most difficult to extract. The labile inorganic, organic and some microbial P extracted in step 2 

represented 22 %, and the P forms sorbed and/or fixed by aluminium and iron oxide minerals 

extracted in step 3 was almost 10 %. 

The second observation is that the waste source used herein is different from other reported studies. 

Digestates from OFMSW likely comprise: (i) end-products of the anaerobic digestion, including cells 

of the microorganisms that carried out the digestion; (ii) organic matter recalcitrant to biological 

decomposition; and (iii) various inorganic materials that were not separated from the organic fraction 

due to inefficiencies of the mechanical sorting. So this sample is quite different from other solid 

samples undergoing ED process (such as incineration ashes), in which the organic matter was 

previously destroyed. The presence of organic matter in the digestates is likely to make extraction 

more difficult, as some P might be intrinsically part of the microorganisms: in cell membranes (where 

phosphate groups are linked to chains of fatty acids), in DNA and RNA (where phosphate forms the 

“backbone” of the double helix and single helix) and in energy molecules (such as ATP and ADP) 

(Butusov and Jernelöv, 2013).  Organic P in the digestate of OFMSW represents 8.6% of Ptot, with 

the remaining 82.8 % being Pino and 8.6 % residual P (Figure 2.4). There are a few results on P-

extraction from organic wastes, such as the ones carried out by Ebbers et al. (2015a), in which a 

sewage sludge from wastewater treatment facility was ED treated in a similar setup (3 compartments) 

and the P removal was 20 % - 40 %. Guedes et al. (2015) also report P-extraction efficiencies from 

sewage sludge ranging approximately from 5 % to 78 % but in this case a different ED cell 

configuration was used (2 compartments). The results obtained in this work show similar extractions 

for P but were carried out without stirring the sample. This means that there is still great possibility 
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for improvement, and as optimisation proceeds higher extractions are expected, making it possible 

to up-scale the process. Future optimisation is discussed further in the conclusion section. 

In experiment C (carried out at lower pH) practically all the P associated with Ca and Mg minerals 

and the residual fraction had disappeared by the end of experiment. In experiment D, the acidification 

of digestate at t = 10 d resulted also in a decrease of P forms associated with Ca and Mg minerals 

and residual fraction, but to a less extent than that verified in experiment C, as pH was not as low. 

Given that > 60 % of P is present as Ca and Mg minerals and residual fraction, acidification is 

essential to comprehensively extract P from the digestates. In addition to acidification, longer 

experimental times may also be required to increase the more easily and labile P forms in digestate 

and enhance its extraction: the presence of a significant amount of water-bound P in the waste 

digestates at the end of experiment C indicates that this experiment should have been prolonged to 

achieve higher extraction efficiencies. As discussed above, experiment C was stopped at day 10 

because of the appearance of a precipitate in the catholyte, that increased the cell resistance and did 

not allow the passage of electric current. 

The results obtained herein are promising, having achieved 43 % of P extraction from digestates of 

OFMSW. Nevertheless, these are only a preliminary assessment of the recovery of P from digestate 

of OFMSW using ED process and highlight the need to further optimise the system. 

 

 

Figure 2.4 Sequential P fractionation of digestate of OFMSW before and after ED experiments 

2.3.2 Heavy metals distribution at the end of ED 

Heavy metals are undesirable contaminants commonly found in MSW. Unlike orthophosphate 

(negatively charged), heavy metals are positively charged, meaning they will migrate towards the 
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cathode side, away from compartment I where P accumulates. However, depending on the 

composition of the digestate of OFMSW and on experimental conditions (e.g. pH) metal complexes 

bearing different electric charges might be formed. In case these complexes are negatively charged 

they will be transported to the anolyte, together with P. Cu, Zn, Cd and Pb are heavy metals 

commonly found in municipal waste and therefore were selected in this work for further assessment. 

The distribution of these metals in the different compartments of the ED cell at the end of the 

experiments is shown in Figure 2.5. 

 

Figure 2.5 Distribution of Ca and heavy metals (copper, zinc, cadmium and lead) in the electrodes, 

electrolytes, ion exchange membranes and digestate of OFMSW at the end of experiments, as a percentage of 

the total heavy metals in digestate of OFMSW at the beginning 

Under the experimental conditions tested in this work, Cu and Pb were not transported to the anolyte 

and mostly remained in the digestate of OFMSW in compartment II (>97 %), while a residual amount 

was moved into the catholyte (<3 %). Cadmium was almost completely extracted from digestate of 

OFMSW into the catholyte in experiments C and D (95 % - 100 %). No Cd was found in the anolyte 

compartment, to where P was moved, meaning that similarly to Cu and Pb, experimental conditions 

were also successful in separating Cd from P. In addition, it was found that longer times of 

experiment increase the mobilization of Cd to the catholyte. By contrast, Zn was transported into the 

anode compartment (anode+anolyte): 16 % in exp. A, 1 % in exp. B, 7 % in exp. C and 4 % in exp. 

D.  The increase of Zn mobilization towards the catholyte seems to be related to the lower pH of 

digestate of OFMSW and with longer times of experiment (exp. B and C). 
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In general, the heavy metals were either transported towards the catholyte or remained in the central 

compartment, whereas the P was transported towards the anolyte, supporting the P separation 

objective. The exception was Zn, which partly moved towards the anode compartment together with 

P, and whose impact on the quality of the struvite obtained is discussed in the next section. 

2.3.3 Production of struvite  

The recovery process was based on the precipitation of P in the form of struvite (MgNH4PO4·6H2O) 

from the anolyte solutions obtained at the end of ED experiments C and D. The harvested precipitates 

were labelled “precipitate C” and “precipitate D”, according to the anolyte solution used. The 

concentration of P and Zn in solution before and after the precipitation process is shown in Table 

2.2. The precipitation process successfully removed 94.9 % of the P in solution in experiment C and 

99.3 % in experiment D.  

Table 2.2 Concentration of P and Zn in anolyte solutions resulting of experiments C and D before and after 
struvite precipitation. 

 

 

Results of the X-ray diffraction (XRD) of the precipitates are shown in Figure 2.6. The pattern 

(position and intensity of the peaks) matches the struvite standard, confirming the formation of 

struvite crystals during the precipitation process. No extra/minor phases were detected. In an earlier 

work precipitation of struvite directly from digestates of OFMSW had failed due to the presence of 

large amounts of Ca (Oliveira et al., 2016). In the current work, Ca was separated from P by ED 

technique (being a cation, Ca moved to the catholyte), so that the reactions leading to struvite 

precipitation successfully occurred (Figure 2.5). 

 

Exp. Precipitation Step 
P in solution 

(mg L-1) 

Zn in solution 

(mg L-1) 

C 
Before 204.7 1.8 

After 10.5 0.1 

D 
Before 272.0 1.3 

After 1.9 0.1 
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Figure 2.6 X-ray diffraction patterns of the precipitates obtained: (a) precipitate C; (b) precipitate D 
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SEM-EDS analyses (Figure 2.7) reveal the presence of elongated crystals (irregular in the case of 

precipitate D and more orthogonal in precipitate C), in which the major elements are Mg, P and O 

(EDS spectrum), consistent with struvite composition. The shape variations found between 

precipitates C and D are caused by slight differences in the precipitation conditions, such as agitation 

speed or room temperature, or to different composition of the solutions.  

 

 

Figure 2.7 SEM-EDS of the precipitates obtained: (a) precipitate C; (b) precipitate D 

Struvite is a slow release fertilizer. However, the use of recovered struvite for agricultural application 

requires some precautions related to the presence of contaminants. Considering the difference 

between Zn in solution before and after precipitation (Table 2.2), estimated Zn levels in struvite were 

1429  mg kg-1 for experiment C and 585 mg kg-1 in struvite for experiment D. Zinc is a desirable 

micronutrient for soils, and the current European fertilizer regulation, Directive 2003/2003/EC (EU, 

2003), does not impose any maximum limit for Zn in fertilizers. However, limit values exist for Zn 

in fertilizers in Portugal and in other countries, as shown in Table 2.3. Comparing Zn levels in struvite 

in the current work against the Portuguese limit levels shows that struvite C is within the limits of a 

class III fertilizer (crops not used for food nor fodder) and that struvite D is within the limits of Class 

II A (tree and shrub crops including orchards, olive groves and vineyards, and forestry). 
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Nevertheless, limit values in other countries are exceeded (Table 2.3). Therefore, it is recommended 

that future works address the optimisation of Zn separation during ED treatment. Possible ways to 

separate Zn include modelling Zn speciation to identify complexes likely to be present in the sample 

as negatively charged species (which are now being transported to the anolyte together with P) 

followed by control of pH to avoid the formation of such complexes. Such optimization of Zn 

separation will increase the potential of struvite recovered from the anaerobically digested OFMSW 

to be used as a fertilizer in the European framework.  

Table 2.3 Limit values for zinc in fertilizers. 

Country / Region mg Zn kg-1 (dw) 

Portugal (Ministério da Economia, 2015)  

Class I  - Agriculture, maximum fertilizer application of 50 t ha-1 200 

Class II - Agriculture, maximum fertilizer application of 25 t ha-1 500 

Class IIA - Tree and shrub crops including orchards, olive groves 

 and vineyards, and forestry 

1000 

Class III- Crops not used for food or fodder 1500 

Spain (Ministerio De La Presidencia, 2005)   

Class A 200 

Class B 500 

Class C 1000 

Italy (European Commission, 2014a) 500 

The Netherlands (European Commission, 2014a) 290 

EU eco-label for soil improvers and growing media (European Commission, 

2014a) 

300 

 

2.3.4 Overall P recovery from digestate of OFMSW 

The recovery process tested in this work is a two-step sequential process; the first stage consists of 

P solubilisation and extraction from the waste into a solution (using the ED process), followed by 

the removal of P from solution by precipitation (as struvite). The overall recovery of P from digestate 

of OFMSW was calculated by multiplying the efficiencies achieved in each step. In experiment C 

(with acid) the overall P recovery was 27 %, while in experiment D (with distilled water) the overall 

efficiency reached 43 %. It was also found that the ED step was the one limiting the overall P 

recovery which means the optimization of the process is essential in order to extract more P from the 

digestate of OFMSW. 
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2.4 Conclusions 

The recovery of P from digestate of OFMSW using a combination of the ED process with struvite 

formation was investigated in this work. The first research question that was addressed was if P could 

be extracted from digestate of OFMSW using the ED process. This work demonstrated that during 

the ED step, the separation of P from digestate of OFMSW into the anolyte was achieved with an 

efficiency of 43 %, at a pH between 4.5 and 6.3, after 16 d. More than 50 % of P still remained in 

the waste, and a discussion was carried out on why extraction values were lower than in other studies. 

Two explanations were put forward, the first being that the solid fraction of the waste was used as 

input in the ED process, as opposed to other studies which used only the liquid fraction. The second 

explanation relates to digestates being the output of an aerobic digestion process where P is a 

constituent of the structure of microbial cells, which makes P extraction difficult without the previous 

destruction of the organic matter. 

After crossing of the results of ED experiments with P speciation (before and after ED) several 

options were put forward for increasing extraction efficiencies to higher levels in future research. 

These include:  

(i) stirring of the digestates during the ED extractions. The stirring will favour ion solubilisation in 

the central compartment and consequently increase their transport across the ion-exchange 

membranes, towards the electrode of opposite charge. Even though the consumption of energy will 

increase, it is expected that stirring will considerably reduce treatment times and increase separation 

efficiencies of P, allowing for higher recoveries of this nutrient from the waste. 

(ii) acidification of the digestate in order to extract P bound to Ca and Mg minerals and in residual 

fractions, which represents more than 60 % of Ptot; preferably, this acidification might be induced by 

the electrodialytic process itself, due to the water electrolysis taking place at the anode (2H2O -> 4H+ 

+ O2 + 4e-), thus avoiding the need to add external acids; however, pH should be kept higher than 

1.5, because at such pH the dominant species is the non-ionic H3PO4, which will not electro-migrate. 

So a balance must be found between a pH which enhances dissolution and one that promotes the 

appearance of charged P forms, in order to allow transport into the anolyte.  

(iii) increasing of voltage drop across the cell to increase the driving force for the electromigration. 

An acidification of the sample might increase dissolution of P from the waste as well of the other 

substances that could hinder P transport into the anolyte. So in case more ions are present (acidic 

conditions) longer times and higher currents are required.  

(iv) acidification of the catholyte in order to prevent the formation of Ca and Mg precipitates that 

increase the ED cell resistance and hinder the extraction process. 
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(v) provide a previous elimination of the organic fraction of digestate to allow extraction of the last 

8.6% of P present in digestates as Porg and achieve extraction efficiencies close to 100 %; It is 

necessary to screen available options to achieve this, and each viable option should be assessed in 

terms of efficiency and for energy-intensity. 

The second research question was if ED process was able to separate heavy metals and Ca, so that a 

high quality struvite is attained at the end. The results point out to a partial success. The ED process 

proved effective in separating Cd, Pb, and Cu from the P fraction, but was not as effective in the 

separation of Zn, which partly moved towards the anode and precipitated in the struvite, restricting 

its application to some cultures. Electrodialytic process was also successful in separating Ca from P, 

therefore allowing the successful formation of struvite, as originally intended. 

Despite this work being only a first attempt for the recovery of P from digestate of OFMSW using 

ED process and struvite precipitation, the potential has been demonstrated, which means digestates 

of OFMSW represent a so far under-explored secondary source of P.  Economically viability of the 

process is a crucial point that needs to be assessed in the future. 
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3. Testing new strategies to improve the recovery of phosphorus from 

anaerobically digested organic fraction of municipal solid waste 

Abstract 

BACKGROUND: This work is focused on phosphorus (P) recovery from the anaerobically digested 

organic fraction of municipal solid waste (referred to as “digestate”) as a fertilizer. The main purpose 

was to propose and test modifications to the electrodialytic process that increase P extraction, 

improve the quality of the fertilizer by removing contaminants, and reduce hydraulic retention time 

to allow for smaller system footprints. Strategies tested were: i) lowering the pH of the digestate 

suspension to <4.5 using the electrochemical reactions and enhance phosphorus solubilization from 

the waste; ii) changing the configuration of the electrodialytic cell from three to two chambers; and 

iii) stirring the sample to shorten the duration of the extraction.  

RESULTS: Results show that the acidification of digestate by the electrochemical reactions was 

effective to enhance P extraction yield. Three-chamber electrodialytic experiments enabled the 

removal of heavy metals from the digestate, producing P-rich solutions with low metal 

concentrations. This resulted in the production of high quality fertilizer which can be used for 

agricultural applications. The modification of the electrodialytic cell setup from three- to two-

chamber neither resulted in an increase of the P extraction yields, nor contributed to the removal of 

metals from the liquid phase of digestate. Reduction of the hydraulic retention time of electrodialytic 

extraction of P from 16 days to 9 days was attained by the use of stirring and by electrodialytic 

acidification.  

CONCLUSIONS: An increase of P recovery was accomplished by modification of electrodialytic 

extraction, resulting in 90 % of P being successfully extracted from the digestate and transformed 

into struvite. 
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3.1 Introduction 

The decline of phosphate rock reserves used by the fertilizer industry has led to the search of 

alternative sources of phosphorus (P). Several waste streams have been pointed out as potential 

secondary sources from where P can be recovered (Karunanithi et al., 2015). Municipal solid waste 

(MSW) contains up to 30 - 50 % organic waste (European Commission, 2014), the majority of which 

food scraps rich in P (≤4.0 g kg-1, dry matter) (Kalmykova and Fedje, 2013). The sludge resulting 

from the treatment of these organic wastes by anaerobic digestion (herein referred to as “digestate”) 

is a potential secondary source of P, provided that no contaminants are present. Annually, around 

56 million t of digestate are produced in Europe (European Commission, 2014) and this figure will 

likely increase in the future. Depending on the feedstock to the anaerobic digester, the digestate has 

two main final destinations: (i) agricultural applications (usually after composting) due to its high 

available fraction of nitrogen (N) and P; or (ii) landfil. 

Use of digestates in agriculture is only possible when the levels of contaminants are low. Most large 

scale anaerobic digesters for MSW handle a mix of different organic material, including mixed and/or 

unsorted waste where the levels of contaminants are higher than in the pure fractions. Such digestate 

usually fails to meet the criteria for agriculture application and large amounts end up in landfil or are 

used in non-agricultural applications where their nutrient content is not valorized (European 

Commission, 2014). In either case, the nutrients are lost. This practice is contradictory to the circular 

economy principles, because although the global reserves of phosphate rock are in fast decline, 

requiring large energy input and resulting in environmental damage and pollution during extraction, 

another potential source of P is not being correctly recycled and/or utilized. This framework inspired 

the current work, in which the recovery of P from digestate is addressed. The main challenge in the 

valorization of digestate is the ability to extract P while leaving behind the contaminants. Amongst 

the contaminants, heavy metals are of special concern due to their potentially negative effects in soils 

and crops (Singh and Kalamdhad, 2011). 

Among extraction techniques, the electrodialytic (ED) process has been used to extract P from 

several waste streams, including wastewater (Ebbers et al., 2015a), sewage sludge (Guedes et al., 

2015) and their ashes (Guedes et al., 2016b, 2016a, 2014; Viader et al., 2017, 2015) and MSW 

digestate (Oliveira et al., 2018). The principle of this technology has been explained elsewhere 

(Guedes et al., 2017). Briefly, during the ED process, a low-intensity electric current crosses a water-

saturated waste promoting the transport of soluble charged ions towards the electrode of opposite 

charge. Because anions are attracted to the anode and cations to the cathode, ED promotes the 

simultaneous extraction and build-up of anions and cations into separate chambers. In a more detailed 

analysis, the extraction of P using the ED technique involves different processes. In the first stage, P 
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dissolves from the solid waste particles into the solution. The P concentration in the solution 

increases until equilibrium concentration is reached. At that point, dissolution and the precipitation 

rates are equal, and the concentration in solution does not change. In the second phase, dissolved P 

ions (negatively charged) migrate across the water-saturated waste in the direction of the anode, 

driven by the electric field. Finally, in the third phase the P is driven across the inner pores of the 

anion-exchange membrane, reaching the anode-side chamber. When P is removed from the waste 

chamber, the dissolution equilibrium is disturbed and additional P dissolves from the waste. This is 

again followed by migration of dissolved P towards anode. The dissolution and transport processes 

occur continuously, so the equilibrium is ideally not reached. This mechanism means that ED process 

can potentially remove more P than other extraction methods. Eventually all P dissolves from the 

waste and moves into anode-side chamber. 

In a previous work, 42 % of the total P present in digestate was extracted using the ED process 

(Oliveira et al., 2018). Extracted P was subsequently transformed into a struvite-based fertilizer. Even 

though this earlier work highlighted the potential of digestate from MSW to serve as a secondary 

source of P, there were still several problems that needed to be tackled, namely the low extraction 

yields (>50 % of P in the waste was not recovered), the presence of heavy metal contaminants in the 

fertilizer (cadmium (Cd), lead (Pb), and copper (Cu) were eliminated, but zinc (Zn) concentrations 

ranged from 0.6 to 1.4 g kg−1), and the long hydraulic retention time required for the extraction (16 

days). 

The main purpose of the current work is to propose and test several modifications to the ED 

extraction in order to improve the recovery of P from digestate. The targets are three-fold: i) achieve 

higher P extraction yields from this waste; ii) improve the quality of the fertilizer produced by 

decreasing the concentrations of contaminants; and iii) reduce the hydraulic retention time to allow 

for smaller system footprints and lower investment costs. 

3.2 Materials and methods 

3.2.1 Strategies proposed for improving the recovery of P from digestate 

The strategies proposed herein to tackle potential transport-related issues are: (1) avoid the transport 

of P across the anion-exchange membrane by changing the configuration of the ED cell; (2) decrease 

the distance P needs to travel driven by the electric field through stirring of the digestate suspension 

and; (3) enhance dissolution of P from the digestate by lowering the pH within the waste chamber 

through the electrochemical reactions taking place there. Figure 3.1 summarises the three strategies 
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that were applied in the present work according to the specific targets established. 

 

 

Figure 3.1 Summary of proposed strategies to improve P recovery from digestate 

3.2.2 Testing the strategies 

3.2.2.1 Digestate 

Digestate was collected from an integrated centre for treatment and recovery of MSW located in 

Portugal. In this facility, the organic fraction of MSW is firstly mechanically separated from mixed 

waste, then submitted to anaerobic digestion and finally composted. The sample was collected after 

centrifugation of the sludge from the anaerobic digester. The sample was then transported to the 

laboratory under refrigerated conditions (<4 ºC), dried upon arrival (105 ºC, 24 h), ground (<1 mm) 

and stored in closed containers until use in extraction experiments.  

The characteristics of the digestate are shown in Table 3.1; it presented a slightly alkaline pH and a 

total P content of c. 0.8 %.  
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Table 3.1 Characteristics of digestate (average ± SD). 

Characteristic Value 

pH 7.67 – 7.71 

Conductivity (mS cm-1) 5.72 ± 0.39 

Total elements   

P (g kg-1) 7.53 ± 0.48 

Ca (g kg-1) 70.79 ± 3.31 

Mg (g kg-1) 10.94 ± 0.78 

Al (g kg-1) 8.16 ± 0.56 

Fe (g kg-1) 7.38 ± 0.40 

Zn (mg kg-1) 351.35 ± 74.39 

Pb (mg kg-1) 158.57 ± 14.58 

Cu (mg kg-1) 148.13 ± 21.90 

Cr (mg kg-1) 34.01 ± 2.06 

Ni (mg kg-1) 29.30 ± 3.56 

Cd (mg kg-1) 1.22 ± 0.05 

 

 

3.2.2.2 ED experiments to extract P from digestate 

Two different set-ups (depicted in Figure 3.2) were used to extract P from the digestate. The three-

chamber set-up (Figure 3.2a) was designed to move P out from waste chamber into anode-side 

chamber and move metal cations out from waste chamber into cathode-side chamber. The two-

chamber set-up (Figure 3.2b) was designed to move metal cations out of waste chamber into cathode-

side chamber, leaving solubilized P in the waste chamber.  

 

 

Figure 3.2 ED cell set-ups used for the P extraction from digestate: a) three-chamber set-up and b) two-

chamber set-up (AEM, anion exchange membrane; CEM, cation exchange membrane) 

 

The ED cells used were cylindrical, made of Plexigas and with an internal diameter of 8 cm. The 
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waste chamber had a length of 10 cm and contained a suspension of 35 g of digestate in 350 mL of 

distilled water (L:S = 10 mL g-1). The anode- and cathode-side chambers were 5 cm long and 

contained electrolyte solutions of 0.01 mol L-1 NaNO3 (adjusted to pH < 2 with HNO3). 

Electrodes consisted of rods of platinum coated titanium, 3 mm in diameter and 5 cm long (from 

Permascand, Ljungaverk, Sweden). In the three-chamber set-up the cathode was placed in the 

cathode-side chamber and the anode in the anode-side chamber. In the two-chamber set-up the 

cathode was placed in the cathode-side chamber (as in the three-chamber set-up) but the anode was 

placed directly in the waste chamber. Plastomec  pumps were used to recirculate the electrolytes 

between the electrode compartments and glass flasks, to eliminate the gases released during the 

electrode reactions and avoid the formation of a layer with a high concentration of ions close the 

membranes (Ebbers et al., 2014).  

A physical separation between waste chamber and the cathode-side chamber was made using a cation 

exchange membrane (CR67 HUY N12116B) and only for the three-chamber set-up an anion 

exchange membrane (204 SZRA B02249C) was used to separate the waste chamber from the anode-

side chamber.  

Eight ED experiments were carried out. Four using the three-chamber set-up with a duration of 3, 7, 

9 and 11 days and the other four using the two-chamber set-up for the same period. In all experiments, 

a constant current intensity of 50 mA was applied (Hewlett Packard E3612A) and the suspension of 

digestate was mixed continuously using a VWR VOS 14 stirrer (≈500 rpm).  

During the ED experiments, pH and electric conductivity were measured daily in the digestate 

suspension by electrodes. pH also was measured in the cathode-side chamber because its pH value 

should be maintained at <2 in order to avoid the formation of metal hydroxide precipitates nearby 

the cation exchange membrane (which would hinder ion transport through the ED cell) (Ebbers et 

al., 2014). A record of the current intensity and voltage drop across the cell was done. In addition, 

some samples were collected from waste chamber when an alteration of waste suspension pH was 

noted, in order to determine P speciation during ED process. 

At the end of the ED experiments, the volume of electrolytes was recorded and the digestate 

suspension was filtered using quantitative filter paper. The volume of liquid phase of digestate was 

registered and the solid phase was dried in an oven at 105 ºC, overnight. Ion exchange membranes 

and electrodes were immersed in 1 mol L-1 and 5 mol L-1 HNO3, respectively, during 24 h, to release 

any elements attached to them. Contents of P, calcium (Ca), magnesium (Mg), iron (Fe), aluminium 

(Al) and heavy metals (Cd, chromium (Cr), Cu, Ni, Pb and Zn) were quantified in solid (after being 

crushed in a mortar) and liquid phase of the digestate and in filtered (0.45 µm syringe filter) 

electrodes and ion exchange membranes cleaning solutions. 
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3.2.2.3 P extraction yield 

In the three-chamber experiments, the P extraction yield was calculated as the mass of P found in the 

anolyte at the end of experiment divided by the total mass of P found in the different parts of ED cell 

at the end of the experiment. In the two-chamber experiments, the P extraction yield was based on 

the relationship between the mass of P found in the liquid phase of digestate and the total mass found 

in different parts of the ED cell at the end of the experiment. 

3.2.3 Modelling of P speciation during two-chamber ED experiments 

In order to evaluate the P speciation during two-chamber ED experiments, data on the chemical 

composition and pH of the liquid phase of digestate were used in the software Visual Minteq 3.1. 

