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resumo 
 

 

O crescimento contínuo da população e da industrialização resulta na 
produção de grandes quantidades de efluentes tóxicos contendo vários 
contaminantes. Este tipo de águas residuais é frequentemente descarregado 
em sistemas aquáticos depois de ser tratado. A menos que um tratamento 
eficiente seja aplicado, as águas residuais tratadas podem representar uma 
ameaça para organismos aquáticos, flora, fauna e para a saúde humana. 
Consequentemente, a aplicação de uma técnica de tratamento eficaz no 
tratamento das águas residuais é de grande importância. 
De modo a avaiar o crescimento da investigação no campo da toxicidade de 
efluentes industriais e biosólidos, uma análise cientométrica foi realizada 
empregando as palavras-chave relevantes na coleção principal do Web of 
Science. Nesta análise, os documentos analisados foram avaliados quanto aos 
seus critérios cientométricos. Os resultados obtidos nesse sentido demonstram 
que, apesar da uma relativa longa investigação realizada neste campo entre 
1951 a 2018, apenas 944 documentos foram publicados, denotando a 
necessidade de haver uma maior colaboração entre indústrias e comunidades 
científicas para reduzir as incertezas e os riscos, as barreiras que impedem o 
crescimento de pesquisas nessa área. Além disso, a escassez dos 
regulamentos e legislação relevantes para minimizar os impactos negativos 
dos efluentes industriais também foi marcada por essa análise. 
Além disso, no âmbito desta dissertação, foi efetuada a avaliação da 
toxicidade de um efluente de uma fábrica de papel e celulose fornecido por 
uma indústria portuguesa antes e após o tratamento, usando Daphnia magna 
como espécie modelo e o teste agudo de imobilização. A análise realizada 
anteriormente sobre esse efluente revelou uma extrema toxicidade e, portanto, 
vários tratamentos foram aplicados com nanomateriais à base de ferro e 
cinzas fornecidos pela indústria produtora do efluente. Antes da análise de 
toxicidade do efluente, os aditivos de tratamento foram analisados quanto à 
sua toxicidade através da sua aplicação ao meio ASTM, a solução de cultura 
utilizada nas culturas e como controlo negativo em D. magna. Em seguida, a 
melhor sequência dos aditivos foi aplicada ao efluente e a toxicidade do 
efluente tratado avaliada. Os resultados obtidos nesse sentido demonstraram 
que, embora o tratamento possa efetivamente reduzir os impactos ambientais 
ao induzir correções químicas, o tratamento não produziu uma considerável 
redução da toxicidade do efluente para D. magna. Portanto, é ainda necessário  
mais investigação sobre um possível tratamento eficaz para estas a´guas 
residuais industriais, tanto do ponto de vista químico quanto ecotoxicológico. 
Este estudo está alinhado com os Objetivos de Desenvolvimento Sustentável 
2030 atribuídos pelas Nações Unidas em relação à redução de resíduos, 
poluição e a necessidade de alcançar um ambiente sustentável. 
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abstract 

 
The continued growth of the population and industrialization results in the 
production of large quantities of toxic effluents containing various contaminants. 
This type of wastewater is often discharged into aquatic systems after being 
treated. Unless efficient treatment is applied, treated wastewater can pose a 
threat to aquatic organisms, flora, fauna and human health. Consequently, the 
application of an effective treatment technique in the treatment of wastewater is 
of great importance. 
In order to assess the growth of research in the field of toxicity of industrial 
effluents and biosolids, a scientometric analysis was carried out using the 
relevant keywords in the main collection of the Web of Science. In this analysis, 
the analyzed documents were evaluated according to their scientometric 
criteria. The results obtained in this regard demonstrate that, despite a 
relatively long investigation carried out in this field between 1951 and 2018, 
only 944 documents were published, denoting the need for greater 
collaboration between industries and scientific communities to reduce 
uncertainties and risks, and barriers that hinder the growth of research in this 
area. In addition, the scarcity of relevant regulations and legislation to minimize 
the negative impacts of industrial effluents was also marked by this analysis. 
In addition, within the scope of this dissertation, the toxicity assessment of an 
effluent from a paper and cellulose factory supplied by a Portuguese industry 
was carried out before and after treatment, using Daphnia magna as a model 
species and the acute immobilization test. The analysis previously carried out 
on this effluent revealed extreme toxicity and, therefore, several treatments 
were applied with iron-based nanomaterials and ashes supplied by the effluent 
producing industry. Before the effluent toxicity analysis, the treatment additives 
were analyzed for their toxicity through their application to the ASTM medium, 
the culture solution used in the cultures and as a negative control in D. magna. 
Then, the best sequence of additives was applied to the effluent and the toxicity 
of the treated effluent was evaluated. The results obtained in this regard 
showed that, although the treatment can effectively reduce environmental 
impacts by inducing chemical corrections, the treatment did not produce a 
considerable reduction in the effluent toxicity for D. magna. Therefore, further 
research is needed on a possible effective treatment for these industrial 
wastewaters, both from a chemical and ecotoxicological point of view. 
This study is in line with the 2030 Sustainable Development Goals assigned by 
the United Nations in relation to waste reduction, pollution and the need to 
achieve a sustainable environment. 
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1.1. General Introduction  

Water is known to be the most abundant resource on Earth. However, the scarcity of 

freshwater is becoming a global concern due to the presence of pollution in aquatic systems (Sehar 

and Nasser, 2019). Freshwater is of significance for the development of the domestic, industrial, 

agricultural, municipal, etc. sectors. Every day a high amount of freshwater is withdrawn from aquatic 

systems, whether as surface and/or ground water, to be consumed (Ugya AY, Ajibade FO and Ajibade 

TF, 2018).  