The calculations assumed a temperature of 25 ºC and the ionic strength was calculated by the 

software.  

3.2.4 P transformation into struvite 

Chemical precipitation of struvite was made in order to promote the recovery of P from the digestate 

into a solid form that can be used for agriculture applications. The anolyte solutions from the three-

chamber experiments and the liquid phase of digestate solutions from the two-chamber experiments, 

with duration of 7, 9 and 11 days, were used for P precipitation as struvite, following the procedure 

described in Oliveira et al. (2018). Briefly, while the solutions were stirring, MgCl2·6H2O and NH4Cl 

were added in a molar ratio Mg:N:P of 2:2:1, and the pH was raised to 9 using 5 mol L-1 NaOH. 

After 60 min of reaction, the struvite-suspension was filtered through a 0.45 µm membrane filter and 

the struvite-precipitates were dried at 50 °C for 48 h. The precipitates obtained were analysed by X-

ray diffraction (XRD, Rigaku Geigerflex (JP) with a Cu anode, operating at 20 kV and 40 mA) and 

scanning electron microscopy coupled with energy dispersion spectroscopy (SEM-EDS) using a 

Hitachi SU-70 equipped with EDS – Bruker. The contents of P, Ca, Mg, Fe, Al and heavy metals 

were analysed in the precipitates. 

3.2.5 Analytical methods 

The digestate pH and electric conductivity were measured using Radiometer electrodes after 1 h or 

30 min agitation, respectively, of a suspension of 5.0 g of dry sample in 12.5 mL of distilled water. 

Total contents of P, Ca, Mg, Fe, Al and heavy metals in digestate, solid samples from ED experiments 

and struvite precipitates were measured in triplicate after a pre-treatment described in Danish 
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Standard DS259: 1.0 g of dry sample was placed into a Schott flask and 20.0 mL of 1:1 HNO3 was 

added. The flasks were heated in an autoclave at 200 kPa (120 ºC) during 30 min. Then the samples 

were filtered by vacuum through a 0.45 µm filter and diluted to 50 mL. A Varian 720-ES ICP-OES 

(Inductively coupled plasma-optical emission spectrometry) was used to quantify the elemental 

concentration in pre-treated samples as well as in all samples from ED and precipitation experiments.  

3.3 Results and discussion 

3.3.1 P extraction yields 

3.3.1.1  Development of pH during the ED process 

Low extraction yields are related to either the dissolution phase or to the transport phases. The low 

dissolution of P compounds, especially at the natural pH of the digestate (slightly alkaline, 7.7 - 7.8) 

can be addressed by acidification of the digestate. In the current work, the strategy proposed was to 

enhance solubilization by lowering the pH of the digestate suspension to <4.5, using the 

electrochemical reactions occurring during ED. The effect of the electrochemical reactions on the 

acidification of digestate suspension was assessed by measuring pH in the digestate suspension 

during the extraction (Figure 3.3). At the beginning of the experiments, the pH in the digestate 

suspensions was in the range 7.4 - 8.1. During the experiments, the pH decreased, and the decrease 

was faster during the two-chamber experiments than during the three-chamber experiments: a pH 

3 - 3.5 was registered after day 3 in the two-chamber, but reaching this pH took 6 or 7 days in the 

three-chamber experiments. In addition, for the same experimental time, the pH of the digestate 

suspension was 1-3 units lower in the two-chamber than the three-chamber experiments. 

Acidification in the two-chamber ED cell occurs due to the generation of H+ by the half-reaction 

taking place at the anode: 2526 →  68�9� + 45< + 4�2 (Eq. 3.1). However, in the three-chamber 

experiments, the same reaction takes place at the surface of the anion-exchange membrane 

(phenomena described as water splitting (Nystroem et al., 2005; Ottosen et al., 2000)) separating 

waste chamber and anode-side chamber, leading to acidification of the waste inside the waste 

chamber. This explains the different acidification rates. In both ED cell set-ups, acidification of the 

digestate suspension in the waste compartment was achieved successfully by the electrochemical 

reactions alone, without the need for adding external acids. Overall, an identical development of pH 

was observed over time in all experiments which indicates a good repeatability and robustness of the 

ED experiments. In the two-chamber experiments, the decrease in pH was accompanied by a 

progressive increase of the electric conductivity (Figure 3.3). This was mainly due to the 
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solubilization of ions from the digestate and also to the addition of H+ ions directly into the waste 

compartment due to water electrolysis at the anode (Eq. 3.1). Conversely, in the three-chamber 

experiments, a decrease of the electric conductivity in the digestate suspension was registered. 

During the first 3 days, the electric conductivity decreased drastically and then it remained constantly 

low, at around 0.4 mS cm-1, until the end of the ED process. This is explained by the electromigration 

of the dissolved anions, such as P, out of the waste chamber into the anode-side chamber and of 

cations, such as heavy metals into the cathode-side chamber.  

 

 

Figure 3.3 pH and electric conductivity measured in digestate suspension in (a) two-chamber and (b) three-

chamber ED experiments for 3-, 7-, 9- and 11-day duration 

3.3.1.2 Comparison of two- and three-chamber ED cell 

Figure 3.4 shows the distribution of P (as percentages) in the ED cell at the end of the experiments. 

Overall, in the two-chamber experiments P was mostly (86 %) in the waste chamber (liquid phase: 

70 %; solid phase 16 %), whereas a smaller percentage (14 %) was in the cathode chamber. 
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Conversely, in the three-chamber experiments, <3 % of P was found in the liquid phase of the 

digestate, and most P in solution was transported out of the waste chamber into the anode-side 

chamber (89 %), as intended (to separate P from the digestate). In both set-ups a residual amount of 

P (16 % in the two-chamber and 9 % in the three-chamber) was not dissolved during the extraction 

and remained in the solid phase of the original material. 

Solubilization of P occurred from the very beginning of the ED process, with more than half the P 

being extracted in the first 3 days: 54 % in the three-chamber experiment (at pH = 5.8) and 58 % in 

the two-chamber experiment (at pH = 2.8). For both two- and three-chamber experiments, the P 

extraction yields increased as the pH decreased.  

 

 

Figure 3.4 Percentage of P found in anolyte, liquid and solid phase of digestate and cathode-side chamber at 

the end of (a) the two-chamber and (b) the three-chamber experiments 

The extraction of P did not evolve after day 9; overall, a higher amount of P was extracted from the 

digestate in the three-chamber experiments (90 %) than in the two-chamber experiments (71 %) in 

this period. This result was not anticipated, because in other studies comparing both set-ups (to 

extract P from wastes), the two-chamber performed better (Ebbers et al., 2015b; 2016a).  

A pH range of 2.5 - 3.0 seems to be favourable for extracting P from the digestate using a three-

chamber ED cell (Figure 3.4b). In a two-chamber ED cell, a lower pH of 1 - 2 favoured the extraction. 

A suitable pH range of 2.5 - 3.0 was attained after 7 days in the three-chamber experiments; however, 

P continued to be extracted until day 9. This indicates that the P extraction from digestate did not 

occur immediately and that there is a gap between the time point at which an adequate pH range for 

extraction is reached and the time point when no more P is extracted. 

Based on the results above, lowering the pH of digestate suspension to <4.5 (previously found in 
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Oliveira et al. (2018)) by acidification of the digestate suspension using the electrochemical reactions 

is an important contributor to the enhancement of P solubilization, which consequently increases P 

extraction yields.  

A relevant detail for the two-chamber experiment is that P started to appear in the cathode-side 

chamber after 7 days, reaching 14 % of total P at day 11 (Figure 3.4a). This result indicates that 

prolonging the two-chamber experiments after the time where the maximum P extraction yield was 

achieved (day 7) meant a higher loss of P into the cathode-side chamber. Conversely, for the three-

chamber experiments P was not transported to the cathode-side chamber (<0.2 %). 

3.3.2 Distribution of heavy metals at the end of ED process 

Figure 3.5 presents the percentage of metals found in the different parts of the ED cell at the end of 

the extraction process. The cathode-side chamber included the catholyte, the cathode and the cation 

exchange membrane. In the three-chamber experiments, the anolyte, the anode and the anion 

exchange membrane were grouped in the anode-side chamber.  

Precipitation of struvite is induced from different chambers, depending on the cell set-up. In the 

three-chamber experiments, struvite is obtained from the anode-side chamber and in the two-chamber 

experiment from the digestate suspension chamber. From the perspective of reducing the presence 

of potential contaminants in struvite it is important that these chambers do not contain heavy metals 

in solution at the end of the extraction step. 

Overall, 70 - 90 % of Zn and >40 % of Cd and Ni were removed to the cathode-side chamber. Cu, 

Cr and Pb mainly remained in the solid phase of the digestate (>60 %).  

Regarding the presence of metals in the solutions that were further used to produce struvite, between 

10 % and 20 % of the metals were found in the liquid phase in the two-chamber experiments. In the 

three-chamber experiments only a residual amount of metals (<4 %) were found in the anode-side 

chamber. Furthermore, the presence of Zn in the anode-side chamber (seen in Oliveira et al.(2018)) 

was avoided in the current work. The reduction of the experimental time from 16 days (results 

reported previously in Oliveira et al. (2018)) to 11, 9 or 7 days (current work) and the final pH of 

digestate suspension from about 4.5 (previous reported results in Oliveira et al. (2018)) to about 

2.5 - 3.0 may explain the low mobilization of Zn into the anode-side chamber.  
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Figure 3.5 Distribution of heavy metals (%) in different parts of ED cell at the end of two-chamber and 

three-chamber experiments, after (a) 7, (b) 9 and (c) 11 days 

3.3.3 Modelling P speciation 

The unwanted transport of P into the cathode-side chamber seen during the two-chamber experiments 

was not ideal, because all of the metals cations that are contaminants in the fertilizer are also removed 
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into this chamber. P in the cathode-side chamber is therefore considered to be lost from the point of 

view of producing a fertilizer. Transport of P into the cathode-side occurs if positively-charged P 

species are formed. So, a deeper analysis was carried out to understand how the other elements 

present in the waste suspension affect the formation of positively charged P-species, using the 

modelling software MINTEQ. This analysis was not performed for the three-chamber experiments 

because the presence of P in the cathode-side chamber was not observed and the charged P ions were 

mostly moved into the anode-side chamber. Table 3.2 shows the probable speciation of P at different 

pH values considering the chemical species measured in the waste suspension during the two-

chamber experiments. At lower pH values (< 3), in addition to the existence of negative (H2PO4
2-) 

and neutral (H3PO4) P forms, complexation of P with Fe3+, Ca2+ and Al3+ in solution also occurs, 

forming the positively-charged species: FeHPO4
+, FeH2PO4

+2, CaH2PO4
+ and AlHPO4

+. The 

presence of these positively-charged forms of P explains the P found in the cathode-side chamber.  

Table 3.2 Phosphate speciation (%) in the liquid phase of digestate during the two-chamber experiments 
obtained from MINTEQ software (* real/measured values). 

pH* 
[P]* 

mg L-1 
H3PO4 HPO4

2- H2PO4- FeH2PO4
+2 FeHPO4

+ CaH2PO4
+ AlHPO4

+ 

1.2 744 68 – 10 18 4 0.8 0.1 

1.3 734 65 – 11 18 5 0.9 0.2 

1.4 738 61 – 16 15 5 3 0.4 

1.4 665 58 – 14 19 6 2 0.2 

1.5 650 56 – 16 18 7 3 0.3 

1.6 785 55 – 19 15 7 2 0.6 

1.8 642 51 – 27 10 9 3 1 

1.9 700 41 – 31 9 13 2 3 

2.8 506 13 – 67 0.3 3 11 6 

2.9 484 10 – 70 0.2 3 11 6 

3.4 435 4 0.02 70 0.1 4 12 9 

3.6 390 2 0.04 79 0.02 1 14 3 

4.5 286 0.3 0.3 82 – 0.7 14 1 

5.0 194 0.1 0.9 84 – 0.9 11 1 

5.3 181 0.1 2 83 – 0.8 10 2 

5.4 192 0.04 2 81 – 1 10 1 

5.7 184 0.02 4 79 – 1 8 1 

7.4 31 – 49 21 – 0.02 0.4 – 



 

Chapter 3 

 

74 

3.3.4 Evaluation of struvite quality 

3.3.4.1 Structure and elemental composition of struvite 

Figure 3.6 shows the XRD pattern of the precipitates harvested during the struvite-production stage. 

For the three-chamber experiments, a crystalline phase showed up, matching the profile (position 

and intensity of the peaks) of the struvite standard. No extra/minor phases were identified in the XRD 

pattern, consistent with a precipitate of pure struvite. XRD results for the precipitates harvested from 

the two-chamber experiments indicates that there were no crystalline phases for the 7 and 11 day 

experiments, so struvite crystals were not formed in these two experiments. In the 9 day experiment, 

there was a crystalline phase consistent with struvite; however, there was background noise affecting 

the peak definition, indicating that impurities were present. Le Corre et al. (2005) reported that as 

the Ca concentration in solution increases, the struvite formation can be hindered, either due to 

calcium competing for the phosphate ions or because this element interferes with the crystallization 

of struvite. There were large amounts of Ca ions present in the solutions of the two-chamber 

experiments (Table 3.3), especially for the 7 and 1 day iterations, explaining why struvite formation 

was strongly hindered in these two experiments. In the three-chamber experiments, there was almost 

no Ca in solution, likely because this cation has been moved towards the cathode-side chamber. 

Table 3.3 Concentration of Ca in the solutions where struvite precipitation was promoted (mg L-1) obtained 
at the end of two- and three-chamber ED experiments with 7-, 9- and 11-day durations. 

Element 
two-chamber three-chamber 

7 d 9 d 11 d 7 d 9 d 11 d 

Ca (mg L-1) 600.8 271.6 641.3 1.4 3.2 3.7 

 

 

The EDS spectra of the precipitates are shown in Figure 3.7. The major elements were Mg and P, 

consistent with struvite. For the case of two-chamber experiments, a distinctive peak for Ca also was 

identified, whereas struvite peaks were still detectable. The Ca peak identified on precipitates 

obtained from the 7- and 11-day liquid phase solutions was higher than that obtained at day 9, which 

likely led to the formation of an amorphous substance (such as Ca phosphates) in place of struvite 

(Figure 3.6a: 7 days and Figure 3.6c:11 days). 
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Figure 3.6 XRD of the precipitates obtained after struvite-inducing reaction from the two- and three-chamber 

experiments after (a) 7, (b) 9 and (c) 11 days 
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Figure 3.7 Spectra obtained from EDS of the harvested precipitates from (a) liquid phase solutions resulting 

from two-chamber experiments and (b) anolyte solutions from the three-chamber experiments, after 7, 9 and 

11 days. SEM pictures are inset in EDS spectra 

3.3.4.2 Assessment of the struvite fertilizer for application in agriculture 

Up to 98 % of P in solution after the extraction stage was recovered in solid form in the struvite-

inducing experiments. The percentage of P in the precipitates obtained from the three-chamber 

experiments was almost twice that from precipitates in the two-chamber experiments (Table 3.4). 

Additionally, the precipitates obtained from two-chamber experiments contained levels of Pb, Cd 

and Zn above the Portuguese legal limits for fertilizers, which means they cannot be used in 

agriculture. However, the precipitates obtained from the three-chamber experiments contained low 

level of metals (Cr, Pb and Zn), which did not exceed the limits of metal contents established by the 

Portuguese legislation for fertilizers (Table 3.4), which highlights their lower level of contaminants 

and superior quality. 
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Table 3.4 Contents of P and heavy metals in the harvested precipitates from two- and three-chamber ED 
experiments with duration of 7, 9 and 11-day durations (average ± SD). In bold are the values outside the 
Portuguese legislation limits for application in agriculture (*Insufficient sample for replicates; ND: not 

detected). 

Elements 

ED cell set-up / duration Portuguese 

limits for 

fertilizer 

application 

(Ministério da 

Economia, 

2015) 

two-

chamber / 

7 d 

two-

chamber / 

9 d* 

two-

chamber / 

11 d 

three-

chamber / 

7 d 

three-

chamber / 

9 d 

three-

chamber / 

11 d 

P (g kg-1) 101.3±2.2 103.6 101.9±0.3 196.3±3.8 171.3±6.2 163.2±0.6 - 

Cd (mg kg-1) 2.4±0.05 3.0 <0.02mg/l <0.02mg/l <0.02mg/l <0.02mg/l 1.5 

Cr (mg kg-1) 81.3±0.3 117.0 113.8±0.1 4.5±0.2 3.3±0.3 6.9±0.2 150 

Cu (mg kg-1) 72.9±0.7 70.3 54.2±0.3 <0.02mg/l 2.3±0.5 <0.02mg/l 200 

Ni (mg kg-1) 20.8±0.2 11.9 6.3±0.1 ND ND <0.02mg/l 100 

Pb (mg kg-1) 288.0±0.1 283.7 906.7±4.9 7.6±0.3 13.0±0.6 13.6±0.1 150 

Zn (mg kg-1) 344.3±3.4 427.0 859.4±6.8 13.2±1.6 22.9±1.0 15.7±0.6 500 

 

3.3.5 Hydraulic retention time of ED extraction of P 

The utilisation of a stirrer in the waste chamber and the acidification of digestate suspension to pH 

<4.5 were the strategies proposed to reduce the hydraulic retention times. In a previous work 

(Oliveira et al., 2018) it took 16 days to extract c. 130 mg of P using a three-chamber ED cell identical 

to the one used in the current work, but in a stationary set-up (without stirring). Table 3.5 compares 

the amount of P extracted in the previous and in the current work, normalised for the electric charges 

passed during the experiments (expressed in Coulombs).  

Table 3.5 Comparison of P extraction per unit of Coulomb in stationary and stirred ED experiments (* 

reported in Oliveira et al. (Oliveira et al., 2018)).  

ED cell 
Duration 

(d) 

P extracted 

(mg) 

P removed per Coulomb 

(mg C-1) 

P extraction 

yield (%) 

Stationary (*) 16 130 0.0094 43 

Stirred 3 142 0.0183 54 

7 215 0.0118 82 

9 236 0.0101 90 

11 233 0.0082 89 

 

A similar amount of P was found at the end of the 3-day stirred ED experiment and the stationary 

experiment; however, twice the amount of P was removed per unit of Coulomb, and only 3 days were 
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necessary, instead of 16 days. This result demonstrates the positive influence of the utilization of a 

stirrer on the reduction of the hydraulic retention time of ED process. The other stirred ED 

experiments (7-, 9- and 11-day) showed that as the extraction time proceeded it became ever more 

difficult to extract the remaining P, because the amount of P extracted per unit charge passing through 

the cell decreased. Eventually the amount P extracted remained constant, even though electric 

charges were still being passed through the cell, as was seen between days 9 and 11. These results 

reveal that the hydraulic retention time for ED extraction of P from digestate can be reduced by 44 % 

(from 16 to 9 days). 

3.4 Conclusions 

In the present work, the effects of modifications to the ED process to improve the recovery of P from 

anaerobically digested organic fraction of municipal solid waste were evaluated. Under the 

experimental conditions tested here, the following conclusions were drawn: 

i) the acidification of digestate to a pH <4.5 using the electrochemical reactions occurred 

during ED process led to an enhancement of P extraction yield. 

ii) the ED extraction of P from digestate is higher for the three-chamber ED cell set-up. The 

proposed strategy of changing the configuration of the ED cell to two-chamber did not 

contribute to the increasing of P extraction yield. 

iii) A low concentration of heavy metals in P rich solutions from the three-chamber ED 

experiments, resulted in the production of a high quality struvite that complies with 

regulatory limit values to be used as fertilizer in agriculture. However, in the two-chamber 

ED experiments, the ED process was not effective for removing sufficient heavy metals and 

a produced a contaminated material, that fell below the limit values for agricultural 

applications. 

iv) the utilization of a stirrer in the waste compartment and the acidification of digestate 

promoted by the electrochemical reactions were important contributors to the reduction of 

the hydraulic retention time for ED extraction of P. 

Overall, the objectives proposed in the current work were accomplished as (i) the P extraction yield 

from digestate was considerably enhanced, (ii) the harvested precipitates were of high enough quality 

to be applied as fertilizer and (iii) the hydraulic retention time for ED extraction of P was substantially 

reduced. 
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4. Improving the energy efficiency of an electrodialytic process to extract 

phosphorus from municipal solid waste digestate through different 

strategies 

Abstract 

This work assesses the possibility of energy optimisation during the electrodialytic extraction of 

phosphorus from the municipal solid waste digestate. Strategies tested for energy optimisation 

consisted in (i) using a dual-stage extraction approach; (ii) replacement of continuous stirring by 

pulse stirring and; (iii) utilisation of pulse electric current as an alternative to a constant current. 

Experiments were carried out using different stirring profiles (continuous stirring, pulsed stirring, 

manual stirring and no stirring) and different profiles for generating the electric field (continuous 

current and pulsed current). Dual-stage approach decreased the energy consumption by 30 %. Energy 

was mainly used in the stirring operation (80 %). Applying this strategy caused a faster acidification 

of the waste suspension and reduced the time required for the extraction. As for the second strategy, 

use of pulse stirring, it is possible to save energy by operating the stirrer 25 % of the time, without 

compromising the phosphorus extraction values, which are close to 90 %. Corresponding energy 

savings reached 70 %. The third strategy tested, use of pulse current, had as side-effect a significant 

decrease of the phosphorus extracted, so the implementation of pulse current is not recommended. 

Overall, the energy efficiency of the electrodialytic extraction of phosphorus can be improved by 

80 % through the use of the dual-stage approach and the use of stirring for 25 % of the time. There 

is also a potential in further reducing the energy use by further improving the stirring system.  

 

 

 

 

 

Based on: 

Verónica Oliveira, Gunvor M. Kirkelund, Carmo Horta, João Labrincha & Celia Dias-Ferreira 

(2019). Improving the energy efficiency of an electrodialytic process to extract phosphorus from 

municipal solid waste digestate through different strategies. Applied Energy, 247: 182-189. DOI: 

10.1016/j.apenergy.2019.03.175.  
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4.1 Introduction 

Fertilisers are crucial to sustain the world’s food production. Worldwide, 263 million metric tonnes 

of phosphate rock were mined in 2017 (Statista, 2018), most of which used to produce phosphorus 

fertilisers. Mining of phosphate rock requires huge amount of energy, namely for the operation of 

energy-intensive equipment, such as draglines, drillers, blasters, shovels, pumps, screeners, crushers, 

dryers and loaders, as well as in the transportation of materials. Each tonne of phosphorus fertilizer 

(P2O5) produced requires the extraction of approximately 13 tonnes of material, of which only 1/3 is 

phosphate rock and the remaining are mostly clay and silt (UNEP and IFA, 2001). According to BCS 

Incorporated (BCS, 2002), the total energy required to mine and process phosphate is 20.71 kWh t-1 

of beneficiated phosphate rock (for a surface mine in the USA), of which mining represents 98 % 

and beneficiation (initial removal of impurities from phosphate rock ore) the remaining 2 %. 

While the mining of phosphorus from virgin phosphate ore is an energy-intensive process, 

phosphorus is present in several waste materials and is widely and freely available from centralised 

waste treatment facilities. Novel processes to extract phosphorus from waste and transform it into 

raw products are emerging. In such processes the mining of phosphate rock is avoided, leading to 

potentially huge energy savings in the manufacturing of mineral fertilisers. The production of 

phosphorus from secondary sources is in line with the European Union strategy of promoting a low-

energy economy and the development of low-carbon technologies (European Union, 2015). 

Recently, Oliveira et al. (2020) proposed a process to extract phosphorus from the municipal solid 

waste (MSW) digestate, followed by its transformation into struvite, a phosphorus-based fertiliser 

used in agriculture. The electrodialytic (ED) process used for the extraction, still at laboratory scale, 

can extract 90 % of the phosphorus present in the MSW digestate, thus being highly promising in 

terms of phosphorus recovery. The principle of ED process has been explained elsewhere (Ebbers et 

al., 2015). Briefly, during the ED process, the separation of the charged ions contained in a waste 

matrix is induced by an electric field (Nystroem et al., 2005). In practice, the negatively-charged 

species (e.g. phosphate) are attracted to the anode and move out from the waste chamber through an 

anionic exchange membrane, whereas the positively-charged species (e.g. metals) are attracted to the 

cathode and move out from the waste compartment through a cationic exchange membrane (Figure 

4.1). The advantage of this membrane-based separation process is that the ions only move in one way 

(i.e. out of the waste matrix chamber), which means no energy is wasted for transporting ions from 

the electrode chambers into the waste matrix chamber (Sun and Ottosen, 2012). However, it 

consumes a reasonable amount of energy to generate the electric field and also in stirring the waste 

suspension. Energy usage can have a huge impact on operating costs, strongly affecting the economic 

sustainability of the phosphorus extraction and recovery process.  
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Figure 4.1 Principle of the ED process 

Several processes have been used to extract phosphorus from different waste streams. For instance, 

Jung et al. (2011) reported the application of a thermo-chemical process to extract phosphorus from 

CaO–SiO2–CaF2 slag for optimised refinement of solar grade silicon. Tan and Lagerkvist (2011) 

reviewed different leaching technologies (e.g. bioleaching, chemical or supercritical extractions) 

used to extract phosphorus from biomass ash. The struvite crystallisation technique has been used 

for the recovery of phosphorus from slaughterhouse wastewater (Jensen et al., 2014). Microbial fuel 

cells have been recently applied to recover phosphorus from wastewater through electrochemical 

precipitation (Kelly and He, 2014) and mathematical modelling approaches have been employed to 

optimise the power density and the phosphorus recovery (Almatouq and Babatunde, 2018). A 

photosynthetic microbial fuel cell (Elmekawy et al., 2014) and microalgae techniques  were also used 

to extract phosphorus from wastewater (Cai et al., 2013) and human urine (Chang et al., 2013). 