The industrial sector is accounted to consume a huge amount of water on a daily basis and, 

consequently, this sector produces a high amount of wastewater. The wastewater produced in the 

industrial sector is required to be treated previous to its release into the water media due to containing 

a high amount of hazardous chemical compounds in order to satisfy regulations enforced by the 

governments (Batt et al., 2013). Among the industries, the pulp and paper (P&P) mills (Kamali and 

Khodaparast, 2015), olive oil mills (Pulido, 2016), textile and dyeing industries (Darvishi Cheshmeh 

Soltani et al., 2016), food-related industries (Sehar and Nasser, 2019), etc. are accounted to be 

producing the most contaminated types of wastewaters. On the other hand, the treatment procedures 

of the different wastewaters vary from one to another as the wastewaters possess different 

characteristics, and normally the treatment of the wastewaters is accounted to be costly, time and 

energy-consuming(Kamali and Khodaparast, 2015). Due to the fact that the treated wastewaters are 

normally discharged back to the water media, a treatment procedure has to be considered as efficient 

before released into the environment, regarding potential deleterious effects that can be induced to 

aquatic organisms, flora, and inevitably humans (Imran et al., 2019). Thus, it is of high cruciality to 

find and apply the treatment techniques with a reasonable cost from the economic point of view and 

also provide high efficiency in terms of the quality from the environmental perspective. Moreover, 

another aspect should be taken into consideration that thereafter the efficient treatment and the 

application of the chemical corrections on the industrial effluent, the corresponding toxicity of the 

effluent is reduced as it may cause irreversible impacts on the environment and the well-being of the 

aquatic species, plants, animals, and humans. Another important aspect which possesses high 

significance is that commonly the enforced regulations and legislations regarding the treatment 

efficiencies of the treatment methods of the industrial effluents mainly focus on the chemical 

corrections applied and little attention has been paid specifically on the toxicity reduction of the 

treated effluent before their release into the water media.  

Hence, in order to mark the research growth specifically in the toxicity analysis of the 

industrial effluents, a scientometric analysis can be considered to be performed. Due to the fact that 

the scientometric analysis in any specific area of science can facilitate the comprehension of the 

research growth in that specific area and can mark the trends, milestones, and barriers existing in the 

area under the study, the execution of such analysis can be accounted to be quite beneficial for the 

researchers, governments, and relevant stakeholders(Kamali et al., 2020). Hereupon, in this 
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dissertation, a scientometric analysis on the toxicity of industrial effluents has been performed. Via 

the application of some pre-studied keywords and their insertion into the advanced search mode of 

Web of Science (WoS) core collection database, the relevant scientific documents have been retrieved 

from the database. Further on, the collected documents were analysed regarding some of the 

scientometric criteria as; i) publication years, ii) document type, iii) keywords, iv) authors, v) 

contributing countries/institutions, vi) cited authors and organizations, vii) cited journals, viii) time 

cited documents, and ix) categories.  

Moreover, as previously mentioned, the P&P mills are accounted to be one of the main 

industries to produce highly chemically contaminated effluents in large quantities. As a specific case 

study, a type of effluent produced at the bleaching stage of a Portuguese P&P has been taken under 

analysis. This effluent has been supplied by the industry. In this regard and for the purpose of the 

treatment of such an effluent, two types of treatment additives have been chosen. Primary, the ash 

produced in the same industry, from the combustion process of feeding the eucalyptus wood to the 

boilers, has been considered a treatment additive. Moreover, a specific kind of nanomaterial 

containing mainly iron has been synthesized and is considered to be the other treatment additive. In 

the analysis performed in the scope of another project, these two additives have been applied to the 

supplied P&P effluent and showed a quite potential in order to apply chemical corrections specifically 

in terms of the reduction of adsorbable organic halides (AOX) compounds and also the chemical 

oxygen demand (COD). Moreover, via the application of these two additives, the pH of the effluent 

and its corresponding biochemical oxygen demand (BOD) also increased. Due to the fact that the ash 

is considered a solid waste produced at the P&P mill, its application complies with sustainable solid 

waste management. On the other hand, the synthesized nanomaterial is considered to be affordable 

from an economic point of view. Thus, these two additives can be considered to satisfy both the 

economic and environmental aspects regarding the treatment of industrial effluent. However, their 

efficiency regarding the reduction of the toxicity of the treated effluent remains uncertain. 

Consequently, in this dissertation, the treatment of the P&P effluent undergoes via the application of 

the above-mentioned additives, and further on, an ecotoxicity analysis is performed on the treated 

effluent via the implementation of an acute immobilization test by the Daphnia magna as the test 

species. This type of toxicity analysis via the D. magna has been adopted due to the high sensitivity of 

this species to several chemical compounds, their rapid breeding, and also due to the crucial role they 

play in the aquatic food chain.  

1.2. Main objectives 

 

To sum up, this dissertation is mainly orientated for the approach on the toxicity assessment 

of the industrial P&P with the following objectives; 

i) the execution of a scientometric analysis on the toxicity assessment of the industrial wastewaters to 

mark the research growth, existing trends, milestones, and barriers in this field; 
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ii) the implementation of the treatment of the P&P effluent supplied by the Portuguese industry with 

the chosen additives;  

iii) the performance of the toxicity analysis on the treated effluent via the acute immobilization test by 

D. magna;  

iv) the development of a comprehensive discussion based on the obtained results;  

v) provision of constructive suggestions for the treatment of the industrial effluents from the 

ecotoxicological point of view.  

1.3. Thesis organization 

This thesis has been organized into an introduction (the actual section), two main chapters, 

and a final chapters:  

-Chapter I: General introduction; 

-Chapter II: A scientometric study on industrial effluent and sludge toxicity; 

-Chapter III: Pulp and paper mill effluent toxicity to D. magna before and after treatment with 

engineered nanomaterials and ash;  

-Chapter IV: General discussion, general conclusion, and suggestion for future studies and research.  
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2. A scientometric study on industrial effluent and sludge toxicity 

2.1. Introduction 

Industries such as pulp and paper, textile, cement, oil, leather, paint, food, etc. normally 

produce a huge amount of sludge and effluents (Ali and Sreekrishnan, 2001; Li et al., 2018; Patange et 

al., 2018)(Hubbe et al., 2016). Such wastes generally contain a number of environmental 

contaminants, which may bring concern regarding environmental and human health (Article et al., 

2016)(Onianwa, 2018). Such effluents and sludges containing high levels of chemical oxygen demand 

(COD), biochemical oxygen demand (BOD), and the presence of recalcitrant environmental pollutants 

such as adsorbable organic halides (AOX) are highly toxic for the environment (Ali and Sreekrishnan, 

2001; Li et al., 2018, 2018), (Johnstone and Ilg, 2003)(Kamali and Khodaparast, 2015). 

The growth of industrialization and the discharges of the produced industrial effluents are one 

of the main sources of air, land, and water pollution.(Koli, Kapadnis and Deshpande, 2018)(Chan et 

al., 2009). Thus, environmental risk assessment procedures play a major role in the evaluation of the 

effects of the discharged industrial effluents on aquatic organisms, which are highly at risk due to 

levels of discharge that may represent high pollutions levels to the natural resources (Patange et al., 

2018). The use of ecotoxicology assays for monitoring the efficiency of the treatment technologies and 

detoxification of industrial wastewaters has been applied in many studies (Patange et al., 2018) 

(Gonzhlez and Lbpez, 1999). However, there is still a lack of information in the toxicity characteristics 

of various industrial effluents. 

Dealing with such high toxic effluents has been a subject of various studies worldwide. 

However, the number of reports in the literature for an effective application of novel and efficient 

methods to deal with this problem in real scale applications are rare due to the existing barriers such 

as the treatment costs and the need for high-tech equipment (Ali and Sreekrishnan, 2001; Li et al., 

2018; Patange et al., 2018). Due to this fact, the toxicity of the effluents released from industrial 

activities has continued to be a significant problem worldwide, especially in developing 

countries(Imran et al., 2019) (Boyd, 2003). In this situation, in-depth knowledge of the real effects of 

the industrial effluents on the surrounding environment may help the industries and the scientific 

communities to develop a more efficient and cost-effective solution to deal with industrial effluents 

and sludge(Islam et al., 2011)(Kamali and Khodaparast, 2015). Scintometry is considered as a highly 

beneficial tool that measures and analyse scientific literature, aiming at investigating the history of 

science in a specific field and monitoring the active bodies worldwide, as well as the most important 

issues (as keywords) to focus for the future studies(Davarazar et al., 2019)(Olawumi and Chan, 

2018)(Darko et al., 2019). Hence, the scientometric analysis can be utilized to demonstrate the efforts 

performed in any specific field and also to mark the existing barriers, milestones, and trends in the 

field of study.  
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Despite the high-quality studies that have been published in the literature, in our best 

knowledge, there are not any scientometric studies performed regarding the ecotoxicological 

assessments of the real industrial effluents so far. Hence, this study aimed to provide the scientific 

community with the scientometric aspects of the toxicity of industrial effluents followed by a critical 

discussion on the results and the aspects to be focused for the future in order to diminish the 

drawbacks attributed to the production and release of the highly polluted industrial effluents and 

sludge on the receiving ecosystems.  

2.2. Methodology 

This study focuses on a scientometric analysis of industrial effluent and sludge toxicity in 

order to visualize and analyze the available documents in this regard. All studied documents have 

been obtained from the Web of Science (WoS) core collection platform (© 2020 Clarivate Analytics), 

which covered most Institute for Scientific Information (ISI) publications from various core journals 

also and is the universal database for ISI publications(Zandi et al., 2019)(Chen, 2006). Hence, 944 

documents collected from WoS were analyzed with CiteSpace program (Visualizing Patterns and 

Trends in Scientific Literature) and also WoS analysis (provided by (© 2020 Clarivate Analytics). The 

following keywords have been searched to assess all publications in this regard: *indust* or mill* or 

*factory* and effluent* or waste water* or wastewater* or waste* or sludge or landfill* or leachate* or 

release* or fate* or discharge or influent* and *toxic* or mutagen* or detoxif* or lethal. A fuzzy search 

has been applied with “*” and we did not apply any predefined specific duration of time to find out all 

publications. No duration was considered due to the fact that the number of retrieved documents with 

the applied keywords was scarce, and in this way, the utilized database was equipped with the 

opportunity to provide all the documents published at any time in the past. The performed research 

design is presented in Figure 2.1. There are four parameters for the scientometric analysis; 

 1) centrality: this parameter represents the significance of any data. Whenever any types of data such 

as a keyword or author name are located in the center of the figure, that data is of high importance; 

 2) burst: this parameter is a tool to measure the frequency of the appearance of any type of data 

whether a keyword or an author over a specific and short duration of time; 

 3) sigma: it is an integrated measurement in CiteSpace software, which demonstrates the 

combination of both the citation and the burst of any type of data whether a keyword or an author 

name; 

4) clustering: it is a measurement of the data by categorizing the information based on the similarly 

utilized keywords. According to the size of the category, each cluster gains a size. The largest cluster 

containing the most homogenous data is demonstrated by #0. 
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Figure 2.1. Research design used in the scientometric study performed for industrial effluent and 
sludge toxicity. 
 

2.3. Results 

Following the research design presented in figure 2.1, the total number of 944 publications 

was gathered. All these documents are in the English language from the year range of 1951 to 2018. 

Furthermore, the gathered documents were taken under analysis regarding some specific 

scientometric parameters as “the publication year”, “document type”, “keywords co-occurrence”, 

“authors”, “country and institute”, “cited authors”, “cited journals”, “categories”, and “time cited 

documents”. In the following sections, these parameters will be further discussed.  

2.3.1. Publication years analysis  

All obtained documents from 1951 to 2018 are shown in Figure 2.2, evaluating the number of 

publications for each year and to visualize the pattern of the cumulative publications number. Table 

2.1 represents the number of publications in the last decade, which includes more than 36% of all 

publications. The pattern of the cumulative number of publications with the fitted curve of sigmoidal 

4 parameters (Rsqr=0.9985) represents the sigmoidal growth of the number of publications over the 

adopted period. 
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Figure 2.2. The number of scientific documents published on industrial effluent and sludge toxicity 
performed on industrial wastewater from 1950 to 2018. The sigmoidal fitted curve with Rsqr of 
0.9985 represents that the growth in the number of publications in this field is now increasing. 
However, this growth will become stable later in the near future. 
 

 

Table 2.1. The number of publications in the field of industrial effluent and sludge toxicity and the 
contributing percentage of the number of publications of the previous ten years (2009-2018) to the 
adopted total duration (1951 to 2018). 
 

Year Publications (NO.) Portion (%) 

2018 37 3.92% 

2017 39 4.13% 

2016 43 4.56% 

2015 36 3.81% 

2014 36 3.81% 

2013 25 2.65% 

2012 32 3.39% 

2011 44 4.66% 

2010 26 2.75% 

2009 26 2.75% 

2.3.2. Documents types 

The results obtained from the search of the above-mentioned keywords in WoS have been 

furthered analyzed based on the type of published documents. Accordingly, the results indicate that 

most of the scientific documents in the field of toxicity analysis on industrial wastewater have been 

published as articles with the overall portion of 76.32%. Furthermore, proceeding papers (with a 

portion of 13.92%) and meeting abstracts (with the portion of 3.75%) were observed to include the 

highest types of published documents in this field (Figure 2.3). 
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Figure 2.3. The obtained results demonstrating the types of published scientific documents on 
toxicity analysis on industrial wastewater during the adopted period (1950-2018) gathered from WoS. 
 
 

Table 2.2. The number of published documents and the types in which they were published 
regarding the toxicity analysis on industrial effluents obtained from WoS during the adopted period. 
According to the parameter indicated in this table as “portion (%)”, it can be observed that mainly the 
publications in this regard has been published as articles and secondly as the proceeding papers with 
the highest percentages as 76% and 14%, accordingly.  