Furthermore, an hydrothermal carbonisation process has been carried out to recover phosphorus from 

an anaerobic granular sludge (Yu et al., 2018). Phosphorus has also been extracted from sewage 

sludge (Guedes et al., 2016) and sewage sludge ash (Viader et al., 2017) using an electro-membrane 

technique. However, the above studies did not study the utilisation of energy for the phosphorus 

extraction nor on its optimisation. The current work is a contribution to fill this gap by providing an 

understanding of where the energy is used during the ED extraction of phosphorus from a waste and 

by testing different strategies to reduce this energy usage. 

The use of pulse current has been referred as one feasible approach to decrease the energy input 

during ED extraction of heavy metals (Sun et al., 2013b). Sun et al. (2012) found that the energy 

consumption could be decreased by using low frequency pulse current (about 70 %). Sun and Ottosen 
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(2012) demonstrated that pulse current with a higher density enhanced the ED removal of heavy 

metals and decreased the energy consumption (60 % - 67 %). The use of high frequency pulse current 

also decreased the energy consumption of ED removal of heavy metal from soils (11% - 33%) (Sun 

et al., 2013a). Even though the use of pulse current has been successful for the extraction of metals, 

so far it has not been tested for phosphorus extraction. 

Another improvement is related to the energy consumption upon stirring the waste during the 

extraction. This operation strongly enhances the phosphorus extraction yields (Oliveira et al., 2020) 

in comparison with a stationary cell (Oliveira et al., 2018), emphasizing the need of using a stirrer. 

Previously, Ottosen et al. (2017) referred the possibility of saving energy by applying a pulse stirring 

of 4 times 1 h a day on ED extraction of phosphorus from sewage sludge ash. However, the impact 

of this measure on the energy consumption profiles of the process was not assessed.  

The current work looks at opportunities to make the ED extraction of phosphorus from MSW 

digestate more energy-efficient, without compromising the amount of phosphorus extracted. The 

strategies tested are three-fold: i) to introduce a dual-stage approach to reduce the overall time 

required for the extraction; ii) a replacement of continuous stirring by pulse stirring, while assessing 

the impact on the energy usage; and iii) the utilization, for the first time, of pulse current during 

phosphorus extraction, and monitoring its effect on extraction yields.  

The findings of the current work will contribute to improve the energy efficiency of the ED extraction 

of phosphorus, reducing greenhouse gas emissions and operating costs. In addition, it also contributes 

to alleviate the energy dependence of the fertiliser-manufacturing industry by allowing to efficiently 

reuse phosphorus from waste as a replacement for the mining of virgin phosphate ores. 

4.2 Materials and methods 

4.2.1 ED phosphorus extraction  

The ED apparatus used for phosphorus extraction is shown in Figure 4.2. The apparatus has three 

cylindrical chambers made of Plexiglas® with an internal diameter of 8 cm. The waste chamber was 

10 cm long and the two electrode chambers were 5 cm long each. An anion exchange membrane 

(204 SZRA B02249C, from IONICS) was placed between the anode chamber (+) and the waste 

chamber while a cation exchange membrane (CR67 HUY N12116B, from IONICS) was used to 

separate the waste chamber from the cathode chamber (-). 
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Figure 4.2 Electrodialytic apparatus used in a) single- and b) dual-stage extraction experiments 

At the beginning of the experiments, 35 g of MSW digestate and 350 mL of distilled water 

(L:S = 10 mL g-1) were placed into the waste chamber. The MSW digestate was collected at a 

mechanical and biological treatment facility in Portugal, after centrifugation (on-site). It was 

transported to the laboratory, dried (105 ºC, 24 h), grounded (< 1 mm) and stored in closed containers 

until being used in the ED experiments. The total phosphorus content was 7.53 ± 0.48 g kg-1 (dry 

weight), the electrical conductivity was 5.72 ± 0.39 mS cm-1 and the pH ranged between 7.67 - 7.71. 

The complete chemical characterisation can be found in Oliveira et al. (2020). 

A plastic flap fastened to a glass spatula connected to an overhead stirrer (VWR VOS – 45 W of 

electric power) was placed inside the waste chamber and used to stir the MSW digestate suspension. 

The anolyte and catholyte were 0.01 M NaNO3 (adjusted to pH < 2 with HNO3). Platinum coated 

titanium bars were used as electrodes (from Permascand®), having 3 mm diameter and 5 cm length.  

A current of 50 mA was applied using a power supply (E3612A, from Hewlett Packard, 30 W) and 

the following parameters were monitored daily: electric current, voltage drop, pH in the electrolytes 

(anolyte and catholyte) and pH and electric conductivity in the MSW digestate suspension. The pH 

of the catholyte was manually adjusted to < 2 by addition of 1:1 HNO3, in order to avoid the 

precipitation of metal hydroxides nearby the cation exchange membrane, which could hinder ionic 

transport through the ED cell (Ebbers et al., 2014). 

At the end of the experiments, the MSW digestate suspension was filtered using quantitative filter 

paper. The volume of the liquid phase was registered, and the solid phase was dried in an oven at 

105 ºC, overnight. Ion exchange membranes and electrodes were soaked in 1 M and 5 M HNO3, 

respectively during 24 h. Contents of phosphorus were measured in the solid (after hand crushing in 
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a mortar) and the liquid phase of the MSW digestate, soaking electrodes solutions, ion-exchange 

membrane cleaning solutions and electrolyte solutions. 

The phosphorus extraction efficiency was defined as the mass of phosphorus found in the anolyte 

solution compared to the total mass measured in all parts of the ED cell, at the end of the experiment. 

4.2.2 Experimental design 

The experiments were carried out in three series. In each series, the objective was to assess the effect 

of a specific operating condition on the energy usage and the percentage of phosphorus extracted. 

The first series (Table 4.1) comprised 2 experiments (single-stage vs dual-stage); the next series 

(Table 4.2) comprised 7 experiments with different stirring times; and the last series (Table 4.3) 

comprised 6 experiments with different electric pulse profiles. A more detailed explanation of each 

series is presented next. 

In the first series, STAGES (Table 4.1), a comparison was made between the common single-stage 

extraction against a novel dual-stage extraction previously used by Chen et al. (2017). In the single-

stage experiment, the ED cell set-up used is shown in Figure 4.2a. In this configuration, MSW 

digestate suspension is placed into the waste chamber, whereas the electrode (+) and (-) are placed 

in the anode and cathode chambers, respectively. Under the electric field, the phosphorus charged 

species are moved from the waste chamber to the anode chamber whereas the positive charged 

species (e.g. metals) are transported to the cathode chamber. During the ED experiment, the 

acidification of MSW digestate suspension due to the electrolysis of water taking place at the surface 

of anion exchange membrane (water splitting) promotes the solubilisation of phosphorus. In the dual-

stage experiments (Figure 4.2b), the electrode (+) is first placed in the waste chamber (1st stage of 

extraction). In this stage of extraction, the acidification of the waste is due to the half-reaction at the 

anode (Eq. 4.1:  2586 →  68�9� + 45< + 4�2� which contributes to a faster decrease of pH. Thus, 

the phosphorus charged species remains in the waste chamber whereas the positive charged species 

are moved out of the waste chamber to the cathode chamber. When the pH reached 3 in the waste 

suspension, the electrode (+) is moved into the anode chamber, and the 2nd stage of the extraction 

initiates, during which phosphorus solubilised in the 1st stage migrate under the electric field out from 

the waste chamber to the anode chamber. 
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Table 4.1 Experimental conditions in series STAGES. 

Experiment Stirring Current Electrode (+) location Duration 

Single-stage 100% ON Continuous at 50 mA Anode chamber 9 d 

Dual-stage 100% ON Continuous at 50 mA 1st stage: waste chamber 

2nd stage: Anode chamber 

7 d 

 

In the second series, named STIRRING, the objective was to assess the effect of different stirring 

time. For this purpose, the stirrer was turned ON/OFF at regular intervals (Table 4.2). A dual-stage 

approach was used in all experiments in this series, and the electric current was kept constant at 50 

mA during 7 d.  

Table 4.2 Experimental conditions in series STIRRING (50 mA; dual-stage approach). 

Experiment Stirring 

100% stirring Continuous 

75% stirring Pulse: 45 min ON + 15 min OFF 

50% stirring Pulse: 30 min ON + 30 min OFF 

25% stirring Pulse: 15 min ON + 45 min OFF 

17% stirring  Pulse: 30 min ON + 150 min OFF 

Manual stirring 10 s d-1 

No stirring none 

 

In the third series, named CURRENT (Table 4.3), the effect of turning the electric field ON and OFF 

at regular intervals during the 7 d ED extraction was assessed. Similarly to the STIRRING series, a 

dual-stage approach was used and the stirring profile was 15 min ON + 45 min OFF. 

Table 4.3 Experimental conditions in series CURRENT (pulse stirring: 15 min ON + 45 min OFF; dual-stage 
approach). 

Experiment Current 

100% current ON Constant at 50 mA 

80% current ON Pulse: 60 min ON + 15 min OFF 

75% current ON Pulse: 45 min ON + 15 min OFF 

67% current ON Pulse: 30 min ON + 15 min OFF 

50% current ON Pulse: 15 min ON + 15 min OFF  

Mixed 1st stage: constant at 50 mA;  

2nd stage: pulse: 30 min ON + 15 min OFF 
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4.2.3 Analytical methods 

pH and electric conductivity were measured using Radiometer electrodes. The total content of 

phosphorus in solid samples was measured in triplicate after a pre-treatment described in Danish 

Standard DS259: 1.0 g of dry sample was placed into a schott flask and 20.0 mL of 1:1 HNO3 was 

added. The flasks were heated in an autoclave at 200 kPa (120 ºC) during 30 min. Then the samples 

were filtered by vacuum through a 0.45 µm filter and diluted to 50 mL. A Varian 720-ES ICP-OES 

(Inductively Coupled Plasma-Optical Emission Spectrometry) was used to quantify the elemental 

concentration in pre-treated samples as well as in all samples resulting from ED experiments.  

4.2.4 Energy consumption calculation 

During ED experiments a power supply is used to generate a voltage drop between opposite sides of 

the waste compartment, thus creating an electric field and the passage of an electric current across 

the waste compartment. The energy used by the power source was calculated as (Sun et al., 2013a): 

= = > ? ∗ A ∗ B�          (4.1) 

 

where E is the energy consumption (Wh), V is the voltage drop between electrodes (V), I is the 

current (A) and t is duration (h).  

The MSW digestate in the central compartment is kept in suspension through the use of an overhead 

stirrer that promotes homogenisation and avoids deposition of material at the bottom of the cell. The 

energy consumption (Wh) by the stirrer was calculated as: 

= = � ∗ �          (4.2) 

 

where P is the electric power (W) and t is the operation time of the equipment (h).  

The power of the stirrer is 45 W; however, the stirrer was adjusted to operate at 11.25 W (i.e. 1/4 of 

total power). 

The overall energy consumption of the ED process was calculated as the sum of the energy used by 

the power supply (Eq. 4.2) and the energy used by the stirrer (Eq. 4.3). The energy used for the pumps 

to circulate the electrolytes was not considered.  
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4.3 Results and discussion 

4.3.1 Effect of introducing a dual-stage approach on energy usage and phosphorus extraction  

One possibility to decrease the energy consumption of ED is to decrease the duration of the 

experiment by promoting a faster acidification of the MSW digestate suspension which consequently 

enables a faster solubilisation of phosphorus. Figure 4.3 compares the evolution of pH inside the 

waste chamber during the single-stage extraction against the dual-stage extraction.  

 

 

Figure 4.3 pH of MSW digestate suspension during single- and dual-stage extraction of phosphorus (50 mA, 

100 % stirring, 100 % current) 

The pH of the MSW digestate suspension decreased from the initial value (7 - 8) to about 3, during 

both the single and dual-stage extractions, but it decreased faster in the dual-stage extraction. This 

happened because during the first stage of the dual-stage extraction (first 72 h), the anode was 

inserted directly into the waste chamber and H+ ions were generated there (Eq. 4.1), whereas in the 

single-stage extraction pH decreased slower, as a result of water splitting at the surface of the anion 

exchange membrane, a phenomenon previously described in Nystroem et al. (2005). 

The energy usage during the single- and dual-stage extraction is shown in Figure 4.4. 
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Figure 4.4 Energy used per day and voltage drop in the waste compartment during the single- and dual-stage 

ED extraction experiments using continuous stirring under a constant electric field of 50 mA (experimental 

series: STAGES) 

Stirring used up a constant amount of energy per day of approximately 270 Wh, totalling 

approximately 1900 Wh for the dual-stage experiment and approximately 2400 Wh for the single-

stage experiment (2 d longer).   

The energy used by the power supply to generate the electric field was not constant during the dual-

stage experiment. When the 2nd stage of extraction of the dual-stage experiment started (72 h), there 

was an increase of voltage drop which contributes to an increase of energy used by the power supply. 

This is explained by the depletion of charged ions caused by their migration under the electric field 

towards the anode chamber (Figure 4.1). During the single-stage experiment, as the anode is kept in 

the anode chamber, a continuous ionic migration occurred, and the voltage drop was high throughout 

the experiments resulting in higher energy usage by the power supply (daily average of 

approximately 60 Wh, totalling about 540 Wh) than in the dual-stage experiment (daily average of 

approximately 20 Wh totalling approximately 130 Wh).  

Overall, the stirring applied to keep the MSW digestate in suspension was the major energy 

consumer, ranging from 79 % to 98 % of the total daily energy used. This highlights the importance 

of reducing the stirrer usage during the experiments by turning ON the stirrer only at specific periods 

(application of pulse stirring), as assessed in section 4.3.2. 

The phosphorus extractions were practically the same in the single-stage (90 %) and dual-stage 

experiments (89 %). However, the single-stage experiment was 2 d longer and required higher 

energy, because the voltage over the cell was higher. Therefore, the amount of energy required to 

extract 1 mg of phosphorus is about 50 % higher in the single-stage (13.8 Wh mg-1) than in the dual-
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stage experiment (8.6 Wh mg-1). In practice, this means that the extraction of phosphorus using a 

dual-stage approach is more energy efficient. 

4.3.2 Replacement of continuous stirring by pulse stirring  

4.3.2.1 Energy usage 

Figure 4.5 shows the energy consumption in the experimental series STIRRING, which tested the 

effects of different stirring times in dual-stage ED phosphorus extraction experiments. The energy 

used by the stirrer is directly proportional to the time the stirrer is turned ON. The amount of energy 

used by the power supply to generate the electric field was similar in all experiments using 

mechanical stirring but higher in the experiments with manual stirring and no-stirring. 

 

 

Figure 4.5 Total energy consumption (Wh) for experimental series STIRRING 

A higher electrical resistance was generated in the manual and no-stirring experiments, when 

compared to mechanical stirred experiments, because stirring facilitates the dissolution of charged 

species from the MSW digestate. In the manual and no-stirring experiments, to maintain the current 

at the pre-established value of 50 mA, the power supply automatically increased the voltage drop 

(Figure 4.6a), resulting in a higher energy consumption. In experiments with manual stirring the 

voltage jump occurred after 48 h while in the experiments without stirring it was observed after 24 h 

(Figure 4.6a). In the experiments with mechanical stirring the voltage drop was low during the first 

days of the experiments and increased after 72 h (Figure 4.6a), when the anode was moved from the 

central to the anode compartment. The increase in voltage drop was caused by the depletion of 

charged ions in the MSW digestate suspension, which decreased the electric conductivity in the 

MSW digestate suspension (Figure 4.6b).  
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Figure 4.6 Variation of voltage drop a) and electric conductivity in the MSW digestate suspension b) for 

experimental series STIRRING 

4.3.2.2 Phosphorus extraction efficiencies 

The mass balance of phosphorus, defined as the amount of phosphorus found at the end of the 

experiment compared to the initial amount in the MSW digestate, varied between 78 % and 108 %, 

which were considered to be acceptable.  

Figure 4.7 shows the phosphorus extraction obtained at the end of ED experiments, where the effects 

of pulse stirring were tested. The reduction of stirring time from continuous to 75 %, 50 % or 25 % 

did not affect the phosphorus extraction (≈ 88 %). This demonstrates that about 20 % (exp. 75% 

stirring), 45 % (exp. 50% stirring) or 71 % (exp. 25% stirring) of energy usage during the ED 

extraction of phosphorus can be saved. Previously, Ottosen et al. (2017) reported that stirring could 

be reduced to only 4 times 1 h a day (circa 17 % stirring) without affecting extraction of phosphorus 

from sewage sludge ash. However, in the current work, if the stirring time went below 15 min h-1 

(25 %), the phosphorus extraction was reduced from 88 % to 66 % (representing a reduction of 

37 %). The operation of the stirrer is important for the phosphorus extraction because it enhances the 

electro-migration of charged ions species by the fastest route, avoiding the extra time needed by the 

ions to find a way around the waste particles (or air) present in the waste matrix when the stationary 

ED cell is used (Sun et al., 2013a). For instance, the distance H+ ions have to migrate is shorter in a 

stirred than in stationary ED cell (Sun et al., 2013a). In addition, stirring could have impacts on the 

speciation of some elements by increasing the redox potential in waste solution, which could affect 

its removal (Sun et al., 2013a). 

In previous work, the use of a stirred ED cell achieved higher phosphorus extraction values, when 

compared to the stationary system (Oliveira et al., 2020). Looking at Figure 4.7, it is now possible to 

sustain that among the different stirring profiles tested in the current work, the best one to achieve 

the highest extraction with the lowest energy consumption (using the dual-stage approach) is 
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15 min h-1 (25 % stirring). This stirring profile used almost 4 times less energy than the continuous 

stirring, without affecting the phosphorus extraction yields.  

 

 

Figure 4.7 Phosphorus extracted (%) and energy consumption per mg of phosphorus extracted for 

experimental series STIRRING 

4.3.3 Use of pulse current as alternative to constant current 

4.3.3.1 Energy usage 

Figure 4.8 presents the energy consumption for each experiment in the series CURRENT. Even 

though these experiments were carried out using 15 min stirring h-1 (demonstrated in section 4.3.2 as 

the most efficient stirring profile), the amount of energy used by the stirrer is still about 3 to 10 times 

higher than the energy consumed by the power supply for the generation of the electric field. The 

experiments of this series did not focus on the stirrer consumption though, instead aimed at 

evaluating the possibility of reducing the energy usage by the power supply. 

As referred in section 4.3.2.1, the energy consumed in the generation of the electric field is influenced 

by the resistance (voltage drop) of the solution inside the waste compartment. The energy 

consumption by the power supply is also dependent on the time it is turned ON. The experiment 

15 min ON and 15 min OFF is the one for which the voltage drop values were lowest (Figure 4.9) 

and also the one where the power supply was turned ON the least time (50 %). It is thus the 

experiment with the lowest energy consumption in this series (Figure 4.8). 
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Figure 4.8 Total energy consumption for ED experiments for experimental series CURRENT 

 

Figure 4.9 Variation of voltage drop across the cell for experimental series CURRENT 

4.3.3.2 Phosphorus extraction 

The effect of the different pulse current schemes on ED extraction of phosphorus is shown in Figure 

4.10. Phosphorus extraction decreased from 89 % to 37 %, when the current is changed from constant 

(100 % current ON) to pulse mode (50 % current ON).   

During the ED extraction process, the electric current influences two main phenomena: i) the electro-

migration of the negative and positive charged species present in the MSW digestate suspension from 

the waste chamber into the anode or cathode chambers, respectively and; ii) the acidification of the 

MSW digestate suspension. The latter option is the major contributor affecting the mobility of 

charged species dissolved from the waste. Based on previous work (Oliveira et al., 2020), the 

extraction of phosphorus from MSW digestate requires a pH range of 2.5 - 3.0 during the 

experiments, in order to promote the continuous dissolution of phosphorus contained in the MSW 

digestate suspension. Figure 4.11 shows that in 100 % current ON and mixed current experiments, 
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the decrease of pH of suspension to about 3.0 was faster than in the other four experiments of the 

series CURRENT. In the experiments using only pulse current, an additional 24 h and 48 h were 

required to achieve similar pH values. Overall, there was a reduction of the phosphorus extraction 

efficiency in all pulse current experiments as well as in the mixed current experiment. Therefore, 

under the experimental conditions tested in the current work, the use of a constant current is required. 

Otherwise, phosphorus extraction from MSW digestate is compromised.  

 

 

Figure 4.10 Phosphorus extraction (%) and energy consumption per mg of phosphorus extracted obtained for 

experimental series CURRENT 

 

Figure 4.11 Evolution of pH in MSW digestate suspension during experimental series CURRENT 

4.4 Conclusions 

The current work focused on energy optimisation of the electrodialytic extraction of phosphorus from 

2

3

4

5

6

7

8

0 24 48 72 96 120 144 168

p
H

Time (h)

100% current ON

80% current ON

75% current ON

67% current ON

50% current ON

Mixed



 

Chapter 4 

 

98 

municipal solid waste digestate in laboratory scale.  

The energy was mainly used in the stirring operation (more than 80 %) while less than 20 % was 

used in the generation of the electric field required for the electro-extraction of phosphorus. The 

proposed strategy of using a dual-stage approach (in which the anode is first placed inside the waste 

compartment and then moved into the anode chamber) resulted in energy savings of circa 30 %, 

mostly because a faster acidification of municipal solid waste digestate suspension occurred, 

allowing the hydraulic retention time to be reduced from 9 d to 7 d. Moreover, after testing different 

stirring profiles it was demonstrated that it is also possible to save energy during electrodialytic 

extraction of phosphorus by operating the stirrer during 25 % of the time (15 min h-1), without 

compromising the phosphorus extraction values. Savings by introducing this measure reached 70 %. 

Finally, the third strategy tested, pulse current, that consisted in turning off the power supply during 

regular intervals, had as side-effect a significant decrease of the phosphorus extraction, so the 

implementation of pulse current is not recommended, and a constant current should be used.  

The lab-scale of the electrodialytic apparatus used in the current work does not allow a fair 

comparison between the energy consumption (per kg of phosphorus extracted) of the electrodialytic 

technique with other already well-established technologies. Full-scale processes have been 

comprehensively optimized and the larger scale allows for efficiency gains not possible at smaller 

scales. For these reasons, a comparison with other techniques should only be addressed in future 

works. Overall, the energy efficiency of the electrodialytic extraction of phosphorus can be improved 

by approximately 80 % by using the dual-stage approach and 25 % stirring time. Since stirring is the 

main energy consumer, future work should include less energy consuming methods to suspend the 

digestate. 
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5. Novel biofertilizers from municipal waste: the recovery of phosphorus 

and nitrogen using membrane-based processes 

Abstract 

The recovery of valuable materials from waste fits the principle of circular economy and sustainable 

use of resources, but contaminants in the waste are still a major obstacle. This works proposes a novel 

approach to recover high-purity phosphorus (P) and nitrogen (N) from digestates of municipal solid 

waste based on the combination of two independent membrane processes: the electrodialytic (ED) 

process to extract P and gas permeable membranes (GPM) for N extraction.   

A laboratory ED cell was adapted to accommodate a GPM. The length of waste compartment (10 

cm; 15 cm), current intensity (50 mA; 75 mA) and operation time (9 days; 12 days) were the variables 

tested. 81% of P in the waste was successfully extracted to the anolyte when a 75 mA electric current 

was applied for 9 days and 74% of NH4
+ was extracted into an acid-trapping solution. The two 

purified nutrient solutions were subsequently used in the synthesis of a biofertilizer (secondary 

struvite) through precipitation, achieving an efficiency of 99.5%. The properties of the secondary 

struvite synthesized using N and P recovered from the waste were similar to secondary struvite 

formed using synthetic chemicals but the costs were higher due to the need to neutralize the acid-

trapping solution, highlighting the need to further tune the process and make it more economically 

competitive.  

The high recycling rates of P and N achieved are encouraging and widen the possibility of replacing 

synthetic fertilizers, manufactured from finite sources, by secondary biofertilizers produced using 

nutrients extracted from wastes. 

 

 

 

 

 

Based on: 

Verónica Oliveira, Celia Dias-Ferreira, Isabel González-García, João Labrincha, Carmo Horta & 

María Cruz García-González. Novel biofertilizers from municipal waste: the recovery of phosphorus 

and nitrogen using membrane-based processes. Resources, Conservation & Recycling (under 

review).  
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5.1 Introduction 

Phosphorus (P) and nitrogen (N) are two of the primary nutrients required for crop production. These 

nutrients are provided to the plants by adding mineral and/or organic fertilizers to the soil. Phosphate 

rock reserves, the raw material used for the manufacturing of P fertilizers, are estimated to be 

exhausted in the next 50-100 years according to Cordell et al. (2009) and Cordell and White (2014) 

or 300 years according to Hidalgo et al. (2020). This raises the critical issue of ensuring a continuous 

supply of P-fertilizers to feed mankind in the future. Even though the production of N-based 

fertilizers is not at risk, since these are produced using atmospheric N2 (through the Haber-Bosch 

process) (Zin and Kim, 2021), for each ton of NH3 fertilizer produced 1.6 ton of carbon dioxide is 

emitted (Garcia-González and Vanotti, 2015). In the interest of decarbonisation it is highly relevant 

to find bio-based substitutes for N synthetic fertilizers.  

Organic wastes are recognised sources of both P and N. Each European citizen produces on average 

492 kg of municipal solid waste (MSW) per year (Eurostat, 2020), roughly 45 % of which is organic 

waste (Karim and Wetterhan, 2020). Altogether, 9.9 million tonnes of organic waste are produced 

per year in Europe  and this waste contains 396 thousand tonnes of P and 1982 thousand tonnes of N 

(Sokka et al., 2004). During the treatment of MSW by anaerobic digestion, P and N are transferred 

to the digestates (sludge-like material resulting from the anaerobic digestion). This digestate has no 

commercial value and represents a cost, needing further treatment (e.g. through composting) before 

being disposed in landfills or used for non-agricultural applications (e.g. in forests). Agricultural use 

of digestates, even though possible, is done only in a minority of cases and at very small scales due 

to the risk posed by the presence of contaminants, so the large-scale recovery of P and N from the 

digestates is currently not done. Before any valorization of P and N from digestates becomes possible, 

it is first necessary to extract and separate these nutrients from the remaining waste components.  

 

Extraction of valuable elements from wastes using electrodialytic (ED) process 

Electrodialytic (ED) process is an extraction technology that separates ions by selective transporting 

them across ion exchange membranes under the influence of an electric field. In particular, negative 

ions (e.g. PO4
3-) are attracted to a positive anode (+) while positive ions (e.g. metals like Cu2+) move 

towards a negative cathode (-) (Ebbers et al., 2015). This working mode is considered the great 

advantage of this technology over other extraction techniques, because it allows the separation of 

positive and negative species. For this reason, ED has been used to extract different elements from a 

wide range of waste streams: from heavy metals (such as copper, lead, zinc and cadmium) from mine 

tailings, wood, ashes, soils, sediments and sludges, to elements such as chloride (Ferreira et al., 2005; 
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Jensen et al., 2010; Kirkelund et al., 2019).  

More recently, the research community has explored ED as a process to extract P from sewage sludge 

(Guedes et al., 2017, 2015), sewage sludge ash (Guedes et al., 2014; Ottosen et al., 2020) and MSW 

(after anaerobic digestion) (Oliveira et al., 2020, 2018). As P mainly exists as anionic species (H2PO4
-

, HPO4
2-, PO4

3-), most of P contained in the waste moves to the anode during ED, while contaminants 

such as heavy metals are positively charged and move towards the opposite side. For this reason, ED 

allows the recovery of a P-rich solution on the anode side, which is virtually free of metal 

contaminants. Oliveira et al. (2018, 2020a, 2020b) have successfully produced a granular biofertilizer 

using the P-rich solution resulting from the ED processing of MSW. This was achieved through a 

precipitation reaction that yield a secondary struvite (MgNH4PO4.6H2O), according to equation 5.1 

(Rahman et al., 2014):   

Mg2+ + NH4
+ + H2PO4

- + 6H2O → MgNH4PO4·6H2O + 2H+    (5.1) 

 

For the synthesis of secondary struvite is necessary to add both ammonium (NH4
+) and magnesium 

(Mg), in well-defined proportions, as seen in the stoichiometry of the reaction. For each kg of 

secondary struvite, 0.07 kg of NH4
+ and 0.10 kg of Mg are required. In the previous work by Oliveira 

et al. (2020), synthetic chemicals were used, namely i) ammonium chloride salt, as N source and, ii) 

magnesium chloride hexahydrate salt, as Mg source. In future large-scale valorisation of P through 

ED + precipitation of secondary struvite, the need of these synthetic chemicals would certainly 

represent an additional cost and an environmental burden due to the footprint associated with their 

extraction, production and transport. An original work by Shadell et al. (2020) explored the use of 

seawater as a source of Mg in struvite precipitation, thus alleviating the burden of synthezing this 

chemical, but use of secondary N sources for struvite precipitation has not yet been reported.  

 

Extraction of N from wastes using Gas Permeable Membranes (GPM) 

Recovery of N from swine wastewater using gas permeable membranes (GPM) has recently been 

reported with up to 99 % efficacy (García-González et al., 2015; Garcia-González and Vanotti, 

2015). GPM technology is based on the passage of gaseous NH3 contained in the liquid waste through 

a microporous, hydrophobic membrane, followed by its capture and concentration in a stripping 

solution on the other side of the membrane (Riaño et al., 2019), according to equation 5.2: 

NH3 + H+ →NH4
+          (5.2)  
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In comparison with other traditional N recovery technologies (e.g. reverse osmosis, air stripping 

towers and zeolite adsorption), GPM is a low-energy process (0.18 kW h kg NH3
-1), is carried out at 

low pressure, and does not require a pre-treatment of the wastewater or the addition of any alkali 

reagent (Dube et al., 2016; Zarebska et al., 2015). 

 

It is hypothesized in this work that the integration of GPM into ED is possible and that it will provide 

an alternative source of N required for the precipitation of the ED-extracted P. The combination of 

these two membrane technologies - ED and GPM - for simultaneous extraction of P and N has never 

been tried before, and is explored in this work for the first time to turn the synthesis of secondary 

struvite into a more sustainable process. 

The following goals have been set: i) design and test an innovative lab-scale set-up that combines 

ED and GPM and that serves as the proof-of-concept for the simultaneous extraction of N and P from 

MSW digestate; (ii) assess the percentage of N and P in the waste that can be extracted using the 

developed sept-up; (iii) use extracted P and N to synthesise a biofertilizer namely secondary struvite; 

(iv) further explore the use of seawater an alternative source of Mg; and (v) compare the operational 

costs of producing secondary struvite using synthetic chemicals and alternative sources.  

5.2 Materials and methods 

5.2.1 Digestate collection and characterization 

The digestate used in this study was collected from an anaerobic digester of MSW in Portugal. The 

sample was transported to the laboratory and kept at ± 5 °C in the dark until the start of the 

experiments. The digestate had a pH of 9.2-9.3, an electric conductivity (EC) of 5.75±0.33 mS cm-1, 

a water content of 68.4±0.2 %, a total Kjeldahl N (TKN) of 0.95±0.02% and N-ammonium (NH4
+) 

of 0.31±0.01 %, a total P concentration of 2.50±0.02 mg g-1, Ca of 54.03±4.21 mg g-1 and Mg of 

3.99±0.71 mg g-1 (average values± standard deviation). 

5.2.2 ED plus GPM set-up for simultaneous extraction of P and N 

The experiments were carried out using an adaption of the simple ED set-up previously described in 

Oliveira et al. (2019) and depicted in Figure 5.1a. Briefly, the original set-up comprises a three 

cylindrical compartment reactor (made of Plexiglas) with an internal diameter of 80 mm. Anode and 

cathode compartments lengths of 50 mm and a waste compartment 100 mm long. One anion-
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exchange membrane (AEM) (AR204R, Suez) was used to separate the anode from the waste 

compartment while one cation exchange membrane (CEM) (CR67R, Suez) was used to separate the 

waste and cathode compartments. Each membrane has an effective surface area of 50.3 cm2.  

Electrode rods composed of platinum coated titanium (Permascand, Sweden) with a 3 mm diameter 

and 50 mm length are used, one at the cathode and another in the MSW digestates compartment. 

When the pH of MSW digestate suspension decreases to below 3, the electrode (+) was moved to the 

anode compartment. A power supply E3612A (Hewlett Packard, USA) was connected to the reactor 

to maintain a constant current density. One overhead stirrer (LBX OS20 series, Barcelona) kept the 

waste suspension homogeneous.  

 

 

Figure 5.1 Schematic original ED reactor (a) and novel ED reactor coupled with GPM (b) for simultaneous 

extraction of P and N from MSW digestate (AEM, anion exchange membrane; CEM, cation exchange 

membrane) 

For the ED plus GPM experiments the original set-up (Figure 5.1a) was adapted: a tubular, 

hydrophobic GPM of expanded polyetrafluoroethylene (e-PTFE) (Philips Scientific Inc., Rock Hill, 

SC) was attached to a 3*4 cm plastic mesh that served as physical support to keep the membrane in 

place and was introduced at the cathode compartment. The GPM had a length of 500 mm, an outer 

diameter of 5.2 mm, a wall thickness of 0.56 mm, and a density of 0.95 g cm-3. 

 

5.2.3 ED plus GPM experiments 

Three extraction experiments were carried out sequentially. Table 5.1 shows the experimental 

conditions of all the experiments which were defined after evaluating the results obtained in the 

previous experiment. As this set-up was tested for the first time, this strategy was adopted because it 
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enables modifying the experimental variable which can be influencing the extraction process. The 

amount of digestate placed in waste compartment, current intensity and operation time were the 

variables tested. 

Table 5.1 Experimental conditions tested for simultaneous P and N extraction from MSW digestate using ED 
plus GPM (*in duplicate). 

Code Mass of sample 

in waste 

compartment,  

g 

Length of waste 

compartment 

(L), 

cm 

Current 

intensity (I), 

mA 

Current 

density, 

mA cm-2 

Operation  

time, 

d 

L15 200 15 50 1.0 Total: 12 d 

N extraction: 12 d 

P extraction:12 d 

L10 140 10 50 1.0 Total: 12 d 

N extraction: 12 d 

P extraction:12 d 

I75* 140 10 75 1.5 Total: 9 d 

N extraction: 6 d 

P extraction: 9 d 

 

The experiments were performed adding the digestate suspension (prepared with distilled water at a 

liquid to solid ratio of 2.5) to the waste compartment. The anode and cathode compartments were 

filled with 0.01 M NaNO3, (anolyte: 500 mL; catholyte: 900 mL) which were recirculated between 

the electrode compartments and the glass flasks using two Plastomec pumps. The GPM was filled 

with 150 mL of 1N HCl which continuously recirculated to and from a storage tank using a peristaltic 

pump (PG instruments, PS 181, United Kingdom).  

During the extraction experiments, pH and electric conductivity were measured daily in the 

electrolyte solutions, digestate suspension and HCl solution, using a HANNA (Combo) probe. When 

necessary, HNO3 1:1 was added into the cathode compartment, to dissolve the metal hydroxide 

precipitates formed nearby the cation exchange membrane, and distilled water was added into the 

waste compartment, to keep constant the digestate suspension’s volume. Current intensity and 

voltage drop across the experimental cell were recorded daily. Samples of the solutions from the 

anolyte, HCl and digestate suspension were taken at 24 h intervals to monitor P and NH4
+ contents.  

At the end of experiments, the volume of anolyte, catholyte, HCl and digestate suspension solutions 

was registered and samples were taken for determination of P and NH4
+.  

The percentage of P extracted during ED process was calculated as the amount of P in the anolyte at 

the end of experiments divided by the initial quantity of P contained in the MSW digestate (Equation 

5.3). The percentage of NH4
+ extracted during ED and GPM processes was defined as the amount of 
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NH4
+ that gets captured in the acid in relation to the initial amount present in the MSW digestate 

(Equation 5.4). 

 

% ED-extracted P = ���� �� � �� � � ������� ���C���� �� � � ��!
���� �� � �� DEF !�%������ �� � � ����� × 100    (5.3) 

 

% ED+GPM-extracted NH4
+ = ���� �� GHIJ �� � � HK� ���C���� �� � � ��!

���� �� GHI
J �� DEF !�%������ �� � � ����� × 100      (5.4) 

 

5.2.4 Synthesis of a biofertilizer: secondary struvite precipitation and characterization 

In the current work, the synthesis of a biofertilizer was performed through the precipitation of a 

secondary struvite. It requires the addition of N and Mg sources. Two different sources of N and Mg 

were tested: a synthetic chemical and an alternative material.  

For Mg, the synthetic source was MgCl2.6H2O (Merck) and the alternative source was seawater from 

a sandy beach located at Figueira da Foz, Coimbra, Portugal, where it was collected in the sea inlet. 

The seawater was transported to the laboratory, left to settle and kept at ± 5 °C in the dark until use. 

Seawater’s pH was 6.8, EC was > 20 mS cm-1, Mg content was 1 510 mg L-1 and P content was 

below detection limit (<0.5 mg L-1).  

For N, the synthetic source used was NH4Cl (Panreac) while the alternative source was N recovered 

from MSW digestate using the GPM. For such purpose, the HCl solution collected at the end of I75 

experiment containing NH4
+ was used. 

In total, three struvite precipitation experiments were conducted to investigate the effect of 

alternative N and Mg sources on secondary struvite properties:  

i) STRUVITE-S: uses synthetic N and Mg sources;  

ii) STRUVITE-SA: uses alternative N (extracted from MSW digestate using ED+GPM) 

and synthetic Mg sources; 

iii) STRUVITE A: uses alternative N (extracted from MSW digestate using ED+GPM) and 

alternative Mg (obtained from seawater).  

Struvite precipitation followed the method described in detail by Oliveira et al. (2020). Briefly, N 
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and Mg sources were added to 100 mL of the anolyte solution (rich in P) obtained at the end of I75 

experiment, while in agitation, and pH was quickly raised to around 9 using 5M NaOH. The amount 

of N and Mg added in each experiment was calculated based on a molar ratio Mg:N:P of 2:2:1.The 

suspension was then left in slow stirring for 1 h, to promote the formation and growth of the struvite 

crystals. Afterwards, the agitation was stopped, and the suspension was filtered through a 0.45-μm 

membrane filter (Whatman ME25/21ST) to collect the precipitates.  

The liquid fraction of the suspension was analysed for P content in order to calculate the efficiency 

of P precipitation (in percentage) which was defined as the amount of P present in solution at the end 

of precipitation experiment divided by the initial amount of P in solution (Equation 5.5). 

% *���	*	����B � =  ���� �� � �� ���C���� �� � � ��! �� $����$������� 
���� �� � �� ���C���� �� � � ����� × 100     (5.5) 

 

Precipitates were dried at 40 °C for 48 h and characterized by X-ray powder diffraction (XRD) for 

identification of major crystalline phases using a PANalytical X’Pert PRO operating at 40 mA and 

45 kV applying Cu radiation. Patterns were scanned within 5-80° with a step size of 0.026° and a 

step time of 96.39 s. Scanning electron microscopy coupled with energy dispersion spectroscopy 

(SEM-EDS) analyses of the precipitates were carried out using a Hitachi SU-70 equipped with EDS 

– Bruker.  

The recycling efficiency of P is defined as the percentage of P initially in the MSW digestates that 

was converted to struvite. This recycling efficiency was calculated by multiplying the percentage of 

ED-extracted P (%) by the percentage of precipitated P. 

5.2.5 Analytical procedures 

The water content of MSW digestate was measured by weighing out approximately 10 g of sample 

into pre-weighed porcelain dishes, drying at 105 °C in a forced draft oven for 48 h and weighting 

after cooling to room temperature (in triplicate). The pH and electric conductivity were measured in 

a suspension of 1:2.5 MSW digestate:distilled water after 1 h and 30 min of agitation, respectively, 

using a HANNA (Combo) probe (in triplicate). Total content of P, Ca and Mg, in MSW digestate 

were measured after a pre-treatment described in Danish Standard DS259: 0.5 g of sample was placed 

into a digestion tube and 20.0 mL of 1:1 HNO3 was added. The tubes were heated in a block digester 

(SCP Science) at 120 °C, for 2 h. Then the samples were filtered through qualitative filter and diluted 

to 50 mL (in triplicate). The same pre-treatment procedure was applied to the MSW digestate 
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suspension samples collected during and at the end of nutrient extraction experiments, using 5 mL 

of sample instead.  

An Atomic Absorption Spectrometer (PinAAcle 900T, PerkinElmer) was used to quantify the Ca 

and Mg content in the pre-treated samples and in the seawater.  

P concentration was determined by the vanadomolybdophosphoric acid colorimetric method at a 

wavelength of 470 nm (spectrophotometer T80+ SW, PG instruments).  

Determination of TKN and NH4
+ were performed using the method reported in Bremen (1979). 

5.3 Results and discussion 

5.3.1 Development of a lab-scale experimental setup combining ED and GPM for the 

simultaneous P and N extraction from MSW digestate 

A new lab-scale setup combining ED and GPM was developed based on the existing laboratory ED 

cell (described in section 5.2.2).  

 

5.3.1.1 Selection of the position of the GPM  

In the original (non-modified) ED set-up (Figure 5.1a) used for P extraction, N is present in the MSW 

digestate placed in the central compartment. During ED, the pH of MSW digestate rapidly decreased 

from ≈9 to ≈2 and therefore N is likely present in the form of NH4
+, a positively charged specie that 

theoretically moves to the cathode compartment by electromigration. Once at the cathode, N is 

converted from the ionic form NH4
+ to the gaseous NH3 (ammonia) given the high pH at the cathode 

compartment. The high pH value at the cathode is predicted considering the reaction taking place at 

the cathode during the ED process (Equation 5.6), during which hydroxyl ions are generated:  

2 H2O + 2 e- → 2 OH- + H2         (5.6) 

 

In the current work, because the goal was to recover N concomitantly to P during ED, the GPM could 

be added either to the waste compartment or to the cathode compartment of the conventional ED 

cell. It was decided to add the GPM to the cathode compartment because N is present there as NH3 

and can be directly captured by the GPM. Using this design option is expected that the N arriving at 

the cathode compartment will be captured by the membrane without having to make additional pH 
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adjustments, simply using the reactions already occurring at the cathode during the ED extraction of 

P. The heavy metals (positively charged) that are also present at the cathode are not expected to 

interfere with N capture: the GPM, being hydrophobic and selectively permeable to gas, does not 

allow the crossing-over of aqueous heavy metals. Therefore, the solution of NH4Cl inside the 

membrane is free from any metal contaminants and can be used as a source of N in the process of 

struvite precipitation. 

 

5.3.1.2  Selection of stripping solution 

In most of the previous studies using GPM for N capture, sulphuric acid (H2SO4) was selected as 

stripping solution and as such, NH4
+ ions were recovered in the form of ammonium sulphate (García-

González et al., 2016, 2015). Because the objective of the current work is to recover a solution similar 

to the ammonium chloride salt previously used for struvite precipitation, it is not of interest to use 

H2SO4 as stripping solution, but to use HCl, instead. In these conditions N is expected to be recovered 

as NH4Cl, as intended, according to equation 5.7: 

NH3 + HCl → NH4
+ + Cl-         (5.7) 

 

 

5.3.1.3 Experimental setup combining ED and GPM 

To build the new laboratory scale cell for the simultaneous extraction of N and P, a tubular GPM 

was introduced at the cathode compartment. The integration of the GPM into the cathode 

compartment implied a change in its size, to accommodate the new membrane: the length was 

increased from 5 cm to 15 cm and the volume of the catholyte from 500 to 900 mL. Inlet and outlet 

holes were drilled at the cathode compartment and connectors were used to fix both ends of the GPM 

at these locations. The final setup used to carry out the simultaneously extraction of P and N from 

MSW digestate is represented in Figure 5.1b. 

5.3.2 Extraction of P and N using the novel integrated process with ED and GPM  

After its development, the new ED plus GPM setup was tested for the extraction of P and N from 

MSW digestate. Overall, a substantial reduction in NH4
+ and P concentrations in MSW digestate 

were observed over time in all experiments, with NH4
+ electromigrating to the cathode side and being 

captured by the GPM, while P electromigrated to the anode side, becoming concentrated in the 
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anolyte (Figure 5.2). 

 

5.3.2.1 N and P extraction in the first experiment (L15) 

The NH4
+ concentration reached 2204 mg L-1 in the HCl solution at the end of the L15 experiment 

(Figure 5.2a) which corresponds to an extraction for NH4
+ of 70 % (Table 5.2). NH3 capture by the 

GPM continuously increased until day 5, when the concentration of NH4
+ in HCl solution reached 

3080 mg L-1, representing an average daily extraction of 95 mg of NH4
+. After this time, there was 

no additional increase in the NH4
+ concentration in the HCl solution, even though the concentration 

of NH4
+ in the digestate suspension continued to decrease until the end of the experiment (Figure 

5.2a). This continuous decrease of NH4
+ in the MSW digestate compartment is due to the 

electromigration of NH4
+ to the catholyte. When in the catholyte, NH4

+ either remains in solution, 

or, if the pH is above 8, it is converted to gaseous NH3 and diffuses across the GPM, being collected 

in the acidic solution circulating inside the GPM. After day 5, NH3 is no longer being captured by 

the membrane (no increase of NH4
+ concentration in the HCl solution occurred), meaning that NH4

+ 

is being accumulated in the catholyte solution. Analysis of catholyte showed that approximately 9% 

of the initial NH4
+ was found in this solution at the end of experiment. This probably occurred 

because the pH of catholyte was no longer adequate (<3) from day 5 onwards to promote the 

conversion of NH4
+ to gaseous NH3. So, no more NH4

+ was extracted after day 5, even though the 

removal from the MSW digestate continued until the end of the experiment. 

On the other hand, a decrease of NH4
+ in HCl solution after day 5 occurred. This was probably due 

to: i) rise of the HCl solutions’ volume as a consequence of osmotic distillation (water vapour 

capture, as reported by Riaño et al. 2019), which caused a dilution effect on the NH4
+ concentration; 

and, ii) loss of NH3 from the system. Since the mass balances for NH4
+ showed a loss of less than 

3%, the main reason for the decrease in concentrations is attributed to the increase in the volume of 

acid. 

On the other side of the ED cell, P was also being extracted, but to the anolyte. At the end of the L15 

experiment the percentage of ED-extracted P was approximately 70 %, similar to NH4
+ extraction 

(Table 5.2). The extraction of P from MSW digestate occurred in two sequential stages; in the first 

stage the electrode (+) was placed in the compartment with the MSW digestate and a gradual 

acidification occurred (Figure S5.1) due to the reaction taking place at the anode, during which 

hydrogen ions are generated (Equation 5.8). As a result of the lower pH, the solubilisation of P from 

the MSW digestate occurred. 
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2 H2O → 4 H+ + O2 (g) + 4 e-        (5.8) 

 

At day 7, the pH in the MSW digestate suspension reached a value below 3 and the electrode (+) was 

moved into the anode compartment. From that point onwards, the P that had been solubilized started 

electromigrating to the anode compartment, building up in the anolyte.  

By following this strategy, no energy is spent transporting other negatively charged ions across the 

AEM in the first stage, and only when P ions are solubilized does the eletromigration to the anolyte 

begin. However, the decrease of pH in the MSW digestate suspension until a pH<3 is reached (Figure 

S5.1) was slower than anticipated (considering a previous work by Oliveira et al. (2019)). This might 

be the result of using a longer compartment and to the deficient stirring of the waste suspension, 

making the distance that ions need to travel longer, before they get to the anode or cathode ends. As 

a result, there was a substantial decrease in the percentage of ED-extracted P when compared to circa 

90% extraction attained in a previous work (Oliveira et al., 2019).  

 

5.3.2.2 N and P extraction in the second experiment (L10) 

Experiment L10 represents the second attempt to simultaneously extract P and N. In L10 the length of 

the compartment with MSW digestate was shortened to 10 cm (from 15 cm) in order to ensure a 

more homogenous stirring. 

The NH4
+ concentration in the HCl solution inside the GPM was 1180 mg L-1 (Figure 5.2b) with an 

average daily extraction of 68 mg of NH4
+. These values were lower than in the first experiment (L15) 

because a reduced amount of waste was also used. A slightly lower extraction of NH4
+, 64 % (Table 

5.2) was attained. Similarly to the L15 experiment, the NH3 capture by the GPM continuously 

increased until day 4; after this time, the concentration of NH4
+ in the HCl solution decreased. In this 

experiment, the loss of NH3 through volatilization was slightly higher than that observed in L15 (≈6%) 

which led to a lower NH4
+ extraction. After day 5 no more N was extracted.  

Contrarily to what was anticipated, the percentage of ED-extracted P was similar to the one obtained 

in the first experiment (71 %) and did not increase by better mixing the MSW digestate during the 

experiment. P was mostly extracted until day 9. 

  

5.3.2.3 N and P extraction in the third experiment (I75) 

In the third experiment (I75), a higher electric current was applied to the system (75 mA instead of 

50 mA) and the time allowed for extraction was reduced from 12 to 6 days for N and from 12 to 
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9 days, for P, following the results obtained in the previous experiment (L10).  

The extraction of NH4
+ reached ≈74 ± 11 % in only 6 days, representing an augment of nearly 10 % 

when compared to the obtained in the L10 experiment. The NH4
+ concentration in the HCl solution at 

the end of experiment was 1644 mg L-1, and in this case, only 3 days of experiment were necessary 

to reach the maximum concentration (1988 ± 131 mg L-1; average daily extraction of 106 ± 8 mg 

NH4
+). In spite of the decrease of NH4

+ concentration in HCl solution from day 3 until the end of 

experiment (caused by water vapour capture), the mass of NH4
+ extracted into the HCl solution 

increased in the same period, leading to an extraction efficiency increment of 8 % (from 66 % to the 

final 74 ± 11 %). The reduction of experimental time from 12 days to 6 days decreased the total 

capture of water vapour by the membrane from 122 mL (in L10) to 77 mL (in I75), which contributed 

to the higher concentration values of NH4
+ in this solution when compared to the previous 

experiments. 

Like NH4
+, the percentage of ED-extracted P was also higher than in L10 experiment; approximately 

81 ± 3 % of initial amount of P in MSW digestate was found in the anolyte solution.  

The use of a high current intensity in this experiment (75 mA) clearly forced a faster extraction of 

NH4
+ and P. This combination of techniques showed promising results; in further works other current 

intensities might be explored to further increase NH4
+ and P extractions. 
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Figure 5.2 Concentration of NH4
+ (full line) and P (dashed line) in the HCl and anolyte solutions (  ), 

respectively and, in the digestate (  ) during ED plus GPM experiments: L15 (a), L10 (b) and I75 (c). The error 

bars represent the standard deviation of duplicate experiments. 
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Table 5.2 Amount of nutrients at the beginning and at the end of ED plus GPM experiments in the MSW 
digestate compartment, in the anolyte (for P) and in the stripping solution of HCl (for NH4

+) together with 
extraction efficiencies (standard deviation of duplicate experiments is shown in parenthesis). 