Rating Documents type Publications (NO.) Portion(%.) 

1 Research paper 721 76.32 

2 Proceeding paper 132  13.92 

3 Other 40 4.24 

4 Meeting abstract 35 3.75 

5 Review 16 1.77 

2.3.3. Keyword analysis  

The chosen documents in the field of toxicity analysis of industrial effluents in WoS were 

further examined based on the most displayed keywords via the application of CiteSpace software. The 

results achieved from this analysis demonstrate the keyword “toxicity” with the frequency of 131 has 

appeared the most with the high centrality (equal to 0.19), being in the center of the appeared 

keywords (Figure 2.5). Moreover, according to the timeline of the appeared keywords, Figure 2.4, the 

keyword “toxicity” has appeared between the years of 1993 to 1995 for the first time. Furthermore, the 

keywords “wastewater” and “waste water” have appeared more frequently in comparison to other 

keywords with the frequencies of 94 and 85, respectively. As the software cannot distinguish the 

difference in writing, the keywords “wastewater” and “waste water” have been considered as two 

different keywords. The keyword “heavy metal” with the respective frequency of 70 has been 

categorized as the fourth keyword appearing the most.  

Moreover, the keywords have been analyzed based on the parameter burst during the adopted 

period from 1950 to 2018. Accordingly, the keywords “water”, “effluent”, and “toxicity” with the 

amount of burst of 14.48, 11.19, and 10.23, respectively, contained the highest burst.  
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Also, the keywords appearing the most have been analyzed regarding the parameter sigma 

they possess. Accordingly, the keywords “toxicity” and “effluent” contained the highest sigma (6.01 

and 4.30, respectively). The detailed characteristics of the appeared keywords are represented in 

Table 2.3. 

As mentioned above, the timeline in which the keywords have appeared has been obtained 

from the keyword analysis from CiteSpace software. The timeline of keywords has been divided into 8 

clusters. The cluster entitled “Eisenia fetida” (cluster#0) and “Pulp and paper mill” (cluster#1) were 

distinguished to be the largest clusters obtained from this analysis.  
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Figure 2.4. The timeline of the keywords appearing in the scientific documents published in the field of industrial effluent and sludge toxicityfrom 1950 to 
2018 via the utilization of CiteSpace software. 
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Figure 2.5. The analysis regarding the appeared keywords in the scientific documents published on 
the industrial effluent and sludge toxicity analysis from 1950 to 2018 via the utilization of CiteSpace 

a 

b 
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software. Figure a) represents the analysis of the keywords, and b) demonstrates the same figure 
without the centrality for better visualization.  
 

Table 2.3. The characteristics of the keywords appeared in the scientific documents published in the 
industrial effluent and sludge toxicity analysis regarding their scientometric specifications (frequency, 
burst, centrality, and sigma). These results have been gained from the analysis performed via the 
utilization of CiteSpace software. 
 

Rating Keyword Frequency Burst Centrality Sigma 

1 toxicity 131 10.23 0.19 6.01 

2 wastewater 94  0.14 1 

3 waste water 85  0.11 1 

4 heavy metal 70  0.08 1 

5 effluent 66 11.19 0.14 4.3 

6 genotoxicity 65  0.14 1 

7 degradation 60  0.11 1 

8 water 50 14.48 0.1 3.83 

9 removal 46  0.06 1 

10 biodegradation 43  0.15 1 

11 bioassay 41  0.11 1 

12 decolorization 36  0.05 1 

13 phytotoxicity 34  0.1 1 

14 aqueous solution 34  0.09 1 

15 soil 32  0.02 1 

16 olive mill wastewater 31 5.11 0.02 1.11 

17 detoxification 26  0.06 1 

18 oxidation 25 4.61 0.04 1.2 

19 adsorption 25  0.03 1 

20 acute toxicity 24  0.07 1 

2.3.4. Authors analysis 

The obtained documents from the search of the keywords mentioned above in WoS were 

furthered inserted in CiteSpace software to be analyzed regarding the authors who contributed to the 

field of toxicity analysis of industrial effluents. Figure 2.6 and Table 2.4 represent the results achieved 

from this analysis. As it can be observed, the authors “Walden CC”(frequency=14, burst=7.38, and 

sigma=1.03), “Mueller JC” (frequency=8, burst=4.97, and sigma=1.03), and “Sponza DT” 

(frequency=7, burst=4.54, and sigma=1) have contributed the most in this field. In this analysis, the 

nodes represent the authors, while the links demonstrate the contribution among authors. As it can be 

observed from Figure 2.6, no significant connections have been formed among the authors who are 

accounted to be contributing in the field of toxicity analysis on the industrial wastewaters except very 

few groups.  
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Figure 2.6. The analysis regarding the authors who have contributed to the field of industrial 
effluent and sludge toxicity during the adopted period achieved from the utilization of CiteSpace 
software. 

Table 2.4. The characteristics (frequency, burst, sigma, and record count) of the authors contributing 
in the field of industrial effluent and sludge toxicity based on the achieved documents during the 
adopted duration from 1950 to 2018 obtained from CiteSpace. Accordingly, the number of documents 
published by each of the authors in this field and during this period has been gathered from WoS 
analysis, and they are represented as “record counts”. 
 

Rating Author Frequency Burst Sigma Record count (NO.) 

1 CC Walden 14 7.38 1.03 16 

2 JC Mueller 8 4.97 1.03 13 

3 Delia Teresa Sponza 7 4.54 1 13 

4 JP Kutney 7  1 7 

5 Rukiye Oztekin 6  1 7 

6 ER Nestmann 6  1 9 

7 M Singh 6  1 6 

8 Sami Sayadi 6  1 9 

9 AG Livingston 5  1 7 

10 S Bauer 4  1 4 
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2.3.5. Contributed Countries/ Institutions  

The documents published in the field of the toxicity analysis on industrial effluents from 1951 

to 2018 were further analyzed based on the contributed countries and institutions. This analysis has 

been performed via the utilization of CiteSpace software, and the respective results are shown in 

Figure 2.7, Figure 2.8, and Table 2.5. According to the achieved results, “India”, “the USA”, and 

“Canada” are accounted as the most contributing countries in this field with the numbers of 

publications of 135 (with an overall portion of 14%), 100 (with an overall portion of 11%), and 91 (with 

an overall portion of 10%), respectively. Although India has the first rank of studies in this regard, 

population ratio to the number of executed researches in table 2.5 shows Canada has the most 

valuable rank with 0.40 million people per study and the lowest rank in this table is for China with 

41.04 million people per study. In this analysis, and based on Figure 2.7, the nodes represent the 

countries, and the links stand for the co-contribution of countries in this field. Moreover, in this 

analysis, the institutions with the highest level of contribution in this field have also been 

demonstrated in Figure 2.7. The utilized fonts demonstrating the countries and the institutions 

represent their respective amount of contributions in this field. The bigger the utilized font, the 

highest amount of contribution of the respective country/institution. Moreover, the utilized size of the 

nodes representing the countries and institutions stands for the number of contributions provided by 

each respective country/institution. The bigger the size of the utilized node, the higher the 

contribution of the respective country/institution.  