Experiment 

Initial mass in MSW 

digestate 

compartment 

(mg) 

Final mass in MSW 

digestate 

compartment 

(mg) 

Mass in HCl for 

NH4
+, or in anolyte 

for P  

(mg) 

Extraction 

efficiency 

(%) 

NH4
+     

L15 668.7 76.8 467.3 69.9 

L10 494.3 43.1 315.0 63.7 

I75 486.0 (37.4) 59.2 (2.0) 355.8 (26.1) 73.6 (11.0) 

P     

L15 479.1 82.2 333.2 69.5 

L10 353.1 60.0 249.6 70.7 

I75 352.2 (20.1) 64.4 (16.7) 283.3 (5.0) 80.5 (3.2) 

 

5.3.3 Evaluation of the properties of the synthesised biofertilizer – secondary struvite – using 

synthetic and alternative N and Mg sources  

In all experiments where secondary struvite was synthesised the percentages of P precipitated were 

superior to 99.5 %, meaning that practically all the P in solution was recovered in solid form, 

regardless the N and Mg sources used. This result is in line with precipitation efficiencies reported 

by Oliveira et al. (2020) (up to 98 %).  

Purity of the secondary struvite was confirmed by XRD (Figure 5.3a). XRD spectra showed that 

100% of the three precipitates obtained were identified as MgNH4PO4.6H2O. The position of the 

peaks obtained from precipitates overlapped with the standard struvite and no minor crystalline 

phases were detected. Figure 5.3b shows the crystal morphology of STRUVITE-A, STRUVITE-S 

and STRUVITE-SA. Struvite crystals in STRUVITE-S (synthetic N and Mg sources) and 

STRUVITE-SA (alternative N and synthetic Mg) had dendritic shape. Using seawater as Mg source 

produced cube like irregular crystals (STRUVITE-A). This might be associated to the presence of 

other ions in seawater which have a dominant impact on the morphology development of crystals 

(Shaddel et al., 2020). Moreover, SEM images also showed some degree of aggregation of the 

secondary struvite crystals formed with seawater, unlike the crystals formed in STRUVITE-S and 

STRUVITE-SA. As the seawater reduces the initial supersaturation with respect to secondary 

struvite, the nucleation rate of crystals is also reduced, thus affecting the aggregation of secondary 

struvite crystals (Shaddel et al., 2020). The corresponding EDS spectra showed strong peaks of Mg, 

P and O elements for the three obtained precipitates, consistent with struvite (Figure 5.3c). 



 

Chapter 5 

 

118 

Furthermore, a weak peak of Ca element was detected in the secondary struvite produced with 

seawater (STRUVITE-A). Further analysis on the seawater showed that the concentration of Ca is 

837.5 mg L-1, representing a Mg:Ca molar ratio of 2:1. However, the presence of Ca didn’t inhibit 

the secondary struvite precipitation and non-crystalline phase were not identified in STRUVITE-A 

(Figure 5.3a), likely because the Mg:Ca ratio was high enough to minimize simultaneous 

precipitation of amorphous calcium phosphates (Le Corre et al., 2005). In further experiments, it is 

important to ensure that seawater’s Mg:Ca ratio is >2:1. 

All the aforementioned results revealed that a high-quality biofertilizer - secondary struvite - can be 

produced using alternative N and Mg sources instead of synthetic ones. 

 

Figure 5.3 X-Ray diffraction diagrams (a), SEM images (b) and corresponding EDS spectra (c) of the 

obtained biofertilizers precipitates with synthetic N and synthetic Mg sources (STRUVITE-S.), with 

alternative N (recovered from digestate using GPM) and synthetic Mg sources (STRUVITE-SA), and 

alternative N (recovered from digestate using GPM) and alternative Mg (obtained from seawater) 

(STRUVITE-A) 
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5.3.4 Preliminary assessment of the economic implications of replacing synthetic N and Mg 

salts by alternative materials on the synthesis of a biofertilizer 

An economic evaluation for the production of 1 kg of secondary struvite using different sources of 

N and Mg in the precipitation process was carried out. The data used in these calculations were 

retrieved from the three precipitation experiments, namely (i) STRUVITE-S, STRUVITE-SA and 

STRUVITE-A. Industrial prices of the reagents required for the precipitation of secondary struvite 

were gathered from supply companies. The cost of N recovery using a GPM technology at a pilot-

scale plant was previously reported in Molinuevo-Salces et al. (2020) as 2.07 € kg N recovered-1. As 

the cost of electricity was the same in the three experiments (0.07 €), only the costs with chemical 

reagents were considered. Figure 5.4 presents the results of the comparison of the three approaches 

considered. 

It was found that the cost for using a synthetic N source on struvite precipitation was approximately 

3 € per kg of struvite produced (0.72 kg; unit cost: 3.84 € kg-1; Figure 5.4a). Using the alternative N 

source (N extracted from MSW digestates) the cost was reduced to about 1€, representing a cost 

reduction for the supply of N of 80 % (Figure 5.4b,c). In contrast, the use of seawater as a source of 

Mg was costlier (3 €; Figure 5.4c) than using the synthetic Mg salt MgCl2.6H2O (1 €; 2.04 kg - unit 

cost: 0.5 € kg-1). Because the concentration of Mg in seawater is low, 167 L of seawater are required 

per each kilogram of synthesized struvite; so the higher cost is related to the transport of seawater 

from the ocean to the waste treatment plant (65 km, unit cost: 0.02 € L-1). From an environmental 

point of view, Shaddel et al. (2020) has previously reported that CO2 eq. emissions from MgCl2 use 

(≈1.9 kg CO2 eq.) are higher than when using seawater (1.7 kg CO2 eq.), considering similar Mg:P 

molar ratio as in the current work; hence the replacement of MgCl2.6H2O by seawater is expected to 

contribute to make the secondary struvite synthesis more environmentally attractive. 

In all approaches, the major cost was related to the consumption of NaOH required to rise the pH 

during chemical precipitation (STRUVITE-S: 18 kg; STRUVITE-SA: 51 kg; STRUVITE-A: 54 kg; 

unit cost: 0.375 € kg-1; Figure 5.4). This represented 64 % of the total costs in STRUVITE-S and up 

to 92 % in the STRUVITE-SA and STRUVITE-A. The use of seawater instead of synthetic Mg only 

caused a small increase of the amount of NaOH required (from 51 kg to 54 kg). But it is the use of 

alternative N source that is responsible for the large consumption of NaOH. This is related to the 

highly acidic pH of the N recovered solution (pH<1). The pH of the acidic solution increases as NH4
+ 

is been captured by the membrane (García-González et al., 2015), therefore, the capturing process 

can be stopped when the acidic solution pH reach neutrality, and therefore the NaOH costs will be 

reduced. Furthermore, the quantity of NaOH added during secondary struvite production depends on 

the final target pH; in our case, a pH=9 was chosen, but it is possible to carry out the secondary 
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struvite precipitation at a lower pH. Further works should be carried out to find the optimal pH for 

precipitation, without compromising the quality of secondary struvite. 

The reagents total costs, when alternative sources were used (STRUVITE-A and STRUVITE-SA), 

were 2 times higher than for the synthetic sources (STRUVITE-S) (Figure 5.4). This means that, 

under the conditions tested herein, the synthesis of secondary struvite using N and Mg sourced from 

alternative materials (21 € - 24 €) is more expensive when compared to using synthetic N and Mg 

sources (11 €).  

 

 

Figure 5.4 Contribution of each input for the operational costs (in euros) for production of 1 kg of secondary 

struvite with following conditions a) synthetic N and Mg sources (STRUVITE-S), b) alternative N and 

synthetic Mg sources (STRUVITE-SA) and c) alternative N and Mg sources (STRUVITE-A) 

From an environmental point of view, waste treatment to obtain by-products as biofertilizers through 

nutrient recovery is preferable to the use of raw materials from mining sources, as that contributes to 

reduce resource depletion, and follows the principle of the circular economy about closing the loops, 

presented in the latest European action plan (European Commission, 2015).  

5.4 Conclusions 

The recycling of 81 % of the P present in MSW digestate into a biofertilizer was successfully 

achieved using an innovative setup combining ED and GPM.  

Two solutions virtually free of contaminants were produced: one solution rich in P (the anolyte), 

resulting from the extraction of 81 % of the P contained in the MSW digestate and one solution rich 

in NH4
+ (stripping solution), resulting from the extraction of 74 % of NH4

+ present in the waste. 

These solutions were used for the synthesis of a biofertilizer, namely secondary struvite, through a 

precipitation reaction with a high precipitation efficiency (99.5 %).  
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The synthesis of the secondary struvite using alternative materials, such as N extracted from MSW 

digestate and seawater as a source of Mg, showed to be as feasible as when synthetic chemicals were 

used; a secondary struvite with high purity was obtained in both cases. The preliminary evaluation 

of costs showed that the synthesis of struvite using alternative materials is more expensive than using 

synthetic ones. Even though further optimisation is necessary in terms of reduction of cost with 

reagents, the results herein are encouraging in terms of the recycling of P from wastes and the 

replacement of synthetic fertilizers manufactured from finite sources, with secondary biofertilizers 

produced from organic waste.  
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Suplementary Material 

 

 

Figure S5.1 Digestate suspensions’ pH measured in the L15, L10, and I75 extraction experiments. The full 

black line (  ) indicates the pH value from which the P extraction from MSW digestate into the anolyte 

was initiated 



 

Chapter 5 

 

126 



 
 

 
 

��������			�
����������������������������������������
�����������������������������������������������������



 
 

 
 



 

Struvite quality assessment during electrodialytic extraction 

 

129 
 

6. Struvite quality assessment during electrodialytic extraction 

Abstract 

Struvite synthesized from anaerobically digested sludge can be conducted by a two-step process. The 

first step consists of electrodialytic extraction of phosphorus and heavy metals from the waste. The 

second step comprises the chemical precipitation of phosphorus as struvite. This work studied if the 

quality of phosphorus recovered as struvite is affected by the reduction of energy on the 

electrodialytic extraction step. Four electrodialytic experiments were carried out to assess the effect 

of the energy reduction through stirring time. This was followed by four struvite-precipitation 

experiments. The efficacy of the electrodialytic extraction of heavy metals is not affected by reducing 

the stirring from continuous mode to just 25% of the time. XRD analysis confirmed that the 

precipitates were constituted by pure struvite, while no significant accumulation of heavy metals was 

found in produced struvite. The struvite meets the requirements for use as phosphorus-based 

fertiliser. 

 

 

 

 

 

 

 

 

 

 

 

Based on: 

V. Oliveira, G.M. Kirkelund, J. Labrincha & C. Dias-Ferreira (2020). Struvite quality assessment 

during electrodialytic extraction. In Wastes: Solutions, Treatment and Opportunities III – C. 

Vilarinho, F. Castro, M. Gonçalves & A.L. Fernando (Eds.). Taylor & Francis Group, London, ISBN 

978-0-367-25777-4. DOI: 10.1201/9780429289798-38.  
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6.1 Introduction 

In the European Union, each person generates an average of 487 kg of municipal solid waste per year 

(Eurostat 2019). When the organic waste fraction is anaerobically digested the resulting sludge 

contains a high content of phosphorus (P) (Kalmykova & Fedje 2013). P is a vital element for all 

living beings; however P is also a finite resource whose reserves are declining, which makes crucial 

the search for alternative sources. Anaerobically digested sludge may be considered a potential raw 

material to be used for the production of fertilisers instead of the nonrenewable phosphate rocks. 

Nevertheless, this sludge also contains heavy metals (European Commission 2014) limiting its direct 

application in agriculture. Heavy metals may accumulate in soils and then be transferred to the food 

chain. Therefore, the real challenge on the valorisation of anaerobically digested sludge is the 

separation of P from the heavy metals to ensure the production of a safe and clean fertiliser.  

Struvite is a slow-release fertiliser widely used in agriculture to increase the contents of P, nitrogen 

and magnesium in soil for plant uptake. The production of struvite as a second generation P-based 

fertiliser was previously conducted using the anaerobically digested sludge. The first attempt was 

carried out by Oliveira et al. (2016). In that work, 90 % of P was firstly released from the waste using 

nitric acid as extractant (1.2 < pH < 1.5) followed by chemical precipitation of struvite. Although P 

has been successfully extracted from the waste, the formation of struvite did not occur due to the 

presence of large amounts of calcium. Afterwards, in the work of Oliveira et al. (2018), an 

electrodialytic (ED) process was conducted to separate P and heavy metals from the waste before the 

struvite production. The results showed that the P extracted was successfully transformed into 

struvite; however, the presence of zinc in the struvite did not allow its utilisation in agricultural 

applications. In the following work of Oliveira et al. (2019a), the contamination of struvite with zinc 

was avoided and the production of a high-quality struvite was attained; in that work, the ED process 

achieved an extraction of 90 % of P. However, ED extraction of P is an energy-consuming process; 

the generation of an electric field and the stirring of waste are required to promote the extraction of 

P and separation of heavy metals from the waste. Oliveira et al. (2019b) investigated the possibility 

of reducing energy use during ED extraction of P from anaerobically digested sludge through the 

replacement of continuous stirring by pulse stirring and the utilisation of pulse electric current as an 

alternative to a constant current. The results revealed that about 70 % of energy could be saved during 

the ED extraction process by operating the stirrer during 25 % of the time without compromising the 

P extraction yields (close to 90 %). However, the reduction of stirring time during the ED extraction 

might affect the separation of heavy metals from P and interfere with struvite formation. Thus, it is 

also crucial to evaluate the effects of the reduction of stirring time on the separation of heavy metals 

from the waste. 
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The main objective of this work is to assess the quality of the produced struvite after the reduction 

of energy usage during ED extraction of P and heavy metals from anaerobically digested sludge. 

6.2 Materials and methods 

6.2.1 ED experiments 

Four ED experiments were carried out for 7 d, to evaluate the extraction of heavy metals from 

anaerobically digested sludge (Table 6.1), before the struvite production. The anaerobically digested 

sludge used in the experiments presented a pH between 7.67 - 7.71 and the following P and heavy 

metal concentrations (dry weight): 7.5 ± 0.5 g P kg-1; 351.4 ± 74.4 mg Zn kg−1; 

158.6 ± 14.6 mg Pb kg−1; 148.1 ± 21.9 mg Cu kg−1; 34.0 ± 2.1 mg Cr kg−1; 29.3 ± 3.6 mg Ni kg−1 

and 1.2 ± 0.05 mg Cd kg−1. A more detailed physico-chemical characterisation of the anaerobically 

digested sludge can be found in Oliveira et al. (2019a). 

All experiments were conducted in a three chamber ED cell setup (Figure 6.1), which is fully 

described in Oliveira et al. (2020). Briefly, a two-step ED extraction was used; in the first step, the 

anode (+) was placed directly in the waste chamber to enhance the acidification reactions occurring 

in the ED process. During this step, the negatively charged ions (e.g. PO4
3-, Cl-) are solubilised from 

the waste and kept in the waste chamber, while the positively charged ions (e.g. Cu2+, Zn2+) are 

solubilised and electromigrate into the cathode chamber. In the second step, the anode (+) was moved 

from the waste chamber to the anode chamber which further allows the separation of the negative 

charged species from the waste towards into the anode chamber.  

In all experiments, 35 g of waste and 350 mL of distilled water (L:S = 10 mL g-1) were placed into 

the waste chamber and stirred using a plastic flap fastened to a glass spatula connected to an overhead 

stirrer (VWR VOS). 500 mL of 0.01 M NaNO3 was circulated in the anode and cathode chambers. 

A power supply (E3612A, from Hewlett Packard) was used to generate an electric current of 50 mA. 

Table 6.1 Experimental conditions tested in ED experiments. 

Experiment Stirring  Electric current 

A Continuous 50 mA 

B Pulse: 45 min ON + 15 min OFF 50 mA 

C Pulse: 30 min ON + 30 min OFF 50 mA 

D Pulse: 15 min ON + 45 min OFF 50 mA 
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During the experiments, the electric current, voltage and pH in the waste suspension were registered 

every day. The catholyte’s pH was maintained below 2 by addition of 1:1 HNO3. 

At the end of the experiments, heavy metals were measured in: i) liquid and solid phase of the waste, 

after filtration using quantitative filter paper and drying in an oven (105 ºC), overnight; ii) soaking 

electrode solutions (in 5 M HNO3, during 24 h); iii) ion-exchange membrane cleaning solutions (in 

1 M HNO3, 24 h); and iv) anolyte and catholyte solutions, after their volumes were recorded. 

 

 

 

 

 

 

Figure 6.1 ED apparatus used in all experiments. The three chambers are made in Plexiglas® (D = 8 cm): i) 

anode and cathode chambers have L = 5 cm and, ii) waste chamber has L = 10 cm. Ion exchange membranes 

are from IONICS (204 SZRA B02249C; CR67 HUY N12116B) and the electrodes (+) and (-) are platinum 

coated titanium bars from Permascand® (D = 3 mm and L = 5 cm). 

6.2.2 Struvite production 

The anolytes obtained at the end of the four ED experiments were used as P concentrate solutions 

and were used to produce struvite through chemical precipitation. The detailed procedure is described 

in Oliveira et al. (2018). The structure of the harvested precipitates was analysed by X-ray diffraction 

(XRD, Rigaku Geigerflex (JP) with a Cu anode, operating at 20 kV and 40 mA. The precipitates 

were also analysed for the contents of P and heavy metals. 

6.2.3 Analytical procedures 

Heavy metals concentrations in the solid samples resulting from the ED experiments and the struvite 

precipitates were measured after a pre-treatment described in Danish Standard DS259 (2003) . The 

digested samples were filtered by vacuum through a 0.45 µm filter and diluted to 50 mL. The 

concentrations of the liquid samples resulting from ED experiments (after filtration with a 0.45 µm 

syringe filter) and the digested samples were quantified by ICP-OES (Varian 720-ES). All 
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concentration units are given in dry weight. The pH measurements during ED experiments were 

made using Radiometer electrodes. 

6.3 Results and discussion 

The presence of heavy metals in the P rich solutions used in the struvite-precipitation experiments 

can affect the recovery of P as struvite. Thus it is important to firstly assess what are the effects of 

the reduction of energy usage on the efficacy of ED process to separate heavy metals from the waste 

(section 6.3.1). Then, the produced struvite is analysed in terms of its structure and elemental 

composition in order to assess its applicability as fertiliser (section 6.3.2). 

6.3.1 Effects of the reduction of stirring time on the efficacy of the ED extraction of heavy 

metals 

The heavy metal concentrations (Cu, Cd, Cr, Ni, Pb and Zn) in the P concentrate solutions should be 

inexistent or low to avoid the production of a contaminated struvite which would make unsuitable its 

further utilisation for agriculture applications. The ED process will thus be efficient if the heavy 

metals are moved from the waste into the cathode chamber and/or if the heavy metals are not present 

in the P concentrate solution. 

Figure 6.2 shows the amount (mg) of heavy metals found in the different parts of the ED cell at the 

end of the extraction experiments. The heavy metals were mostly found in the solid phase of the 

waste and/or moved into the cathode chamber; only a very small amount of heavy metals was found 

in the anolyte. More than 93 % of Cr remained in the solid phase (data not shown) as well as the Cu 

and Pb, but in a smaller extent, while Zn and Ni were mainly moved into the cathode chamber. 

Overall, similarly to P (Oliveira et al. 2019b), the reduction of stirring during the ED extraction of 

heavy metals from continuous to 25 % of stirring does not negatively affect the separation of heavy 

metals (Figure 6.2).  
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Figure 6.2 Distribution of Cu, Ni, Pb and Zn in different parts of the ED cell at the end of extraction 

experiments 
 

6.3.2 Quality of synthesized struvite 

6.3.2.1 P and heavy metal removal from solution during struvite precipitation 

P and heavy metal removals (Table 6.2) at the end of struvite-precipitation experiments was defined 

as the difference between the initial and the final concentration in relation to the initial concentration. 

P and heavy metal removals were similar in all four struvite-precipitation experiments which 

indicates a good repeatability of the experimental conditions. Circa 99 % of P was removed from the 

anolyte solutions as a solid white powder indicating that struvite was successfully produced. Only 

1% P was left in solution, allowing the recovery of the maximum amount of struvite. Regarding the 

heavy metal removal, it was found that under the experimental conditions tested herein, Zn and Pb 

had the highest removal during precipitation (≈ 92 %) followed by Cr (≈ 50 %) and Ni (≈ 30 %). Cu 

was the element less susceptible to be precipitated (≈ 3 %). Despite the higher heavy metal removals, 

a pure struvite is expected, because the concentrations of heavy metals in the anolyte solutions were 

very low (< 1 mg L-1) compared to the P concentrations. 

Table 6.2 P and heavy metals removals (%) at the end of struvite-precipitation experiments. In parenthesis 
are shown the initial concentration (mg L-1) of the element in anolyte solution. 

Element Exp. A Exp. B Exp. C Exp. D 

P 99 (530) 99 (542) 99 (547) 99 (559) 

Cr 43 (0.05) 58 (0.06) 52 (0.06) 43 (0.06) 

Cu 10 (0.15) 2 (0.12) 0 (0.14) 1 (0.17) 

Ni 54 (0.03) 29 (0.1) 15 (0.10) 23 (0.05) 

Pb 76 (0.02) 100 (0.02) 100 (0.02) 92 (0.03) 

Zn 86 (0.10) 98 (0.89) 95 (0.78) 90 (0.40) 
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6.3.2.2 Confirmation of struvite formation 

The XRD analysis of the precipitates obtained from the P concentrate solutions from the ED 

experiments are shown in Figure 6.3. The XRD pattern confirms the appearance of struvite crystals. 

In all precipitates (struvite A - D), the position of the diffraction peaks well matched the ones of the 

standard (Figure 6.3 - vertical lines) and no traces of impurity phases were identified, which validates 

the purity degree of the produced struvite. No difference was distinguished between the XRD pattern 

of struvite produced from P concentrate solution obtained from ED process with continuous stirring 

and with only 25 % of the stirring time.  

 

 

Figure 6.3 XRD pattern of struvite produced from ED P concentrate solutions (the red vertical lines 

represent the struvite standard: 00-015-0762). 

6.3.2.3 Heavy metal concentrations in the struvite 

Table 6.3 presents the contents of P and heavy metals in the struvite. Overall, a similar P content was 

measured in all struvite precipitates (around 13 %). Cd and Ni, except for one sample, were not 

detected in the struvite. Similarly to P, the Cu, Cr and Pb concentrations in the struvite precipitates 
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were very similar. In contrast, the Zn concentration was highest in the struvite produced from P 

concentrate solutions obtained after the pulse stirring ED process. The Zn concentration was about 3 

to 6 times higher in these experiments compared to the struvite produced from the P concentrate 

solution obtained from the ED experiment with continuous stirring. Nevertheless, the Zn 

concentration still meets the requirements established by Portuguese and Spanish legislation for 

fertilisers application. These results highlighted that there is no major effect of the energy reduction 

on the ED process in the quality of the sunthesized struvite. 

Table 6.3 Contents of P and heavy metal in the recovered struvite and limits for fertiliser application in 
agriculture in two European countries. (*) values retrieved from Ministério da Economia (2015). (**) 

(Ministerio De La Presidencia 2005). 

Precipitate 

P 

(g kg-1) 

Zn 

(mg kg-1) 

Cu 

(mg kg-1) 

Pb 

(mg kg-1) 

Ni 

(mg kg-1) 

Cr 

(mg kg-1) 

Cd 

(mg kg-1) 

Struvite A 132.6 26.4 2.4 8.3 <0.02 mg L-1 6.7 <0.02 mg L-1 

Struvite B 130.4 169.5 2.2 8.4 3.0 8.1 <0.02 mg L-1 

Struvite C 127.6 154.9 1.5 6.4 <0.02 mg L-1 7.5 <0.02 mg L-1 

Struvite D 129.5 80.9 1.4 8.2 <0.02 mg L-1 7.3 <0.02 mg L-1 

Portugal(*) - 500 200 150 100 150 1.5 

Spain (class 
A)(**) - 200 70 45 25 70 0.7 

6.4 Conclusions 

Struvite synthesized from phosphorus concentrate solutions obtained after electrodialytic extraction 

of phosphorus and heavy metals from anaerobically digested sludge presents the required quality to 

be considered as phosphorus-based fertiliser for agriculture. Even if the tested strategy of energy 

reduction during the electrodialytic process caused an increase of the zinc in the phosphorus 

concentrate solutions used in struvite-precipitation experiments, the concentration of this species in 

the struvite is below the guideline limit. Overall, the recovery of phosphorus from anaerobically 

digested sludge as struvite was not affected by the energy reduction of the electrodialytic process. 
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7. Evaluation of a phosphorus fertiliser produced from anaerobically 

digested organic fraction of municipal solid waste 

Abstract 

When urban waste is not separately collected its phosphorus content cannot be recovered. The 

production of phosphorus-based fertilisers from urban waste could generate phosphorus added-value 

products, reduce environmental impacts from waste disposal and lower the consumption of virgin 

raw materials in the fertiliser industry. The main objective of this work was to evaluate the short-

term agronomic value of a phosphorus fertiliser, which has the same chemical composition and 

mineralogical structure as struvite, but is artificially produced using phosphorus recovered from the 

anaerobically digested organic fraction of municipal solid waste (herein referred to as “secondary 

struvite”). To evaluate the release of phosphorus forms over time a 30 d incubation experiment was 

performed. Then the cultivation of rye (Secale cereale L.) was done in pot scale during 45 d to assess 

the phosphorus phytoavailability and the agronomic potential of secondary struvite, when compared 

with the commercial mineral fertiliser, single superphosphate. This work contributes to fill a 

knowledge gap about the effects of this secondary struvite as a source of phosphorus on soil 

phosphorus forms as well as on phosphorus’ soil and plant availability. 

At the end of the incubation experiment, a similar distribution of phosphorus forms in soil for both 

secondary struvite and single superphosphate was observed; however, the soil Olsen phosphorus was 

significantly higher in the soils fertilised using secondary struvite than in those fertilised by single 

superphosphate, which indicates that secondary struvite provided a higher amount of immediately 

phytoavailable phosphorus.  

The shoot biomass production (1.7 g dry-matter kg-1 soil) and the agronomic efficiency 

(66 g dry-matter g-1 phosphorus) were similar for both fertilisers. But the crop’s phosphorus uptake 

and the apparent phosphorus recovery were higher (5.9 mg phosphorus kg-1 soil and 45 %) in the 

secondary struvite treatment than in the single superphosphate treatment (4.7 mg phosphorus kg-1 

soil and 36 %). The results suggest that the secondary struvite can be used as a phosphorus fertiliser 

and lower rates of the secondary struvite are required to achieve the same agronomic efficiency as 

the single superphosphate. 

 

Based on: 

Verónica Oliveira, Carmo Horta & Celia Dias-Ferreira (2019). Evaluation of a phosphorus fertilizer 

produced from anaerobically digested organic fraction of municipal solid waste. Journal of Cleaner 

Production, 238: 117911. DOI: 10.1016/j.jenvman.2017.04.065.  
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7.1 Introduction 

The exponential population growth during the last century has led to intensified application of 

phosphorus (P) fertilisers in agriculture. P is a vital nutrient for plant development, growth, and food 

production, representing about 0.2 % of a plant’s dry weight (Liu et al., 2015). P deficiency in soils 

may provoke changes in crops’ metabolism, physiology, morphology as well as contributes to a 

reduction in yield and quality (Pandey et al., 2015). For this reason, P is one of the key fertiliser 

constituents and no feasible substitute has been found yet (Kataki and Baruah, 2018). About 80 % of 

the P used in fertilisers’ manufacturing is sourced from phosphate rock, which is a non-renewable 

resource; at this rate, existing reserves will most likely be exhausted within the next 100 years 

(Cordell et al., 2009). If this occurs, global food security would be dramatically endangered. It is 

crucial to promote the sustainable and integrated use of the limited P-resources in order to move 

towards a circular economy leveraged by a zero waste production and a reduction in the use of 

primary raw materials (European Commission, 2014a). The pressure associated with the finite nature 

of phosphate rock has been the driving force behind the development of P recovery technologies 

which includes the recycling of P from waste streams. 

Municipal solid waste (MSW) is originated from private household activities and other similar 

establishments. When the organic fraction of MSW (that represents 30-50 % of its total mass) is not 

source segregated, it is then mechanically sorted from the mixed waste at the waste treatment 

facilities, and then conducted to anaerobic digestion, a practice widely applied in Europe, allowing 

for the recovery of energy through biogas generation (European Commission, 2014b). The resulting 

product, digestate, is then composted and finally landfilled or used for non-agricultural applications 

(European Commission, 2014b). In line with the circular economy approach, digestate of MSW 

could be seen as an alternative source of P (Oliveira et al., 2018), which would enable a reduction in 

the consumption of phosphate ore fertilisers. The reuse of digestate, which has an annual European 

production of 56 Mt of fresh matter (European Commission, 2014b), would allow the valorisation of 

a waste into a resource, and therefore would be a step forward in “closing the loop” in circular 

economy systems (European Commission, 2014a). 

Among nutrient recovery technologies, struvite precipitation is referred to as one of the feasible 

techniques available (Kataki and Baruah, 2018). In a previous work (Oliveira et al., 2018), struvite 

formation was carried out to recover P from digestate of MSW. As this struvite was artificially made 

using P recovered from MSW, it is herein referred to as “secondary struvite”, to distinguish it from 

the primary resource obtained from mining. The technique of struvite precipitation has been widely 

applied in P recovery from other waste materials such as swine wastewater (Liu et al., 2011), swine 

manure (Burns and Moody, 2002), calf manure (Schuiling and Andrade, 1999), wastewater (Rahman 
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et al., 2014), anaerobic digested wastewater effluent (Jia et al., 2017), sewage sludge (Munir et al., 

2017) and sewage sludge ash (Xu et al., 2012).  

Struvite is a crystalline mineral consisting of magnesium ammonium phosphate (MgNH4PO4·6H2O) 

with a solubility of 0.2 g L-1 in water (Barak and Stafford, 2006). The content of P in struvite is 

12.6 % (weight) and is referred to as a slow-release fertiliser. It can be used in agriculture 

(Karunanithi et al., 2015) as an effective source of P, nitrogen (N) and magnesium (Mg) for plants 

(Ryu et al., 2012) or as a raw material in the production of fertilisers (Talboys et al., 2016). 

The fertilising value of secondary struvite (derived from several waste materials) as a source of P in 

pig manure (Achat et al., 2014), veal manure (Johnston and Richards, 2003), liquid hog manure 

(Katanda et al., 2016), deep frozen French fries wastewater (Horta, 2017) and sewage sludge (Cabeza 

et al., 2011) was reported. As a multi-nutrient source, the fertilising value of secondary struvite was 

assessed for liquid pig manure fraction (Ehmann et al., 2017), dairy manure (Hilt et al., 2016), swine 

wastewater (Ryu and Lee, 2016), municipal wastewater (Telse et al., 2017), human urine (Xu et al., 

2018) and landfill leachate (Li and Zhao, 2003). Overall, these studies reported an increase in the 

plant yields and P, N and/or Mg uptake when secondary struvite was used as a fertiliser. The 

knowledge available in relation to the effects of secondary struvite as a source of P on soil P forms 

is scarce, even though such information is a key aspect in the understanding of P availability in crops. 

There is also a lack of information concerning the effect of the secondary struvite on the phosphorus’ 

soil and plant availability, as well as on the agronomic efficiency of P after struvite application as a 

fertiliser. The present research is a contribution to fill-in those gaps. Using soil incubation test, the 

research aims to assess P forms in the soil after fertilisation with secondary struvite and the 

transformation of P into forms of different availability to crops. The second objective is to assess the 

fertilising value of secondary struvite using micro-pot experiment to measure biomass production, P 

uptake and agronomic indexes (apparent P recovery, agronomic efficiency), and compare it with a 

commercial mineral fertiliser, single superphosphate (SSP). The replacement of fertilisers sourced 

from phosphate mines by secondary fertilisers, with P recovered from waste, will reduce the 

consumption of raw materials in the manufacturing process and promote a cleaner production of 

fertilisers. This will help to ensure the sustainability of the agricultural sector. From the 

manufacturer’s point of view, the production of this secondary struvite will allow them to overcome 

the current scarce supply of phosphorus and secure a continuous supply of fertilizer, which in turn 

will ensure food security. 
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7.2 Materials and methods 

7.2.1 P fertiliser 

The secondary struvite tested in this study was produced as described in Oliveira et al. (2018). The 

digestate was collected at a mechanical and biological treatment facility in the Centro Region, in 

Portugal, comprising mechanical sorting of MSW, followed by anaerobic digestion of the organic 

fraction. The P present in the digestate of MSW was first extracted using an electrodialytic (ED) 

process followed by chemical precipitation of the struvite. During the ED process, a voltage drop 

was applied across the waste and the electric field created extracted P into a separate compartment 

allowing its separation from possible heavy metal contaminants in the original digestate (Oliveira et 

al., 2018). The chemical precipitation was carried out from the ED P-rich solution with the addition 

of hexahydrate magnesium chloride (MgCl2·6H2O) and ammonium chloride (NH4Cl) in a molar ratio 

Mg:N:P of 2:2:1 (Oliveira et al., 2018). Precipitated secondary struvite was separated by filtering the 

solution through a 0.45 µm membrane which then was dried for 24 h at 105 °C (STE-F 52, FALC, 

Italy). The characterisation of the recovered struvite using X-ray diffraction and scanning electron 

microscopy coupled with energy dispersion spectroscopy techniques can be found in Oliveira et al. 

(2018). These analyses confirmed the struvite’s purity and the successful formation of struvite 

crystals. The recovered secondary struvite (≈ 0.7 g) was then used in the incubation and in the micro-

pot experiment. 

7.2.2 Assessment of P transformations in soil after fertilisation 

In order to evaluate the P availability of the secondary struvite, the soil P transformations were 

assessed in an incubation experiment. The soil used was a Dystric Regosol (IUSS, 2015) derived 

from granitic rock which is an acidic sandy loam soil with low content of exchangeable cations (Ca2+, 

Mg2+, K+ and Na+), Olsen P and total P as well as medium content of organic matter (Table 7.1) 

(LQARS, 2006). The soil sample was collected from a farm in Castelo Branco, Portugal and dried at 

40 °C (UL 60, memmert, Germany, SER. Nº: 820328) for 48 h. The dried soil was sieved (< 2.0 mm) 

and analysed (in duplicate) prior to being used in the incubation experiment. SSP (Fertiberia classic 

- superfosfato simple, Fertiberia, S.A., Spain), one of the most used rock-phosphate based fertilisers, 

was compared with secondary struvite. 
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Table 7.1 Basic properties of the soil used in experiments (Mean ± Standard Deviation). 

Parameter Soil 

Texture Sandy loam 

pH (H2O) 5.1 ± 0.01 

Organic C (g kg-1) 11.3 ± 0.73 

Olsen P (mg kg-1) 11.7 ± 0.28 

Total P (mg kg-1) 186 ± 1.7  

Exchangeable bases  

K+ (cmolc kg-1)  0.2 ± 0.01 

Na+ (cmolc kg-1) 0.03 ± 0.01 

Ca2+ (cmolc kg-1) 1.2 ± 0.16 

Mg2+ (cmolc kg-1) 0.3 ± 0.03 

 

In the soil incubation experiment, three treatments (control, SSP and secondary struvite) were 

prepared for a total of 12 plastic pots (4 replicates for each treatment). Each pot had 1.5 kg of sieved 

soil mixed with the P source (secondary struvite or SSP). In the control treatment no P source was 

added. The P application rate in pots fertilised with secondary struvite and with SSP was 13.1 mg 

per kg of soil which corresponds to ≈ 30 kg P ha-1 (Horta, 2017), following the national 

recommended standard for rye production in Regosols (LQARS, 2006). The P content and amount 

of fertiliser used in each pot are given in Table 7.2. The pots were then incubated for 30 d at 25 °C 

in the dark and maintained at 70 % of water field capacity (Horta, 2017). During the incubation time, 

25 g of soil were taken from each pot after 2 d, 7 d and at the end of experiment (30 d). Then the 

collected soils were air dried at 40 °C (UL 60, memmert, Germany, SER. Nº: 820328) for 48 h and 

analysed for Olsen P, total P (Ptot) and P forms using sequential fractionation method (Siebers et al., 

2013). At the end of incubation experiment, the P recovery (Prec) by the Olsen method was calculated 

according to Eq. 7.1 (Horta, 2017): 

 

����  = �M���� � ����� �������������2N������ M���� ��
� �!!�! �� ���� ,     (7.1) 

 

in which: 

- Prec is the fraction of plant-available P in fertilised soil at the end of the 30 d incubation 

experiment (mg kg-1) in relation to the P application rate (mg kg-1) used in the incubation 

experiment.  

- Olsen P (mg kg-1 soil) after fertilisation is the concentration in fertilised soil of plant-
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available P at the end of 30-d incubation experiment. 

- Initial Olsen P is the concentration in the unfertilised soil of plant-available P at the start of 

the incubation experiment. 

- P added to the soil represents the P application rate (mg kg-1) in the incubation experiment. 

Table 7.2 Content of P in the fertilisers and amount of fertiliser used per pot in each treatment. 

Group/ 

Treatment 

P source P content in 

fertiliser 

(g 100g-1) 

Amount of fertiliser 

used (g pot-1) 

Amount of P 

(mg pot-1) 

Control - 0 0 0 

Secondary 
struvite 

Secondary struvite 12.2 0.161 19.6 

SSP Single Superphosphate 7.8 0.250 19.6 

7.2.3 Evaluation of the agronomic value of secondary struvite as P fertiliser 

The micro-pot experiment that tested the agronomic value of secondary struvite and SSP as P 

fertilisers was performed using the fertilised soils from the incubation experiment, in a growth 

climate chamber (aralab fitoclima 5000PLH, Portugal) at a temperature of 24 °C daytime and 15 °C 

night-time with 75 % of relative humidity and 16 h of daylight (90 µmol photons m-2 s-1), following 

the procedure of Horta (2017). Three treatments, each one with four replicates, totalling 12 pots, 

were prepared. In each pot, 150 g of incubated soil and 50 g of purified sand were added (Horta, 

2017). Three seeds of rye (Secale cereale L.) were placed in each pot. The soil was kept at 75 % of 

water field capacity. After 5 d of sprouting one plant was left in each pot. An half-strength Hoagland 

solution without P was applied in every pot during the experiment (totalling 45 mg of nitrogen for 

the plant) in order to avoid other nutrient deficiencies other than those induced by P (Horta, 2017). 

The sole P source for the rye were the fertilisers (SSP or secondary struvite). 

After 45 d the plants were harvested. This time interval allows plants to develop enough so that the 

effects of the different treatments become evident, while ensuring that the plants remain upright. 

Shoots were separated from roots, weighed, washed, and air dried at 65 °C (UL 60, memmert, 

Germany, serial number: 820311) for 48 h, and the plant’s dry matter was determined (Horta, 2017). 

The total P content of shoots and roots was evaluated (MAOTDR and MAODR, 2009). The soils 

were air dried at 40 °C during 48 h and analysed for Olsen P, Ptot and P forms using a sequential 

fractionation method. 

The agronomic value of secondary struvite and SSP were evaluated through the plant biomass 

(g of dry matter per kg of soil) and P uptake (mg P kg-1 of soil) (Horta, 2017). Apparent P recovery 
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(Eq. 7.2) and  agronomic efficiency (AE) (Eq. 7.3) were the chosen parameters to measure the 

efficiency of the fertiliser, according to Syers et al. (2008): 

O**����� � ���
P�� Q ��
* �%� =  R� C$��S� &� � ��� T�% S%UV ����W
� �!!�! �� ���� ��% S%UV ����� X × 100   (7.2) 

 

O= �9 
� YZ [92\
� � �**]	�B �
 ^
	]� =  R �_.2_̀ �
� �!!�! �� ���� ��% S%UV �����X  (7.3) 

 

in which: 

- P uptake by shoot (Eq. 7.2) is calculated as the P content in the shoot (mg kg-1) multiplied 

by the shoot’s biomass per kg of soil, and divided by the amount of P initially added to the 

soil (mg per kg of soil).  

- Y is the shoot biomass (g) per kg of soil obtained in pots fertilised with secondary struvite 

or SSP (Yn) or in unfertilised pots (Yc) (Eq. 7.3).  

- P added to soil is the P application rate in pots fertilised with secondary struvite and SSP 

(13.1 mg kg-1). 

7.2.4 Analytical methods  

A soil sample was collected at a depth of 0-20 cm, which was then air dried, sieved (< 2 mm) and 

analysed for pH (H2O), organic matter, textural class, exchangeable bases (Ca2+, Mg2+, K+ and Na+), 

Olsen P and Ptot (Table 7.1). The pH was measured using a pH electrode (CRISON micropH 2002, 

Spain) by taking 10.0 g of dried and sieved soil and 25 mL of distilled water (1: 2.5 soil:solution 

ratio) which were in contact for 1 h. The organic matter was analysed using a potentiometric titration 

method (HI 901 C1, HANNA Instruments, USA) according to the procedure described in Walkley 

and Black (1934). The soil texture was evaluated by the particle size analysis using the pipet method 

(Deshpande and Telang, 1950). The contents of Ca2+, Mg2+, K+ and Na+ were measured by atomic 

absorption spectrometer (Thermo Scientific Series iCE 3000, USA) after an extraction of 16 h with 

40 mL CH3COONH4 buffered at pH 7.0. The Olsen P was used to evaluate plant available P, which 

was determined according to Olsen et al. (1954). Total P was measured by shaking 1.0 g of dried soil 

incinerated at 550 °C (Controller B 180, Naberthem, Germany) during 3 h with 25 mL sulphuric acid 

0.5 M for 16 h.  
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The sequential fractionation P method to quantify soil P forms was carried out using the Hedley et 

al. (1982) procedure as modified by Siebers et al. (2013). This method involved four steps and the 

corresponding putative P forms obtained in each extraction step were: (i) easily exchangeable and 

solution P (H2O-P – extraction of P with distilled water); (ii) labile inorganic, organic and some 

microbial P (NaHCO3-P – extraction of P with NaHCO3 at pH = 8.5); (iii) inorganic and organic P 

forms sorbed and/or fixed by aluminium and iron oxide minerals as well as P forms in humic and 

fulvic acids (NaOH-P – extraction of P with NaOH); and (iv) P associated with Ca and Mg minerals 

(H2SO4-P – extraction of P with H2SO4) (Siebers et al., 2013). Total P content was measured in 

extracts resulting from steps (ii) and (iii) after digestion with potassium persulfate and sulphuric acid. 

Total P and inorganic P (Pino) in all the extracts was quantified by spectrophotometry using the 

colorimetric molybdate blue method (Murphy and Riley, 1962) at a wavelength of 712 nm 

(spectrophotometer Thermo Electron Corporation –evolution 300 LC, USA). Organic P (Porg) in the 

extracts of the sequential fractionation method was calculated as the difference between Ptot and Pino.  

The dry matter of shoots and roots was grounded in a ball mill (S100, Retsch, Germany), sieved at a 

0.5 mm-mesh (Horta, 2017) and then placed in a muffle furnace at a temperature of 480 °C 

(Controller B 180, Naberthem, Germany) for 16 h to obtain the ashes. P was measured in the shoots 

and in the roots by using atomic absorption spectrometry, after digestion of the ashes with a 

hydrochloric acid solution (HCl 20 %, v/v) (MAOTDR and MAODR, 2009). 

All concentrations are given on dry weight basis and represent mean values. 

7.2.5 Statistical analysis 

One-way ANOVA analyses were conducted to identify the effect of the treatments (control, SSP and 

secondary struvite) on Olsen P, Ptot and P forms during soil incubation experiment (at t = 2, 7 and 

30 d), as well as at the end of micro-pot experiment, on plant biomass production, P uptake by rye, 

Olsen P, Ptot and P forms. Tukey’s test was used to compare means at 0.05 probability level. The 

differences between soil Olsen P, Ptot and P forms at the beginning and at the end of micro-pot experiment and 

also the apparent P recovery and the AE by rye were statistically tested using Student t-test. All statistics 

were performed with IBM SPSS Statistics software (version 23). 
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7.3 Results and discussion 

7.3.1 Soil P tests and soil P forms from the incubation experiment 

P fertilisation significantly increased the available P (Olsen P) and Ptot compared with unfertilised 

soils (p < 0.05), during the whole incubation time (Figure 7.1). The soils fertilised with secondary 

struvite registered a significant increase of about 30 % of the available P compared with SSP 

(p < 0.001), on all sampling days. Available P in soils fertilised with SSP was 15.1 mg kg-1, being 

20.5 mg kg-1 for secondary struvite fertilised soils, at the beginning of the experiment and 

16.1 mg kg-1 for SSP and 20.6 mg kg-1 for secondary struvite at the end of the experiment. According 

to the soil fertility classifications proposed by Horta et al. (2010), in which data of the Portuguese 

acidic soils were used, these soils are included in the medium fertility class. The Portuguese standards 

for P soil fertility classification are as follows: i) very low: Olsen P < 8 mg kg-1; ii) low: 8 < Olsen 

P < 12 mg kg-1; iii) medium: 13 < Olsen P < 22 mg kg-1; iv) high: 23 < Olsen P < 42 mg kg-1; and v) 

very high: Olsen P > 42 mg kg-1). The available P and Ptot were not statistically different throughout 

the incubation time (p ≥ 0.05), regardless of the fertiliser used. This result indicates that the P source 

provided by SSP and by secondary struvite fertilisers is immediately quantified as available by the 

Olsen P test after its incorporation in this acid sandy loam soil. The P recovery by the Olsen test, in 

relation to the P added to soil (Eq. 7.1) at the end of incubation experiment was significantly higher 

(p < 0.05) in the soils fertilised with secondary struvite (0.84) than in the soils fertilised with SSP 

(0.50) which probably indicates a higher solubilisation of P when secondary struvite is used. Horta 

(2017) also observed that the P recovery by the Olsen P test was higher for soils fertilised with 

struvite recovered from deep frozen French fries wastewater (0.76) when compared to soils fertilised 

with SSP (0.66), compost from poultry litter (0.50) or compost from sewage sludge (0.48). At the 

end of incubation experiment, the Ptot in soils fertilised with secondary struvite was 213.3 mg kg-

1 and 207.6 mg kg-1 for SSP, which demonstrates that no significant differences were found among 

the fertilised treatments (p ≥ 0.05). Total P of the unfertilised soils was 182.2 mg kg-1. The soil 

fertilisation resulted in an increase of the Ptot around 15 % - 20 %. The ratio of available P by the Ptot 

in soils fertilised with secondary struvite was about 10 % and about 8 % for SSP. Fristák et al. (2018) 

showed that in the amendment of soils with raw and pyrolysed municipal and industrial sludge, the 

P availability fraction in relation to Ptot ranged from 40 % to 25 %; however, a calcium-acetate lactate 

method was used instead of the Olsen test to determine the available P. The values found in the 

current work were much lower, which indicates that the P contained in secondary struvite and SSP 

fertilisers are presented in a more stable fraction and consequently presents a low mobility in soil 

providing then a continuous P availability for long-term applications. 
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Figure 7.1 a) Olsen P and b) total P (mg kg-1) in unfertilised and fertilised soils during incubation time (mean 

value for each horizon ± SE, n = 4) 

 

Regarding the soil P forms (Table 7.3) assessed by the sequential fractionation method, when 

compared to unfertilised soils (H2O-Pino = 7.5 mg kg-1 and NaHCO3-Pino = 12.8 mg kg-1) at the 

beginning of incubation time (2 d), a significant increase (p < 0.001) was found in the easily available 

P forms of soils fertilised with secondary struvite (H2O-Pino = 14.5 mg kg-1 and NaHCO3-

Pino = 23.5 mg kg-1) and with SSP (H2O-Pino = 10.6 mg kg-1 and NaHCO3-Pino = 19.6 mg kg-1). A 

similar effect was reported in Vogel et al. (2015), after P fertilisation with struvite recovered from 

digested wastewater sludge, as well as after P fertilisation with other inorganic fertilisers such as 

triple superphosphate (Siebers et al., 2013) and ammonium phosphate (Damodar Reddy et al., 1999). 

After 2 d, NaOH-Pino (moderate labile P) and H2SO4-Pino (non-labile P) forms did not register a 

significant difference among treatments (p ≥ 0.05). These results showed that after the incorporation 

of secondary struvite fertiliser in soil, its effects are mainly on the soil labile P fractions, which 

highlights again its high P availability in soil. 

On the seventh day and at the end of incubation experiment (30 d), all the Pino forms were 

significantly different among treatments (p < 0.001) with the exception of H2SO4-Pino forms 

(p ≥ 0.05). The NaOH-Pino forms were significantly higher in fertilised treatments (p < 0.001), 

ranging from 48.2 mg kg-1 in the control to 57.2 mg kg-1 in secondary struvite on day 7, and 

52.4 mg kg-1 (control) to 59.9 mg kg-1 (secondary struvite) on day 30. Also, in the fertilised 

treatments of NaHCO3-Pino and NaOH-Pino forms significantly increased throughout the incubation 

period as well as the H2SO4-Pino forms in the secondary struvite treatment. The decrease of the H2O-

Pino in soils fertilised with SSP on day 7, compared to day 2 and day 30, may have been due to a 

temporary P immobilisation, being that at the end of incubation experiment the equilibrium of P in 

soil was restored. For the Porg forms assessed in NaHCO3 and NaOH fractions, a significant increase 

was found in the NaHCO3-Porg forms in secondary struvite treatment when compared to the control 

on day 7 (p < 0.05). This was most likely due to the occurrence of a peak increase in the enzymatic 
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activity of microorganisms in the soils fertilised with secondary struvite at that time. At the end of 

incubation experiment, it is noteworthy that a similar proportion of P fractions have been found in 

both secondary struvite (NaOH-P: 41 %; NaHCO3-P: 22 %; H2SO4-P: 13 % and H2O-P: 7 %) and 

SSP (NaOH-P: 43 %; NaHCO3-P: 21 %; H2SO4-P: 15 % and H2O-P: 6 %). Horta (2017) observed a 

similar pattern in the fractions of P forms for struvite recovered from deep frozen French fries 

wastewater (NaOH-P: 42 %, NaHCO3-P: 28 %; HCl-P: 26 % and H2O-P: 4 %), although in this 

sequential P fractionation method, chloride acid was used instead of sulfuric acid to determine the P 

forms bound to Ca and Mg minerals (H2SO4-P, in the current work). 

Overall, throughout the incubation time, a significant effect of the P fertilisers on the transformation 

of the soil P forms was noted. P fertilisation clearly originated a higher source of easily available P 

in soils. This was proven by the high concentrations of the Olsen P, as well as of the H2O-Pino and 

NaHCO3-Pino forms, when compared to unfertilised soils. In fact, the soils fertilised with secondary 

struvite presented the highest available P fraction in the soil after 2 d, being 36 % higher than in soils 

fertilised with SSP. This essentially indicates that the application of secondary struvite leads to a 

higher and more rapid release of P in low-P acidic soil.  



 

Chapter 7 

 

150 
 

Table 7.3 P forms (mg kg-1) in unfertilised (Control) and fertilised soils (SSP and secondary struvite) during 
incubation experiment (n = 4). Different small letters denote significant differences among treatments 

(p < 0.05). Different capital letters denote significant differences among sampling days (p < 0.05).  