 

Figure 2.7. The analysis regarding the contributing countries and institutions in the field of 
industrial effluent and sludge toxicity from 1951 to 2018. This analysis has been achieved via the 
utilization of CiteSpace software. 
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Figure 2.8. Countries that most contribute to the field of the industrial effluent and sludge toxicity 
analysis with their respective number of published documents over the adopted duration from 1951 to 
2018. The most contributing countries in this field have been presented with a darker color in the map 
and the variation in the utilized color demonstrates the number of contributions provided by different 
countries. 
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Table 2.5. The analysis regarding the most contributing countries in the field of industrial effluent 
and sludge toxicity during the period of 1951 to 2018 via utilization of CiteSpace software. As it can be 
observed in this table, India and the USA, with the total portion of 14% and 11%, respectively, have 
contributed the most in publishing scientific documents in the field of toxicity analysis of industrial 
effluents from the numeric perspective. Moreover, by comparison of the corresponding population 
ratio, Canada has shown a more productive behavior in publishing the scientometric publications in 
this regard. 
Rating Countries Record Count (NO.) Portion (%.) population ratio to the amount 

of executed research (million 

people/study) 

1 India 135 14.30% 10.01 

2 USA 100 10.59% 3.272 

3 Canada 91 9.64% 0.40 

4 Brazil 60 6.36% 3.49 

5 Spain 39 4.13% 1.19 

6 Italy 35 3.71% 1.15 

7 Germany 34 3.60% 2.43 

8 China 34 3.60% 41.04 

9 Turkey 34 3.60% 2.37 

10 France 31 3.28% 2.15 

2.3.6. Cited authors and organizations analysis 

The list of authors and organizations of the chosen documents were examined regarding the 

amount of citations they received during this period. Accordingly, the organizations and authors 

“APHA” (frequency=72 and burst= 6.21), “Leach JM” (frequency= 40 and burst=20.2), and “Us EPA” 

(frequency= 34 and burst= 11.97) were indicated to have been receiving the highest amount of 

citations. This analysis has been performed via the utilization of CiteSpace software. The respective 

achieved results in this regard are demonstrated in Figure 2.9 (a). Furthermore, Figure 2.9 (b) 

illustrates the clustering of keywords based on the cited authors and organizations. As it can be 

observed, “olive mill wastewater” with 85 members is accounted to be the largest cluster (cluster#0). 

Moreover, the top five cited authors and organizations with their respective scientometric 

a 
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characteristics are represented in Table 2.6. 

 

 

Figure 2.9. The obtained results from the analysis of the cited authors and organizations 
contributing to the field of industrial effluent and sludge toxicity from 1951 to 2018. Both illustrations 
(a and b) have been achieved via the utilization of CiteSpace software. 
 

b 
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Table 2.6. The list of the top ten cited authors and organizations contributing to the field of the 
industrial effluent and sludge toxicity analysis from 1951 to 2018 performed via utilization of 
CiteSpace software. The respective scientometric characteristics of the authors and organizations have 
also been presented, with their frequency, burst and sigma parameters. 
 

Rating Cited Authors Frequency Burst Sigma 

1 APHA 72 6.21 1 

2 Leach JM 40 20.2 1 

3 US EPA 34 11.97 1 

4 Maron DM 34 8.56 1 

5 Sponza DT 31 4.66 1 

2.3.7. Cited journals analysis  

The obtained scientific documents on the industrial effluent and sludge toxicity analysis from 

1951 to 2018 were further examined based on the most cited journals. Figure 2.10 and Table 2.7 

demonstrate the obtained results in this regard via the utilization of CiteSpace software. Based on the 

achieved results the journals “Water Research” (frequency=367, burst=5.75, centrality=0.10, and 

sigma=1.77), “Chemosphere” (frequency= 344, burst=0 centrality=0.06, and sigma=1.00), 

“Ecotoxicology and Environmental Safety” (frequency= 228, burst= 1.68, centrality=0.05, and sigma= 

1.08) and “Journal of hazardous material” (frequency=205, burst=19.41, centrality=0.05, and 

sigma=1.39) were identified to be the journals with the highest received citations. Moreover, as it can 

be observed from Figure 2.10 (b), the keywords clustering based on this analysis demonstrates 8 

clusters with “olive mill wastewater” as the largest cluster (#0) with 104 members. 
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Figure 2.10. The results achieved for the analysis the most cited journals contributing to the field of 
industrial effluent and sludge toxicity from 1951 to 2018. These figures have been obtained via the 
utilization of CiteSpace software. 

 

Table 2.7. The top ten highly cited journals in the field of industrial effluent and sludge toxicity from 
1951 to 2018. Some of the mentioned journals do not possess a corresponding burst amount since they 
did not receive a high number of citations over a short period of time, which is represented as burst). 
Thus, no value corresponding to their burst have been mentioned. 

Rating Cited Journals Frequency Burst Centrality Sigma 

1 Water Research 367 5.75 0.10 1.77 

2 Chemosphere 344  0.06 1.00 

3 Ecotoxicology and Environmental Safety 228  0.05 1.00 

4 Journal of Hazardous Materials 205 19.41 0.02 1.39 

5 Environmental Science & Technology 200 11.25 0.13 4.10 

6 Science of the Total Environment 194  0.07 1.00 

7 Environmental Toxicology and Chemistry 188 12.05 0.05 1.72 

8 Water Science & Technology 182 7.73 0.05 1.51 

9 Bioresource Technology 179 6.71 0.05 1.36 

10 Bulletin of Environmental Contamination and Toxicology 175 15.87 0.12 6.08 

2.3.8. Categories analysis 

 The obtained documents from the search of the keywords mentioned above in the industrial 

effluent and sludge toxicity from 1951 to 2018 were furthered analyzed based on the categories they 

were divided into. This analysis has been performed via the utilization of CiteSpace software, and the 

respective result is presented in Figure 2.11 and Table 2.8. As can be observed, most of the considered 

documents were in the field of “environmental sciences & ecology” with a record count of 528 with a 

portion of 56% of all considered categories. The second and third categories with the highest number 

of record counts were observed to be “toxicology” and “environmental engineering” with the 

respective record counts of 194 (21%) and 190 (20%). 
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Figure 2.11. The analysis performed on the categories in which the documents on industrial effluent 
and sludge toxicity from 1951 to 2018 were divided into. This analysis has been executed via the 
utilization of CiteSpace software. 
 