P forms  

(mg kg-1) 
Treatments 

Sampling days 
Significance level 

2 7 30 

H2O-Pino Control 7.5 c 7.1 b 7.5 b p ≥ 0.05 

SSP 10.6 bAB 8.5 bB 12.1 aA p < 0.05 

Secondary struvite 14.5 a 13.8 a 13.9 a p ≥ 0.05 

Significance level p < 0.001 p < 0.001 p < 0.01  

NaHCO3- Pino Control 12.8 cB 12.9 cB 18.9 cA p < 0.001 

SSP 19.6 bB 21.0 bB 26.9 bA p < 0.001 

Secondary struvite 23.5 aB 24.9 aB 32.0 aA p < 0.001 

Significance level p < 0.001 p < 0.001 p < 0.001  

NaHCO3-Porg Control 14.6 12.9 b 12.1 p ≥ 0.05 

SSP 15.3  14.7 ab 15.2 p ≥ 0.05 

Secondary struvite 13.9 17.9 a 14.8 p ≥ 0.05 

Significance level p ≥ 0.05 p < 0.05 p ≥ 0.05  

NaOH- Pino Control 50.2AB 48.2 cB 52.4 bA p ≥ 0.05 

SSP 52.3 B 52.8 bB 57.8 aA p < 0.01 

Secondary struvite 52.3 B 57.2 aAB 59.9 aA p < 0.01 

Significance level p ≥ 0.05 p < 0.001 p < 0.001  

NaOH-Porg Control 26.8 25.9 25.2 p ≥ 0.05 

SSP 26.7 27.2 28.5 p ≥ 0.05 

Secondary struvite 29.0 26.6 27.1 p ≥ 0.05 

Significance level p ≥ 0.05 p ≥ 0.05 p ≥ 0.05  

H2SO4- Pino Control 27.5 26.0 28.1  p ≥ 0.05 

SSP 26.6 28.8  29.8  p  ≥ 0.05 

Secondary struvite 24.9 B 27.0 A 27.0 A p < 0.01 

Significance level p ≥ 0.05 p ≥ 0.05 p ≥ 0.05  

7.3.2 Assessment of P phytoavailability from secondary struvite 

Secondary struvite was used in the micro-pot experiment and was compared with that of SSP to 

assess its fertilising value (Figure 7.2). Plant biomass production (p < 0.001) and P uptake 

(p < 0.001) significantly increased with P fertilisation, regardless of the fertiliser used. P fertilisation 

almost doubled the plant biomass production, showing that P nutrition of rye was strongly affected 

by the P fertilisers. These results are in line with other studies, which refer to a 0.5-fold (Chen et al., 

2018), 2-fold (Dessalew et al., 2017), 3-fold (Ryu et al. 2012) and 10-fold (Ryu and Lee 2016) 
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increase in biomass production when struvite and organic wastes are used as fertilisers. In the current 

work, it was found that the soil fertilised with secondary struvite produced more biomass than the 

unfertilised soil and also reached biomass values similar to the conventional fertilisers of SSP. The 

shoot biomass was 0.8 g kg-1 in the soil of the control treatment while a significant increase 

(p < 0.001) was registered in the fertilised treatments (1.7 g kg-1 of soil in SSP and in secondary 

struvite treatments). In addition, P uptake was about 1.6 times higher in the SSP treatment and almost 

2.5 times higher in the secondary struvite treatment when compared to the control treatment. The P 

uptake of the soils fertilised with secondary struvite was significantly higher (5.9 mg kg-1 of soil for 

shoots) than the soils fertilised with SSP (4.7 mg kg-1) as well as the control (2.3 mg kg-1) (p < 0.001). 

This means that the secondary struvite provided a higher P source for plant uptake (herein referred 

as “phytoavailable P source” (Horta, 2015)) than SSP provided. The P uptake in the soils fertilised 

with secondary struvite was higher than that reported by Horta (2017) for struvite derived from deep 

frozen French fries wastewater (4.4 mg kg-1 of soil). 

The apparent P recovery (Table 7.2c) in the secondary struvite treatment was also significantly higher 

(45 %) than in the SSP treatment (36 %). This is in accordance with what was expected, due to the 

fact that P uptake was also higher in soils fertilised with secondary struvite (p < 0.05). The apparent 

P recovery achieved in the current work was higher than those reported by Horta (2017) (27 % for 

SSP and 34 % for struvite), Talboys et al. (2016) on T. aestivum for struvite (11 %) and Collins et al. 

(2016) on potato for dairy anaerobic digestion struvite (42.1 %). Katanda et al. (2016) reported an 

apparent P recovery for struvite, derived from liquid hog manure (“struvite-manure”), of 27 % in a 

sandy soil and 9 % in a clay soil, for wheat (Triticum aestivum L.), and 26 % in a clay soil and 16 % 

in the sand soil, for canola (Brassica napus L.). These values for the apparent P recovery are all lower 

than the one obtained in the current work. It was observed that the struvite-manure behaved 

differently in different soils and with different crops. This is an indication that in further works, 

secondary struvite should also be tested with other crops and in different types of soil, in order to 

verify if the secondary struvite’s behaviour is similar to that obtained in the current work. The AE 

was 66 g g-1 in the SSP treatment and 69 g g-1 in the secondary struvite treatment which is higher 

than those reported by Horta (2017) for struvite recovered from deep frozen French fries wastewater 

(42 g g-1). No significant differences (p ≥ 0.05) were found among the fertilised treatments (Figure 

7.2d). 

Based on the above results, a positive effect of secondary struvite on the cultivation of rye was shown, 

which indicates the fertiliser value of this struvite is similar or even higher than SSP. A similar AE 

associated to a similar biomass production and a higher P uptake by plant were observed in soils 

fertilised with secondary struvite. This suggests that the application rate of this struvite as P fertiliser 

can be lower than SSP when it is used for fertilisation. It should be noted that even though the 
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secondary struvite has N and Mg in its composition, the results of the current work only reflect the 

effect of secondary struvite as a P-based fertiliser, since a nutrient solution (Hoagland solution) was 

added in all treatments (control, SSP and secondary struvite) during the micro-pot experiment. This 

nutrient solution provided all the essential nutrients required for the growth of the plant except P, 

which was provided by the fertiliser. 

 

 

Figure 7.2 Biomass production (a), P uptake (b), apparent P recovery (c), and agronomic efficiency (d) of 

rye obtained from soil fertilisation with SSP and secondary struvite (mean value ± SE, n = 4). Different 

capital letters denote significant differences among treatments in shoots and different small letters denote 

significant differences among treatments in roots, at confidence level of 95 % 

7.3.3 Soil P tests and soil P forms after the crop cycle 

Overall, the soil P forms as well as the available P and Ptot significantly decreased after the crop cycle 

(p < 0.05). This result indicates that all P forms were used as a P source by the crop. The soil P 

sources used by the crop were the fractions extracted by NaOH > NaHCO3 > H2SO4 > H2O, in all 

treatments. The NaOH-Pino fraction has shown to be the most important source of P for crop growth 

(18.2 mg kg-1 in control; 19.7 mg kg-1 in SSP and 20.2 mg kg-1 in secondary struvite). The Porg forms 

(NaHCO3-Porg and NaOH-Porg) also registered a significant decrease of 30 % to 55 % at the end of 

experiment (p < 0.05), which means that the organic forms were also a phytoavailable source of P. 

Interestingly, the H2O-P fraction, which is considered to be the highest phytoavailable P source when 

compared with the NaHCO3, NaOH and H2SO4-P fractions, was not exhausted after the cultivation 

of the rye. Oppositely, the H2O-Pino fraction was the only P source that remained unchanged over 

time, which means that there was a continuous dissolution of the NaHCO3, NaOH and H2SO4-P 

sources into the soluble P source in both unfertilised and fertilised soils. This result demonstrates that 
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secondary struvite fertiliser is also able to provide a constant labile P source during the crop cycle, 

similar to the SSP fertiliser and its moderately labile P fraction can be easily transformed into labile 

P fractions by the crop in the short-term. It was also observed that in spite of the higher P uptake by 

rye in the soils fertilised with struvite (Figure 7.2b), the labile P sources (H2O-Pino and NaHCO3-Pino) 

are still significantly higher than in the soils fertilised with SSP at the end of crop cycle (p < 0.001). 

Regarding the Olsen P, a significant decrease in the fertilised treatments was found after the crop 

cycle. The Olsen P in soils fertilised with SSP was 12.7 mg kg-1 and 15.0 mg kg-1 in the secondary 

struvite treatment, which places these soils in the medium fertility class, according to the Portuguese 

standards (Horta et al., 2010). The Ptot in the soils fertilised with SSP was 160.5 mg kg-1, 

162.9 mg kg-1 in the secondary struvite treatment and 144.3 mg kg-1 in the control treatment, being 

that there still were significant differences among unfertilised and fertilised treatments (p < 0.05). 
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Table 7.4 P forms, Olsen P and Ptot in unfertilised (Control) and fertilised soils (SSP and secondary struvite) 
at the beginning (“t = 0 d”) and at the end (“t = 45 d”) of crop cycle (n = 4). Different small letters denote 
significant differences among treatments (p < 0.05). Different capital letters denote significant differences 

between the beginning and the end of crop cycle, for each treatment (p < 0.05). 

P (mg kg-1) Treatments t = 0 d t = 45 d  Significance level 

H2O-Pino Control 7.5 b 6.5 c p ≥ 0.05 

SSP 12.1 a 8.9 b p ≥ 0.05 

Secondary struvite 13.9 a 12.9 a p ≥ 0.05 

Significance level p < 0.01 p < 0.001  

NaHCO3-Pino Control 18.9 cA 11.3 cB p < 0.001 

SSP 26.9 bA 14.2 bB p < 0.001 

Secondary struvite 32.0 aA 17.7 aB p < 0.001 

Significance level p < 0.001 p < 0.001  

NaHCO3-Porg Control 12.1 A 8.3 B p < 0.05 

SSP 15.2 A 6.9 B p < 0.001 

Secondary struvite 14.8 A 6.9 B p < 0.05 

Significance level p ≥ 0.05 p ≥ 0.05  

NaOH-Pino Control 52.4 bA 34.2 bB p < 0.001 

SSP 57.8 aA 38.1 aB p < 0.001 

Secondary struvite 59.9 aA 39.7 aB p < 0.001 

Significance level p < 0.001 p < 0.01  

NaOH-Porg Control 25.2 A 13.8 bB p < 0.001 

SSP 28.5 A 15.3 abB p < 0.001 

Secondary struvite 27.0 A 16.5 aB p < 0.001 

Significance level p ≥ 0.05 p < 0.01  

H2SO4-Pino Control 28.1 A 18.4 B p < 0.01 

SSP 29.8 A 18.5 B p < 0.001 

Secondary struvite 27.3 A 18.6 B p < 0.001 

Significance level p ≥ 0.05 p ≥ 0.05  

Olsen P Control 11 cA 10 cA p ≥ 0.05 

SSP 16 bA 13 bB p < 0.001 

Secondary struvite 21 aA 15 aB p < 0.001 

Significance level p < 0.001 p < 0.001  

Total P Control 182 bA 144 bB p < 0.01 

SSP 208 aA 160 aB p < 0.001 

Secondary struvite 213 aA 163 aB p < 0.001 

Significance level p < 0.001 p < 0.01  
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7.4 Conclusions 

A P fertiliser produced from anaerobically digested organic fraction of MSW (“secondary struvite”) 

was tested in cultivation of rye (Secale cereale L.). The secondary struvite can be considered an 

effective P fertiliser for acidic sandy loam soils. This struvite improves the phytoavailability of P in 

the same way that a commercial fertiliser produced from phosphate rock does, and can be an efficient 

alternative source of P. After fertilisation, the P sources provided by the secondary struvite fertiliser 

are immediately available for the plants, which means the secondary struvite performs as a rapid P 

release fertiliser. After the crop cycle, the secondary struvite fertiliser showed that, in the short-term 

and in acidic sandy loam soil, it has a superior capacity to provide P to plants when compared with 

SSP. It is also noteworthy that the agronomic efficiency of secondary struvite was 64 % higher than 

that obtained in previous works that reported the evaluation of a struvite-P recycled from a different 

waste source. 

This work clearly shows the positive effects of the application of secondary struvite as P fertiliser. It 

highlights that the exploitation of P recycled from a waste stream as a fertiliser is a possible strategy 

to close the P-nutrient cycle, to save P-nutrient resources and to tackle global P inefficiency use. 

Further research should be focused on conducting experiments with different crops and diverse soil 

types. The economic viability of the production and the application of secondary struvite as fertiliser 

is also a crucial point that needs to be evaluated in the future.  
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8. Effects of struvite recovered from wastes on crop cultivation 

Abstract 

Struvite recovered from wastes has been considered a promising second generation fertiliser. The 

main objective of this work is to evaluate the effects of struvite fertilisation on i) rye (Secale cereale 

L.) cultivation (through a 45-d pot experiment), in terms of macronutrients, micronutrients and heavy 

metals and ii) on soil fertility (through a 30-d incubation experiment) in terms of available 

phosphorus and exchangeable bases (Ca2+, Mg2+ and K+). Struvite-fertilisation increased the soil 

available phosphorus resulting in improvement of the soil fertility class from low to medium class. 

In terms of exchangeable bases, the soil fertility class did not change. Furthermore, the struvite-

fertilisation led to the highest concentration of total phosphorus in the plant. No relevant effects were 

found regarding the concentrations of Ca, Mg and K in the plant as well as the micronutrients. The 

levels of heavy metals on crop did not increase after soils fertilisation with struvite. 

 

 

 

 

 

 

 

 

 

 

 

 

Based on: 

V. Oliveira, G.M. Kirkelund, J. Labrincha & C. Dias-Ferreira (2020). Effects of struvite recovered 

from wastes on crop cultivation. In Wastes: Solutions, Treatment and Opportunities III – C. 

Vilarinho, F. Castro, M. Gonçalves & A.L. Fernando (Eds.). Taylor & Francis Group, London, ISBN 

978-0-367-25777-4. DOI: 10.1201/9780429289798-39.  



 

Chapter 8 

 

162 
 

8.1 Introduction 

Ensuring access to safe, nutritious and sufficient food for all people is one of the Sustainable 

Development Goals of the 2030 Agenda (FAO, 2006). There are several factors affecting it such as 

Global Water Crisis, Climate Change, Land Degradation and Greedy Land Deals. Focusing on Land 

Degradation, intensive farming has caused a serious loss of soil fertility and declining of agricultural 

yields (Disabled World, 2015). For instance, Vance et al. (2003) mentioned that more than 40 % of 

the world arable soils have a low phosphorus (P) content. P is one of the essential nutrients for all 

living beings. Consequently, to maximise the agricultural productivity, the needs of fertilisation are 

increasingly. The increasing food demand for a rising human world population has led to an increase 

of the demand on P fertilisers (IPW, 2019). P fertilisers are manufactured from non-renewable rock 

phosphate deposits and its overconsumption has contributed to its rapid decline, which may put at 

risk the supply of P for the next generations. Alternative sources of P have been exploited. One of 

them is P from waste streams. Afterwards, the extracted P is used for the manufacturing of the 

fertilisers. 

In a previous work, Oliveira et al. (2018) produced struvite from anaerobically digested organic 

fraction of municipal solid waste. Struvite (MgNH4PO4·6H2O) is a slow-release fertiliser and can be 

an effective source of several essential nutrients to crops: magnesium, nitrogen and P (Karunanithi 

et al., 2015; Rahman et al., 2014; Xu et al., 2012). The presence of contaminants in struvite during 

its production was previously assessed in Oliveira et al. (2018), whereas the agronomic efficiency of 

struvite was already evaluated in Oliveira et al. (2019). The results showed that the fertilisation with 

struvite almost doubled the plant biomass production compared with an unfertilised soil. In spite of 

struvite having been shown promising as a P fertiliser, the effects of other nutrients and of phytotoxic 

heavy metals on the crop production were not evaluated. The separation of P from heavy metals is a 

challenge when the waste streams are used for sourcing of P. Heavy metals may be toxic to the crops 

and consequently can affect the fertilising value of struvite. Similarly to P, the shortage of 

exchangeable bases in soil can also affect the plant growth and yield and could even cause plant 

death. The ability of the soil to provide nutrients to the plants from its organic and mineral reserves 

is closely related to the soil exchangeable complex (LQARS, 2006). The exchangeable bases held in 

this soil exchangeable complex are mineral nutrients for plants, such as calcium (Ca2+), magnesium 

(Mg2+) and potassium (K+). The available P and the exchangeable bases in soil are indicators of the 

soil class fertility (Table 8.1). 
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Table 8.1 Classification of available P and exchangeable bases in soil. (*) Egnér-Riehm method. 

Soil fertility class Available P  

(mg kg-1)(*) 

Ca2+ 

(cmolc kg-1) 

Mg2+ 

(cmolc kg-1) 

K+ 

(cmolc kg-1) 

Very low ≤ 11 ≤ 2.0 ≤ 0.5 ≤ 0.1 

Low 12 – 22 2.1 – 5.0 0.6 – 1.0 0.1 – 0.25 

Medium 23 – 44 5.1 – 10.0 1.1 – 2.5 0.26 – 0.50 

High 45 – 87 10.1 – 20.0 2.6 – 5.0 0.51 – 1.0 

Very high > 87 > 20.0 > 5.0 > 1.0 

 

The current work intends to assess the bioaccumulation of heavy metals in the plant when struvite 

derived from anaerobically digested organic fraction of municipal solid waste is used as fertiliser. It 

aims also to assess the effects of struvite fertilisation on the presence of micro- and macro- nutrients 

in the plant and on soil fertility. The effect of struvite was compared with that of a commercial 

fertiliser (single superphosphate, SSP). The substitution of fertilisers produced from P natural 

resources by a new generation of recycled P fertilisers will contribute to assure the sustainability of 

the agricultural sector as well as contribute to the circular economy goals. 

8.2 Materials and methods 

Struvite and SSP were the P-based fertiliser used in soil incubation experiments and in the plant pot 

experiment. Struvite was produced from anaerobically digested organic fraction of municipal solid 

waste according to the procedure described in Oliveira et al. (2018). SSP is a commercial fertiliser 

which was used as a standard mineral fertiliser. 

The soil sample was taken from the layer 0-0.20 m and was air dried and sieved in a 2.0 mm-mesh 

sieve, before its use. The soil was classified as acid sandy loam soil (pHH2O=5.1) with low content of 

Ca2+ (1.2 cmolc kg-1), Mg2+ (0.3 cmolc kg-1) and K+ (0.2 cmolc kg-1) and an available P content of 

12.9 mg kg-1. 

Three treatments were set: i) with struvite, ii) with SSP and iii) without P fertiliser (control). Four 

replicates of each treatment were prepared using 1.5 kg of soil mixed with 19.6 mg of P fertiliser 

(≈ 13.1 mg P per kg of soil), with exception of the control treatment in which no P fertiliser was 

added. Then, the 12 pots were watered to 70 % of field capacity and placed in an incubator during 

30 d at 25 °C in the dark (maintaining field capacity). At the end of experiment, the available P (using 

the Egnér-Riehm method) and the exchangeable bases (Ca2+, Mg2+ and K+) (using ammonium acetate 

buffered at pH ≈ 7) were analysed in the air-dried soils (40 °C; 48 h). 

Afterwards, a new set of 12 pots was prepared using 150.0 g of soil taken from each incubated pot 
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mixed with 50.0 g of purified sand. In each pot, three seeds of rye (Secale cereale L.) were sown 

(after sprouting only one plant was left in every pot) and then the pots were placed in a growth climate 

chamber at a temperature of 24 °C daytime and 15 °C night-time, 75 % of relative humidity and 16 h 

of daylight (90 µmol photons m-2 s-1). During the experiment, the pots were watered with the half-

strength Hoagland solution (without P) to avoid nutrient deficiencies. After 6 weeks, the plants were 

harvested and shoots were separated from roots. Then, shoots and roots were air-dried at 65 °C for 

48 h and weighed, and the plant dry matter was determined. The dried plants were grounded in a ball 

mill, sieved at a 0.5 mm-mesh sieve and then were placed in a muffle furnace at a temperature of 

480 °C for 16 h to obtain the ashes. Total P, calcium (Ca), magnesium (mg), potassium (K), copper 

(Cu), zinc (Zn), cadmium (Cd), chromium (Cr), niquel (Ni) and lead (Pb) were measured after 

digestion of the ashes with hydrochloric acid solution (HCl 20 %, v/v). Total P was quantified by 

spectrophotometry at a wavelength of 470 nm while the other elements were quantified by atomic 

absorption spectrometry. 

One-way ANOVA analyses were performed to identify differences between treatments (control, 

struvite and SSP) on available P and exchangeable bases in soil at the end of incubation experiment, 

and total elements in the dried plants and nutrients extracted by plant, at the end of pot experiment. 

Tukey’s test was used to compare means at 0.05 probability level. Different letters (a, b and c) were 

used to identify groups of results which are statistically different, at confidence level of 95 %. All 

statistical analyses were conducted using IBM SPSS Statistics software (version 23). 

8.3 Results and discussion 

8.3.1 Struvite effects on soil fertility: available P and exchangeable bases  

The contents of available P and some exchangeable bases (Ca2+, Mg2+ and K+) of the soil at the end 

of incubation experiment are shown in Table 8.2. Available P in soil depended on the fertiliser. Soils 

fertilised with struvite presented a significantly increase of the available P when compared with SSP 

and control (no P) (p < 0.001). The fertilisation with struvite increased about 52 % of content of the 

available P in soil while with SSP only about 36 %. This means struvite is more effective in supplying 

available P to the soil than SSP. In addition, the soils fertilised with struvite or SSP did not present 

any statistical difference between the content of available P measured at the beginning and at the end 

of incubation experiment (data not shown). This result demonstrates that after incorporation of the 

fertilisers in soil, an immediate source of P is provided for uptake by crop. 

Regarding the amount of exchangeable bases, Ca2+ was the dominant cation in soil and it ranged 
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from 1.39 to 1.50 cmolc kg-1. Soils fertilised with SSP registered a significantly higher value than the 

soils fertilised with struvite (p < 0.05), but no difference was found when compared with unfertilised 

soils. This suggests that the amount of exchangeable Ca2+ in soil was not dependent on the 

fertilisation with either struvite or SSP. Exchangeable Mg2+ was the second cation most abundant, 

with a concentration between 0.39 to 0.57 cmolc kg-1. The fertilisation with struvite resulted in 

increase of about 45 % of Mg2+ compared to SSP and control. As like P, struvite fertiliser also 

provided an immediate source of Mg for plant uptake. The amount of exchangeable K+ was not 

statistically different among fertilised and unfertilised treatments (p ≥ 0.05).  

The soil fertility class previous to the addition of fertilisers is low, according to the classification by 

LQARS (2006). Overall, struvite-fertilisation improved the soil fertility in terms of available P; the 

struvite-fertilised soils can be included in the medium fertility class instead of low fertility class. 

Contrarily, in terms of exchangeable bases, the soil class fertility did not change.  

Table 8.2 Amount of available P and exchangeable bases in soil after 30 d-incubation experiment (different 
small letters denote significant differences among treatments, at confidence level of 95 %).  

Treatments Available P 

(mg kg-1) 

Ca2+ 

(cmolc kg-1) 

Mg2+ 

(cmolc kg-1) 

K+ 

(cmolc kg-1) 

Control 14.8 ± 0.6 c 1.41 ± 0.05 ab 0.39 ± 0.04 b 0.32 ± 0.03 

SSP 23.3 ± 0.6 b 1.50 ± 0.05 a 0.40 ± 0.04 b 0.29 ± 0.01 

Struvite 28.4 ± 0.9 a 1.39 ± 0.01 b 0.57 ± 0.04 a 0.30 ± 0.01 

Significance level p < 0.001 p < 0.05 p < 0.001 p ≥ 0.05 

8.3.2 Struvite effects on crop 

In a previous work, it was confirmed that the application of struvite as a P fertiliser has a significantly 

effect on the shoot and root biomass production, increasing it (Oliveira et al., 2019). Consequently, 

it was referred that the nutrition of plant is strongly affected by the P fertiliser; but the nutrient 

contents in the plant were not measured. This analysis is carried out in sections 8.3.2.1, by analysing 

those nutrients required by the plant in large quantities (“macronutrients”), and 8.3.2.2, in where are 

presented those nutrients needed in only very small quantities (micronutrients”). In addition, as 

struvite was produced from a waste, it is also relevant to determine if its application has led to an 

increase of heavy metals content in the plant (section 8.3.2.3). 
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8.3.2.1 Macronutrients: P, Ca, Mg and K 

Table 8.3 presents the concentration of P as well as Ca, Mg and K in the plant. Both shoots and roots 

obtained from soils fertilised with struvite registered a higher total P (by 21 % at shoot level and 

41 % at root level) than the obtained from soils fertilised with SSP (p < 0.01). This is in accordance 

with the higher P extraction by the plant registered in soils fertilised with struvite than with SSP 

(Table 8.4), for a similar plant biomass production. This suggests that the dissolution of P provided 

by struvite was higher than by SSP. P was taken up by plant more effectively after struvite-

fertilisation than with SSP. It should also be noted that in spite of the concentration of total P being 

similar in the control and SSP treatments, the biomass production was strongly affected when no 

fertiliser was used. 

The concentrations of Ca, Mg and K in shoots were not significantly different among treatments 

(p ≥ 0.05) (Table 8.3). It is interesting to observe that Mg concentration in shoots obtained from soils 

fertilised with struvite was not significantly higher than that obtained from soils fertilised with SSP 

or even from unfertilised soils. Our results are not in accordance with reported by Ryu & Lee (2016) 

which referred that Mg concentration in dried lettuce obtained from soils fertilised with struvite 

derived from swine wastewater was almost double than the obtained from soils fertilised with 

commercial fertilisers. Regarding the Ca, Mg and K extracted by plant (Table 8.4), it was found a 

significant difference between the fertilised and unfertilised treatments, because a higher shoot 

biomass production was obtained in fertilised soils than in unfertilised soils. 

Although the Mg and K concentrations in the roots obtained from soils fertilised with struvite have 

been lowest (Table 8.3), the root biomass production was not affected, which demonstrates these 

nutrients are not the major contributors for the root development during the plant growth. Ca 

concentration was similar in roots obtained in all treatments (p ≥ 0.05); however, the struvite has no 

Ca in its composition, which means that all the Ca contained in the roots was provided by the raw 

soil, not by the fertiliser. Nevertheless, the amount of Ca extracted by roots obtained in soils fertilised 

with struvite was significantly higher than in unfertilised soils (Table 8.4). 

Overall, the results indicate that the application of struvite as fertiliser led to the highest concentration 

of total P in the plant and a higher uptake of Ca, Mg and K. 
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Table 8.3 Plant biomass production and concentration of nutrients in dried plants obtained from soil 
fertilisation with SSP and struvite (different letters denote significant differences among treatments, at 

confidence level of 95 %). (*) values from Oliveira et al. (2019). 

 

Table 8.4 Amount of macronutrients extracted at the end of pot experiment (different letters denote 
significant differences among treatments, at confidence level of 95 %).  

 

 

8.3.2.2 Micronutrients: Cu, Zn and Ni 

Like macronutrients, micronutrients are also key elements without which the plants cannot grow. For 

micronutrients only minor amounts are uptaken by plants. If these micronutrients are unavailable, 

the plant functions are limited which may cause plant abnormalities and/or reduce their growth. 

However, it should also be noticed that when the micronutrients are in higher quantities than those 

required by crops they may also cause toxicity to the plants, similarly to the heavy metals. Figure 8.1 

shows the concentration of some micronutrients in the plant. Overall, the concentration of 

micronutrients was significantly higher in roots than in shoots (p < 0.05). This trend is opposite to 

Crop Treatments 
Plant biomass 

(g kg-1 soil)(*) 

Total P 

(g kg-1) 

Total Ca 

(g kg-1) 

Total Mg 

(g kg-1) 

Total K 

(g kg-1) 

Shoots Control 0.83 b 2.6 b 7.5 2.5 60.0 

SSP 1.69 a 2.8 b 6.0 2.9 45.6 

Struvite 1.73 a 3.4 a 6.7 2.6 49.4 

 Significance level p < 0.001 p < 0.01 p ≥ 0.05 p ≥ 0.05 p ≥ 0.05 

Roots Control 1.16 b 2.3 b 3.6 1.4 a 11.4 

 SSP 1.57 a 2.1 b 3.3 1.1 b 10.9 

 Struvite 1.88 a 3.0 a 3.8 1.1 b 8.7 

 Significance level p < 0.001 p < 0.01 p ≥ 0.05 p < 0.05 p ≥ 0.05 

Crop Treatments 
P extracted 

(mg pot-1) 

Ca 

extracted 

(mg pot-1) 

Mg 

extracted 

(mg pot-1) 

K extracted 

(mg pot-1) 

Shoots Control 0.32 c 0.93 b 0.30 b 7.33 b 

SSP 0.71 b 1.53 a 0.74 a 11.52 a 

Struvite 0.88 a 1.71 a 0.65 a 12.61 a 

 Significance level p < 0.001 p < 0.01 p < 0.01 p < 0.05 

Roots Control 0.41 b 0.63 b 0.25 1.99 

 SSP 0.50 b 0.79 ab 0.26 2.55 

 Struvite 0.85 a 1.07 a 0.31 2.41 

 Significance level p < 0.01 p < 0.05 p ≥ 0.05 p ≥ 0.05 
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the observed for macronutrients, which demonstrates that in rye micronutrients accumulate mainly 

in roots. The concentrations of Cu and Ni in the roots obtained from soils fertilised with struvite and 

SSP are significantly lower than in the unfertilised soils (p < 0.001); however, the production of root 

biomass was not affected in the fertilised soils. At shoot level, the struvite fertilisation did not 

increase significantly the concentrations of Cu and Ni in the plant (p < 0.01). Regarding the 

concentration of Zn, no significant differences were found among treatments, which indicates that 

struvite does not limit Zn concentration in the plant.  

 

 

Figure 8.1 Micronutrients (mg kg-1) in dried plant at the end of pot experiment. Different capital letters 

denote significant differences among treatments in roots and different small letters denote significant 

differences among treatments in shoots, at confidence level of 95 %. Error bars represent standard error. 

8.3.2.3 Heavy metals: Cd, Cr and Pb 

The levels of some heavy metals on dry plants should be analysed when struvite recovered from 

wastes is applied as fertiliser, because its presence is prejudicial to plant growth due to their toxicity. 

The concentrations of Cr (Figure 8.2), Cd and Pb were measured in the shoots and roots obtained at 

the end of pot experiment. Cd and Pb were not detected in plants. Overall, there were significant 

differences of the Cr concentration in the shoots (p < 0.01) and roots (p < 0.001); it was significantly 

higher in roots than in shoots (p < 0.05). In addition, it was also found that Cr concentration in plants 

grown in fertilised soils was higher than in unfertilised soils.  

At shoots level, Cr accumulation in the struvite-fertilised soils was significantly smaller than in the 

SSP-fertilised soils and also than unfertilised soils (p < 0.05). At roots level, Cr concentration in 

struvite-fertilised soils was significantly higher than in SSP-fertilised soils being that concentration 

was similar to those of unfertilised soils. Rye et al. (2012) reported similar levels of heavy metals in 

Chinese cabbage which was fertilised with struvite recovered from wastewater.  

Based on the above results, the use of struvite recovered from anaerobically digested of organic 

fraction of municipal solid waste does not increase the levels of heavy metals in the plant, which 
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indicates that struvite could be used as a P nutrient fertiliser. 

 

 

 

 

 

 

 

 

Figure 8.2 Cr concentration (mg kg-1) in dried plant at the end of pot experiment. Different capital letters 

denote significant differences among treatments in roots and different small letters denote significant 

differences among treatments in shoots, at confidence level of 95 %. Error bars represent standard error. 

8.4 Conclusions 

The effects of struvite derived from the anaerobically digested organic fraction of municipal solid 

waste were evaluated on cultivation of rye (Secale cereale L.). Under the experimental conditions 

tested herein, the main findings of this work are: i) struvite has the ability of increasing the available 

P content of the soil immediately after its incorporation; ii) total P is higher in rye grown in struvite 

treatment than in SSP; however, shoot concentration of Ca, Mg and K were not significantly affected 

by struvite application; and iii) the levels of micronutrients and of heavy metals in rye were not 

negatively affected by the fertilisation with struvite. 
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9. Synthesis 

9.1 Research findings and discussion 

The The exponential growth of population has seriously intensified the use of P-based fertilizers in 

agriculture. However, the scarcity of the virgin raw materials used on fertilizers manufacturing is a 

serious problem worldwide, threatening global food security. Therefore, there is a need to find 

alternatives sources of that materials. The recovery of valuable compounds from waste streams 

before their disposal has been gaining high interest by the research community over last decades. 

Sustainable technologies are needed to address it. This thesis aimed to recover P from the 

anaerobically digested organic fraction of municipal solid waste through electrodialytic and chemical 

precipitation processes as struvite. 

The main research findings of this PhD research are: 

In the first experiments carried out earlier on in this study (chapter 2), the ED extraction of P from 

waste was very low: 28 %. In these experiments ED was applied to MSW digestate suspended in 

nitric acid using a microscale ED cell for 10 days. Suspending MSW digestate in distilled water for 

16 days enhanced P extraction up to 43 %. Trying to increase the P extraction to higher values meant, 

at that time, that it would be necessary to better understand the forms of P present in the waste 

suspension, being found that more than 60 % of P in the MSW digestate is associated to Ca and Mg 

minerals and to the residual fraction. In order to solubilize P from these two fractions, a strong 

acidification of the MSW digestate needed to be promoted. The target was set at a pH lower than 4.5 

to be reached during the ED process, as opposed to the first experiments in which the pH of the MSW 

digestate suspension was always higher than 4.5. 

To enhance the ED extraction of P, a comparison between a 2-compartment ED set-up and 3-

compartment ED set-up was carried out during which the MSW digestate suspension was kept 

agitated by a stirrer and the pH was lowered to <4.5 (chapter 3). In the two set-up, the anode (+) 

was placed in the MSW digestate suspension compartment, leaving solubilized P in this waste 

compartment, and the cations were transported out from the waste into the cathode compartment. In 

the three set-up, the P charged species were moved out from MSW digestate compartment into the 

anode compartment and the cations into the cathode compartment. In these experiments, the 

acidification of MSW digestate suspension occurred as a result of the electrochemical reactions, 

The ED process allows the extraction of a large percentage of the P contained in the MSW 

digestate. 
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namely electrolysis of water at the anode (2-compartment ED set-up) or water splitting (3-

compartment ED set-up). Combined with the utilization of a stirrer to keep the waste suspension 

under agitation, the lower pH increased the P extraction efficiency up to 90 % and the experimental 

time reduced from 16 days to 9 days. The highest P extraction of 90 % (P collected in the anolyte) 

was achieved in the 3-compartment ED, while only 78 % extraction was achieved by the 2-

compartment ED set-up. In addition, in the 2-compartment set-up between 11 % and 14 % of P 

migrated to the cathode side (+) where the heavy metals are concentrated, thus being lost in the 

perspective of recovery; it is believed migration to the cathode instead of to the anode, as intended, 

resulted from the formation of positively charged complexes of P with Fe, Al and Ca. Such 

complexation reactions are favored by the lower pH reached during the 2-compartment setup and the 

presence in the MSW digestate compartment of the species involved in the complexation reactions. 

In the three set-up, no P was detected in the cathode side, meaning that the formation of those positive 

P complexes did not occur. Hence, in the case of ED extraction of P from MSW digestate, the 3-

compartment ED cell is the best set-up, allowing to have a P rich solution virtually free of 

contaminants and other elements that can interfere with the production of a high quality fertilizer. 

 

During the ED extraction of P, the separation of heavy metals from MSW digestate also occurs. As 

most heavy metals are positively charged, it was expected that they would migrate in the opposite 

direction of P, that is, towards the cathode (-). While most heavy metals monitored in this work 

behaved as expected (Cu, Pb, and Cd), in the initial experiments (chapter 2), up to 16 % of the zinc 

did appear in the anolyte solution, where P was being concentrated, contrarily to what was expected. 

This issue was seen as a problem: since the final objective was the production of a high quality 

fertilizer, the presence of contaminants in the P-rich solution might hinder agricultural applications. 

Later on (chapter 3), this was controlled by lowering the pH of the MSW digestate suspension 

(2 < pH < 3) to avoid the formation of negatively charged Zn complexes. 

The separation of Ca from MSW digestate was also successfully promoted during ED extraction 

using the 3-compartment ED set-up. Being a cation, Ca was mostly moved into the catholyte 

(≈80 % - 96 %) or remained in the MSW digestate (≈1 % - 20 %) and no Ca was found in the anolyte, 

as expected (chapter 2). As Ca is a direct competitor with Mg, if it is present in high concentrations 

during struvite precipitation, it will generate amorphous Ca-P compounds instead of struvite crystals 

(as seen in chapter 3).  

A high quality struvite is synthesized using P extracted from municipal solid waste digestate by 

combining electrodialytic and chemical precipitation techniques. 
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After the ED extraction of P from MSW digestate, the P-rich solutions were used to synthesize 

struvite (herein referred as “secondary struvite”) through chemical precipitation process. Up to 99 % 

of the extracted P in solution was precipitated as struvite. The production of a high quality fertilizer 

is dependent on the ED set-up used for the extraction of P from the MSW digestate. Using a 3-

compartment ED set-up (where the P is extracted from MSW digestate into a separate compartment, 

the anolyte), a pure secondary struvite was obtained and no extra/minor phases were identified on 

the precipitate. When the synthesis of struvite was promoted from the P solution obtained in the 2-

compartment ED set-up (in which dissolved P is not physically separated from the MSW digestate 

in the waste compartment), the crystallization of struvite does not occur (and if it does occur then the 

secondary struvite contains impurities due to presence of Ca in the solution). During secondary 

struvite precipitation, the concentration of Ca in solution was around 600 mg L-1 for the case of the 

2-compartment set-up, while in the 3-compartment set-up Ca levels were considerably lower, 

between 1.4-3.7 mg L-1.  

A major aspect is that secondary struvite from the 2-compartment set-up did not have enough quality 

to be used as fertilizer due to its high content of heavy metals namely, Cd, Pb and Zn (chapter 3). In 

these precipitates, the concentration of Cd varied between 2.4 and 3.0 mg kg-1, the Pb concentration 

ranged from 284 to 907 mg kg-1, and the Zn reached the value of approximately 860 mg kg-1. These 

values were almost twice or, in case of Pb six times, higher than the allowed Portuguese limits for 

application in agriculture (Cd: 1.5 mg kg-1; Pb: 150 mg kg-1; Zn: 500 mg kg-1). Oppositely, secondary 

struvite from the 3-compartment setup clearly met the Portuguese legislation limits for application 

in agriculture; the Cd concentrations were <0.02 mg L-1 (quantification limit of the equipment), the 

concentration of Pb ranged between 8 and 14 mg kg-1, and the Zn levels were below 23 mg kg-1 

(chapter 3). 

The options explored in this work targeting higher process efficiencies had impacts on the quality of 

the end-product. For instance, the search for higher energy efficiency during ED extraction of P (by 

reducing the stirring time; chapter 4) caused the increase of the Zn content in secondary struvite to 

81 mg kg-1 - 170 mg kg-1 (chapter 6). Even so, the levels were still far below the guideline limits 

(500 mg kg-1). In contrast, the use of alternative N (extracted from MSW digestate) and Mg (from 

seawater) sources resulted in the synthesis of a secondary struvite with a similar composition to the 

one produced using synthetic N and Mg sources (chapter 5). These positive result contribute to the 

development of new sustainable solutions for nutrient recovery from organic wastes and can support 

future studies in this domain in particular.  
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Several experiments were carried out envisaging the optimization of energy consumption during ED 

extraction of P (chapter 4) by applying the following strategies: 

i) a dual-stage approach for P extraction;  

While in a single-stage approach the electrodes (+) and (-) are placed in the anode and cathode 

compartments, respectively (chapters 2 and 3), in the dual-stage approach the electrode (+) was first 

placed in the compartment with MSW digestate (1st stage of extraction) and then it was moved to the 

anode compartment (the 2nd stage). The goal of this dual-stage approach was to promote a faster 

acidification of the MSW digestate which led to a faster solubilization of P and subsequent transport 

out of the waste compartment. Hence, the implementation of this strategy reduced the overall time 

required for the extraction of P (from 9 days to 7 days) which resulted in about 40 % energy saving: 

13.8 Wh was the energy required to extract 1 mg of P using a single-stage approach while only 8.6 

Wh mg-1 was needed using a dual-stage approach.  

These two experiments also showed that about 80 % of daily energy used in the ED extraction of P 

was due to the stirring of the MSW digestate suspension while less than 20 % of the total energy was 

for the generation of the electric fields required for ED extraction.  

 

ii) different stirring modes of the MSW digestate suspension (pulsed stirring, continuous stirring) 

Based on the initial observations, the effect of different stirring times (continuous versus pulsed 

modes) was assessed by experimenting different stirring profiles. It was found that turning-on the 

stirrer for 15 min every hour was the most suitable option: it reduced practically by four the energy 

used (≈2.5 Wh mg-1) when compared with the continuously use of the stirrer (8.6 Wh mg-1), without 

affecting the P extraction efficiency (≈88 %).  

 

iii) pulsed current instead of constant current.  

Another strategy tested was turning the electric field ON and OFF at regular intervals instead of using 

a constant current. This strategy was not found feasible, since the P solubilization is highly dependent 

on pH values and the interruption of the supply of the electric current caused a delay on the 

dissolution of P from the MSW digestate and had a side-effect on P extraction efficiency, decreasing 

it by 10 % - 50 %. 

 

The use of energy can be optimized during the ED extraction of P from MSW digestate. 
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During precipitation of struvite it is necessary to add a source of N and Mg to the P-rich solution and 

to rise the pH of this solution to around 9. In most of this PhD thesis, the production of secondary 

struvite was carried out using N and Mg of mineral origin, namely synthetic chemicals (chapters 2, 

3 and 6). Because it is important to think about resources conservation when developing a new 

technology, in chapter 5 alternative sources of N and Mg were looked for.  

It was hypothesized that the integration of GPM (gas permeable membrane) technology into the ED 

cell would allow for the separation of N from the MSW digestate and provide an alternative source 

for the N required for the synthesis of secondary struvite. GPM technology is based on the passage 

of gaseous NH3 from a solution through a microporous, hydrophobic membrane, followed by its 

capture and concentration in a stripping solution on the other side of the membrane. Chapter 5 

describes the adaptation of the conventional ED cell with a GPM. NH4
+ released from the MSW 

digestate and transported to the cathode during ED was converted at the cathode compartment to 

gaseous NH3 (because of high pH) and diffused through a tubular GPM strategically located there, 

being collected in an acidic solution circulating in the interior of the GPM.  

Using the newly developed ED plus GPM set-up, experiments were carried out in order to select the 

right combination of electric current intensity, length of the compartment with MSW digestate and 

duration of the extraction. The results showed that 74 % of NH4
+ contained in the waste could be 

extracted to the acid trapping solution and 81 % of P was extracted to the anolyte solution. This was 

a promising result for the combination of two membrane technologies - ED and GPM - for 

simultaneous extraction of P and N, which was explored for the first time in this PhD thesis. Using 

GPM coupled to ED gave an innovative twist to the ED technique and allowed to make the synthesis 

of secondary struvite more sustainable. 

For Mg, the use of seawater was successfully explored as an alternative source to synthetic Mg during 

precipitation of struvite, even though the overall costs were higher. 

 

Phosphorus is a macronutrient indispensable for plant growing. Therefore, as the secondary struvite 

using 3-compartment ED set-up showed enough quality to be used as fertilizer in agriculture, the 

evaluation of its effects on soil and on cultivation of rye was carried out (chapter 7). Firstly, the 

The use of non-renewable synthetic chemicals can be reduced during the recovery of P as 

secondary struvite. 

Secondary struvite presents similar agronomic potential as a conventional P fertilizer. 
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release of P forms in an acid sandy loam fertilized soil with secondary struvite was evaluated through 

an incubation experiment (t=30 days). Then, the agronomic value of the secondary struvite was 

assessed in a micro-pot experiment (t=45 days). A conventional fertilizer, single superphosphate, 

was also used in these experiments for comparison, since the objective was the use of the secondary 

struvite as a substitute of the synthetic fertilizers manufactured using mined resources.  

Concerning the effects of secondary struvite fertilization in soil, it was observed that the P available 

in soil (designated in the work as Olsen-P) was the same at the beginning and at the end of the 

incubation time. This means that P released from the secondary struvite is immediately available for 

plant uptake after incorporation the fertiliser in soil and no mineralization time is necessary. In 

addition, the soil labile P fractions increased with secondary struvite fertilization (H2O-Pino, 

NaHCO3-Pino and NaOH-Pino), showing that the P provided is present in a labile P forms and can 

easily be used by the plants when they need. In comparison with single superphosphate, the 

secondary struvite showed similar concentrations in terms of all P forms released to the soil, except 

for Olsen-P, where it performed even better. This demonstrates the potential of the secondary struvite 

to provide to the soil a higher amount of immediately phytoavailable P in comparison with a 

commercial fertilizer.  

The agronomic efficiency (69 g dry-matter g-1 P) and the crop biomass (1.7 g dry-matter kg-1 soil) 

obtained in the soil fertilized with secondary struvite was similar to the values obtained in the soil 

fertilized with single superphosphate (66 g dry-matter g-1 P; 1.7 g dry-matter kg-1 soil). The P uptake 

of rye in soils fertilized with secondary struvite (5.9 mg kg-1) was higher than in soils fertilized with 

single superphosphate (4.7 mg kg-1), showing that the addition of secondary struvite to an acidic soil 

low in P increased the P used by the rye. As consequence, the concentration of total P content in the 

plant was also higher (chapter 8); a higher P solubilization in the soil lead to a higher plant P uptake 

and a higher plant P content. Since there is more available P in soils fertilized with secondary struvite, 

the application rate of secondary struvite can be lower than single superphosphate (chapter 7). 

The presence of contaminants in a secondary struvite synthezised from waste may be a concern in 

general, because it can be prejudicial to plant growth due to their toxicity; however, in this case, no 

increase of the concentration of heavy metals in the rye was measured when secondary struvite was 

used (chapter 8), showing that the recycling of P from MSW digestate as secondary struvite is a 

possible strategy to close the P-nutrient cycle in agriculture. 
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In this PhD thesis, a two sequential recovery process was tested; the first stage consisted on P 

solubilisation and extraction from MSW into a solution using the ED process, followed by the 

precipitation of the ED-extracted P as struvite. After implementation of several strategies to enhance 

the ED extraction of P, the best extraction efficiency of the first step reached 90 % (chapters 3 and 

4) and the precipitation efficiency of the second stage was ca. 99 % (chapters 3, 5 and 6). By 

multiplying the efficiencies achieved in each step, an overall recovery of P from MSW digestate was 

calculated, showing that 89 % of the P in MSW digestate was successfully recycled into struvite. 

This result demonstrates the potential of this process and proves that MSW digestate represents a so 

far under-explored secondary source of P. 

9.2 Implications for environment, economy and society 

Phosphorus is a unsubstitutable and bioessential element for life and food production entirely relies 

on its availability. P takes on a substantial and non-replaceable role in our environment. Nevertheless, 

mining of P from phosphate rock leads to various environmental concerns, namely the release of 

emissions to the air, the eutrophication of aquatic ecosystems, the land degradation through 

phosphogypsum waste stacks near the mining site (phosphoric acid production), and soil 

contamination through cadmium and uranium application with fertilizers (Amann et al., 2018).  

While these environmental concerns cannot be neglected, there are also important economic concerns 

that led the European Commission to declare phosphate rock as a critical raw material in 2014, such 

as the increasing awareness of the concentrated phosphate rock mining in only a handful of countries 

worldwide, the overall increasing demand for P and the fact that phosphate rock is a non-renewable 

resource. Thus, the long-term supply security of P of mineral origin for humankind is questionable 

(Ohtake and Tsuneda, 2019).  

The main findings of this PhD research confirm that the MSW digestate has the potential to substitute 

a portion of the demand for phosphate rock. Therefore, it is possible to increase circularity of P while 

simultaneously reducing the overall environmental impacts from current P extraction practices. So 

far, the potential to recover and recycle P from food waste remains largely unexploited. The P 

recovery process proposed herein can recover up to 89 % of the P contained in digested food wastes 

and generate a secondary P fertilizer that may partially substitute conventional fertilizers. Therefore, 

the recycling of P from digested food waste is undoubtedly at the cutting edge of technology 

development and may pave the road towards a more sustainable resource management.  

ED plus struvite precipitation is a viable technology to successfully recover P from MSW 

digestate. 
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The insights gained in this PhD research about P recovery and recycling are important to the 

agriculture sector as a key future of sustainable resource management. As the world of tomorrow 

may see 80 % of the world’s population lives in cities, P recycling from waste generated in these 

cities should be supported by proper technologies and policy instruments that foster and establish 

economic P-recycling schemes for the human biowaste and other P-rich wastes, such as sewage 

sludge (Ohtake and Tsuneda, 2019). In Portugal, there is no legislation requiring recycling of P; 

therefore, the technology proposed in this PhD research may need to overcome some obstacles before 

its adoption. However, some European countries have already introduced legislation in this 

framework. For instance, the Swiss legislation requires recovery from sewage sludge and meat and 

bone meat from 2026 and the new German sewage sludge ordinance enforces P recovery from all 

German wastewater treatment plants, not allowing the disposal of sludge on arable land (Ohtake and 

Tsuneda, 2019). 

Currently, the sustainable management of P is a global concern on food security due to the current P 

use in a modern society. In part of the Centro region of Portugal (from where the MSW digestate 

used herein was collected), the current use of P follows a linear model when mineral P fertilizers are 

considered (Figure 9.1). In the linear approach, phosphate rock is used as raw material in the 

manufacturing of fertilizers needed for the production of food for mankind. After food consumption, 

the MSW end ups in a waste treatment plant to be disposed of in a landfill or to be treated in a 

mechanical and biological treatment unit.  

If the P recovery technology proposed in this PhD research were implemented, a circular model 

would be promoted increasing the P use efficiency (Figure 9.1). In the circular approach, the MSW 

digestate, a by-product of the waste treatment, is used as a source of P for the manufacturing of a 

fertilizer that is used on food production. After food consumption, the MSW end ups in the waste 

treatment plant, in a closed loop. This new approach contributes to a more sustainable management 

of P. 
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Figure 9.1 Current P management follows a linear concept (top); the alternative approach to P management 

developed in this PhD research (bottom) 

9.3 Research challenges and future research directions 

The technology developed in this PhD research is still in a developing stage. Therefore, additional 

studies are needed before its application at a larger scale, namely: 

 Upscaling the ED extraction process to allow the assessment of its economic feasibility at 

the industrial level; 

 Development of a flow-through prototype to promote the simultaneous P extraction and 

precipitation from MSW digestate; 

 Environmental and economic assessment of the P recovery process and its comparison with 

other technologies; 

 Long-term field study of the agronomic efficacy of the secondary struvite from MSW 

digestate in other soils types, in different crop systems and under different agricultural 

management practices; 

 Widen the possibilities of large-scale P recycling using the proposed ED plus GPM process 

by testing other organic wastes also produced in large amounts (e.g. sewage sludge from 

wastewater treatment plants); 
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 Consider the replacement of HCl as an N acid trapping solution by other more sustainable 

acids, such as naturally occurring organic acids.  

Lastly, further attention is needed on investigation of strategies or solutions for recycling of the liquid 

and solid residues resulting from the P recovery process. This PhD thesis focused exclusively on the 

use of P-rich solutions obtained from ED extraction, but the catholyte solution, the liquid and solid 

fractions of MSW digestate and the liquid residue from secondary struvite precipitation need to be 

addressed in the search of an integrated zero-waste approach. 
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