Table 2.8. The top ten categories in which the documents on the industrial effluent and sludge 
toxicity analysis from 1951 to 2018 were divided into. The results have been achieved by the CiteSpace 
software. The first two categories with the highest corresponding frequencies have not received a value 
regarding their burst, as these two categories were focused in this field more frequently and not 
specifically in a short duration of time, which is defined as burst as the scientometric criterian.  
 

Rating Categories Frequency Burst Centrality Sigma 

1 Environmental Sciences & Ecology 528  0.20 1 

2 Engineering 259  0.21 1 

3 Toxicology 189 3.06 0.09 1.29 

4 Engineering, environmental 182 0.93 0.10 1.09 

5 Water resources 147 0.80 0.03 1.02 

6 Chemistry 74 1.18 0.26 1.31 

7 Biotechnology & applied Microbiology 60 0.48 0.15 1.07 

8 Engineering, chemical 53 7.04 0.01 1.09 

9 Chemistry, multidisciplinary 39 1.91 0.02 1.03 

10 Materials science 29 0.88 0.01 1.01 

2.3.9. Time cited documents  

The documents considered in this study on the industrial effluent and sludge toxicity from 

1951 to 2018 were analyzed based on the number of citations they have received during the mentioned 

period. This result has been obtained by the WoS analysis tool. The titles of the top ten documents 

with the highest received citations in the bank of WoS have been represented in Table 2.9. Their 

respective number of received citations have also been included in Table 2.9.  
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Table 2.9. The titles of the top ten documents in the field of industrial effluent and sludge toxicity 
with the highest number of received citations according to WoS analysis. 
 

Rating Title Year Time Cited 

(NO.) 

1 Aquatic toxicity from pulp and paper mill effluents: a review 2001 316 

2 The genotoxicity of industrial-wastes and effluents 1992 233 

3 Bio-assay methods for the evaluation of acute toxicity of industrial wastes to fish 1951 215 

4 Critical review of literature on the toxicity of industrial wastes and their components to 

fish 

1953 194 

5 Genotoxicity of industrial wastes and effluents 1998 177 

6 Environmental effects caused by olive mill wastewaters: Toxicity comparison of low-

molecular-weight phenol components 

2003 138 

7 Reduction of phenol content and toxicity in olive oil mill waste waters with the 

ligninolytic fungus Pleurotus ostreatus 

1996 136 

8 Toxicity evaluation of reactive dyestuffs, auxiliaries and selected effluents in textile 

finishing industry to luminescent bacteria Vibrio fischeri 

2002 135 

9 Comparison of various titania samples of industrial origin in the solar photocatalytic 

detoxification of water containing 4-chlorophenol 

1999 129 

10 Land spreading of olive mill wastewater: Effects on soil microbial activity and potential 

phytotoxicity 

2007 127 

2.4. Discussion  

The first aim of this study was to execute a comprehensive scientometric approach regarding 

the research performed in the field of industrial effluent and sludge toxicity. The results achieved 

indicate that only 944 bibliographic documents have been published between 1951 to 2018, which is 

quite a low number for a relatively long period of time, especially when compared to the other 

scientometric studies (Zandi et al., 2019) (Davarazar et al., 2019). This may reveal the urgent need for 

more research and effort in this area to have a scientific-based conclusion about the toxicity of the 

effluents and sludge from various industrial origins. The number of publications (Figure 2.2) 

demonstrates a sigmoidal trend indicating that the number of publications is even in a declining 

mode. In this regard, perhaps the public support, mainly by providing financial requirements, and 

also the development of the related standards and regulations, may assist in accelerating the scientific 

research in this field. Moreover, fluctuations in the number of publications in this area may indicate 

that the scientific progress in this field has not followed a steady state. In this regard, perhaps there is 

a lack of the effective cooperation of the industry with the scientific community in order to explore the 

toxicity of the produced effluents and the effectiveness of the treatments used. So to promote the 

cooperation of the industry with the scientific community, some actions to fill the existing gaps should 

be attained: 1) existence of the effective regulations, which may obligate the industries for such 

activities, or 2) the stringent environmental standards on the discharged effluents quality, which may 

bring the need for improvement of the treatment systems located in the industries, seems to be 

essential (Sivri and Toroz, 2007)(Chan et al., 2009). In this regard and despite the efforts of 

international organizations such as the environmental protection agency (EPA) for the development of 

relevant regulations and directives, there are currently no obligations for industries to perform a 
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direct toxicity evaluation on their discharged industrial effluents (Ren, 2004). Also, it must be stated 

that although the efficient treatment facilities can reduce the load of harmful chemical compounds 

such as AOX, BOD, COD, phenolic compounds, etc. (Kamali and Khodaparast, 2015), there is still no 

guarantee for the reduction in toxicity of the industrial effluents even after the treatment applied (Yu 

et al., 2019). In fact, some measures which are normally adopted for the degradation or removal of 

specific contaminants may cause some toxic effects, for instance, by releasing chemical compounds to 

the content of effluents, especially when chemical treatment techniques are used. In addition, the 

effects of complex mixtures are disregarded when solely chemical analysis is used to establish levels of 

concern. As represented in Figure 2.3, more than 75% of all documents published in this field are 

categorized as “articles” which may reveal the tendency of the researchers to publish their findings in 

indexed journals rather than as conference papers, books, etc. Moreover, according to Table 2.7, the 

journals in the field of environmental science and engineering, like “Water research” and 

“Chemosphere”, have been active in the publication of the findings in this scientific field but those 

which are specifically published the ecotoxicological findings are rare among the top publishers in this 

area.  

The keywords timeline illustrated in Figure 2.4, shows that between 1990 and 2000 a number 

of critical keywords on the toxicity of industrial effluent and sludge have appeared in the scientific 

documents. Keywords such as “toxicity”, “wastewater” and “heavy metal” might have been used 

previously; however they have been mainly highlighted and gained more attention in the period 

mentioned above. As represented in Figure 2.4, the clusters entitled as “pulp and paper mill” (with a 

high amount of sodium hydroxide, chlorinated organic compounds, low BOD, high COD, etc. (Raj et 

al., 2014)), “olive oil mill” (with a high amount of high organic load, phytotoxic and antibacterial 

phenolic substance, etc. (Aktas, Imre and Ersoy, 2001)), “plasma-etching process” (with a waste gas 

mixture of chlorinated hydrocarbons, inorganic by-products, etc.(Bauer, Werner and Hoffmann, 

1992)), and “petrochemical”(with polycyclic aromatic hydrocarbon(Sponza, 2010)) in their discharges 

are categorized as the most toxic industrial effluents for the receiving environments. Other industries, 

such as textile mills normally produce highly concentrated toxic wastewaters laden with dyes, low 

BOD, high COD, etc. (Yusuff and Sonibare, 2005). The earthworm Eisenia fetida has also been 

appearing in the keywords, as an indicator for contaminated soils with industrial activities (Zandi et 

al., 2019). In Figure 2.4, this organism has been shown as a cluster, and others often used to assess 

water quality (e.g., D. magna) appear less frequently. D. magna has appeared from 1999, and it is 

categorized in cluster (#5) with the title of a toxicity-directed approach. Figure 2.4 also indicates that 

after 2010, only a few keywords have been entered in the scientific literature in this field. It can 

demonstrate that there is still a lack of in-depth studies, including keywords such as “nanotoxicology” 

as an emerging global issue caused by the application of nanomaterials for wastewater treatment 

(Kamali et al., 2019). 

According to Figure 2.6, there are just a few groups of collaborating authors in the field of 

toxicity assessment of industrial effluents. As can be observed, no extensive collaboration links have 
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been formed even between some of the most active authors in this field, such as Sami Sayadi (Qatar 

University) and Andrew G.Livingstone (Imperial College London). Although some collaborations 

between some countries and institutes can be identified from this Figure, due to their co-operation in 

international projects, a low degree of collaborations is observed among the individual researchers. 

Figure 2.7 and Figure 2.8 represent the share of the countries and institutes in this field. As it can be 

observed, India is the most active country in publishing the bibliographic records on the toxicity of 

industrial wastewater. Besides the governments’ strict regulations, the amount of effluents produced 

in India and the subsequent environmental drawbacks can be the most important reasons for the 

position of India in this regard (Rajaram and Das, 2008). The USA, Canada, Brazil, and Spain are, 

respectively, the most active countries in this field after India. Also, China, which is accounted as one 

of the most industrialized countries with high contributions in the scientific document production in 

the field of wastewater treatment (e.g., in the application of MBR bioreactor (Zandi et al., 2019)), has 

no significant contribution in the field of the industrial wastewater toxicity. The progress in scientific 

research in this field needs the pressure from stakeholders, customers, and communities (Zhang et al., 

2008), rather than the degree of the development of the country. As stated before, the most active 

country in this field is India, as a developing country, which possesses highly toxic industries.  

The most cited collected documents represented in Table 2.9 shows that there is not any 

highly cited publication in the last decade in this area. Moreover, the top rank publication in this 

regard was published in 2001 as a review article on pulp and paper mill effluent (Ali and 

Sreekrishnan, 2001). The latest highly cited publication represented in Table 2.9 was published in 

2007 regarding the toxicity of the olive oil mill wastewater (Saadi et al., 2007). These two papers 

represent the importance of the pulp and paper mill and olive oil mill wastewaters as the highly 

polluted effluents which require considerable capital and operating costs for the treatment of the 

produced effluents. In addition to the mentioned industries, there are a number of industries such as 

food, paint, textile, etc. which are not highlighted in the (944) collected bibliographic records. It 

means that although these industries produce highly toxic wastewaters and effluents, there are not 

enough reports published in the literature investigating their toxicity effects. However, there is not 

any clear information regarding the the reduction of the toxicity of the industrial effluents after the 

treatments (Yu et al., 2019). 

2.5. Conclusion 

Industrial effluents and sludges are one of the most important sources of highly polluted and 

contaminated residues and can cause many environmental and ecological issues upon discharge to the 

environment. A comprehensive scientometric analysis has been carried out in this study to provide a 

clear understanding of the scientific efforts regarding the analysis of the toxicity assessment of 

industrial effluents. India and the USA accounted as the leading countries that have contributed the 

most in this regard by evaluating and analysing the industrial effluent to avoid environmental 

contamination. Although the sigmoidal growth of publications in this regard has been obtained, there 
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is still a lack of information about many industrial activities and discharges to be evaluated regarding 

these ecological and environmental impacts. These kinds of studies are accounted for as the result of 

the function of economic situations and policies. Therefore, the absence of effective regulations and 

standards regarding the toxicity of these types of effluents can globally be felt. However, it is an 

inevitable reality that even with strict regulations, the industry might not cooperate as effectively as 

they should, due to high capital and monitoring costs.  
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3.1. Introduction 

The continuous growth of population, urbanization, cultivation, and industrialization in the 

last century has resulted in the consumption of a massive amount of water and, consequently, the 

production of wastewaters with various adverse characteristics. Accordingly, the release of such 

wastewaters into aquatic ecosystems has resulted in various environmental and ecological footprints 

affecting the ecosystems, and inevitably the well-being of humans, flora, and fauna (Chan et al., 

2009). Many industries such as textile and dyeing, food production, olive oil mill, and pulp and paper 

mill, are globally accounted as the main driving industries regarding contaminated wastewaters, with 

a huge amount of highly contaminated wastewaters. Supposedly, all those industries are equipped 

with wastewater treatment plants. However, due to the cost of the treatment and the scarcity of strict 

regulations in many countries or applicability of the present regulations in some countries, the release 

of inefficiently treated wastewater has caused the contamination of the aquatic systems and hindrance 

of monitoring of the quality of the water (Sivri and Toroz, 2007)(Chan et al., 2009). Thus, finding 

efficient treatment technologies for these types of effluents have been the main focus of many studies 

during the previous decades (Hubbe et al., 2016).  

 As previously mentioned, the pulp and paper mill (P&P) industry is considered one of the 

most important industries in developed countries (the fifth-largest industry in the USA) (Huang et al., 

2015). Moreover, due to the various steps of production (e.g., removal of the bark for wood 

exploitation, rinse off the pulp, and bleaching of the produced paper, etc.), a large amount of 

freshwater is required. All these different stages of P&P induce a variation in residues characteristics 

such as in pH or chemical composition, resulting in a huge amount of effluent with highly toxic 

compounds. The wastewater produced at P&P contains contaminants such as chlorinated compounds 

(adsorbable organic halides (AOX)), fatty acids, suspended solids, etc. with high amounts of chemical 

oxygen demand (COD) and low biochemical oxygen demand (BOD)(Ali and Sreekrishnan, 

2001)(Hubbe et al., 2016). Also, the produced wastewater is considerably brownish dark in color due 

to containing mainly lignin and its respective derived forms, which are accounted to be almost non-

biodegradable (Lindholm-Lehto et al., 2015). Due to these characteristics, the biological treatment 

cannot be applied to sufficiently remove the contaminations from this wastewater.  

On the other hand, like Huang, M et al. (Huang et al., 2015) reported, many studies in the 

literature have noted that the effluent produced from P&P induces toxic impacts towards aquatic 

organisms unless efficient COD correction has been applied to the effluent previous to its release. 

However, this approach can be considered valid for domestic wastewater only, and it cannot be 

considered for the toxicity assessment of industrial effluents, specifically, the effluent produced from 

the P&P, where more than the COD play a crucial role in toxicity (e.g., chemical complex mixtures). 

Consequently, the toxicity assessment of the treatment of this type of wastewater should be a 

combination of chemical analysis along with consideration of other matters besides just the COD 

corrections.  
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As Verma, Y. (Verma, 2008) noted, despite the fact that the progress in toxicity assessment 

relies in chronic toxicity tests, the acute toxicity analysis is yet accounted as one of the most used 

assays among environmental agencies due to its quickness and less expensive characteristics. The 

acute toxicity analysis can be defined by the relation of effective concentration affecting 50% of the 

organisms over the lethal concentration, killing 50% of the organisms expressed as EC50/LC50 

(effective concentration/ lethal concentration). However, this ecotoxicological parameter should be 

used as a primary assessment regarding the toxicity analysis of industrial effluents, determining 

whether they are primarily toxic or non-toxic. In the case of observed toxicity, further chemical 

analysis and chemical fractionation, followed by new ecotoxicity testing, can be proceeded to 

determine the responsible chemical compound. One of the most common key species used in this 

ecotoxicity testing is the Cladocera Daphnia magna due to its high general sensitivity to chemical 

compounds, its fast reproduction rate, and its primary ecological role in the aquatic food chain.  

The use of treatment technologies has gained popularity to not only apply physical and 

chemical corrections to the effluent, but also effectively reduce the toxicity of the treated effluent. 

Recently the use of nanomaterials as an emerging wastewater treatment technology has been applied 

in many industrial wastewater treatment facilities (Crane and Scott, 2012). The utilization of 

numerous nanomaterials such as cerium oxide (CeO2), titanium dioxide (Tio2), zerovalent metals, and 

carbon nanotubes have been increasing throughout the world due to their cost-effective, more 

efficient with higher capacity for adsorption in comparison with their micro or macro structure forms, 

being ecological and environmentally friendly, and in the case of some nanomaterials, due to their 

simplicity of the synthesis procedures (Segura et al., 2015)(Abouzeid et al., 2018)(Sadegh, Ali and 

Gupta, 2017). The method utilized for the synthesis of the nanomaterial also plays a critical role in the 

determination of its properties and, consequently, its effectiveness and own toxicity. 

 So far, various methods have been developed and applied for the synthesis of nanoscale iron-

based materials with a size range of 1-100 nm. These methods are generally classified as “top-down” 

and “bottom-up” strategies. Top-down approaches such as ball milling (Li, Yan and Zhang, 2009), and 

ultrasonic shot peening (Tao et al., 1999) aim to break the bulk materials to form nano-sized 

structures. On the other hand, the bottom-up approach utilizes the chemical properties of the 

precursors in order to synthesize the nano structures atom by atom. Inert gas condensation (Tao et 

al., 1999), reverse micelle (or microemulsion), chemical co-precipitation, chemical vapor 

condensation, pulse electrodeposition (Zhong et al., 2014), liquid flame spray, gas-phase reduction 

and liquid-phase reduction (Hwang et al., 2014) are the main bottom-up iron-based nano-sizing 

technologies. Among these methods, borohydride reduction has been widely used for the synthesis of 

nanoscale zero-valent iron (nZVI), mainly due to its advantages over other methods such as simplicity 

and productivity (Li et al., 2006). Sodium borohydride (NaBH4) is the most extensively used 

reductant, and both ferric chloride (FeCl3·6H2O), and ferrous sulfate (FeSO4·7H2O) (Ryu et al., 2011) 

have been utilized as the aqueous-phase iron solution. The properties of nanoparticles, synthesized by 

this method, are highly influenced by the applied method and the synthesis conditions (Woo et al., 
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2014). Schwarzer & Peukert(Schwarzer and Peukert, 2002) stated that solution saturation, nuclei 

formation, growth of the nano structures, and the agglomeration of the nZVI particles, in the effect of 

the van der Waals and magnetic forces (Petosa et al., 2010), are the main stages involved in the 

synthesis of nZVI particles. The last two steps seem to play the most important roles in controlling the 

crystallinity and properties of prepared nano particles (Jamei, Khosravi and Anvaripour, 2014). So, it 

is critical to control the growth and agglomeration conditions during the synthesis process. Altering in 

each stage can potentially affect the size of the particle and, as a result, their properties such as 

reactivity, optical properties, and melting point. The reductant delivery rate can play an essential role 

in the nuclei growth and agglomeration stages, through the control of the reaction time. Hence, the 

size of the prepared particles may be influenced by the reaction time. The ratio and 

precursor concentrations can also influence the size of nZVI particles. It is mainly due to the intensity 

of the electromagnetic forces, as a function of the number of the nuclei formed (Siantar et al., 1996). 

Also, the reaction medium can be considered an important factor to determine the size of the prepared 

particles. Moreover, Matsumoto et al. (Matsumoto et al., 1997) stated that by increasing the portion of 

the methanol in the reaction medium, size of the prepared particles reduces. In addition, the washing 

procedure and the drying conditions of the prepared nano particles can also potentially affect the state 

of oxide layer (shell) around the nZVI particles (core) which can influence their reactivity of the 

nanoparticles(Woo et al., 2014). 

Besides the synthesis conditions of the nanomaterials, in order to obtain the highest efficiency 

for the wastewater treatment, the method in which the nanomaterial is applied is also of high 

significance. The nanomaterial treats the wastewater based on the adsorption process, i.e., by 

imprisonment of the pollutant within its porous structure. However, the adsorption process is highly 

sensitive towards the quantity and properties of utilized nanomaterial, pollutant characteristics, and, 

more importantly, the adsorption conditions. The adsorption conditions are mainly categorized as the 

pH of the effluent, the temperature of the effluent, and the contact time for the adsorption to be 

executed (Abouzeid et al., 2018). As previously mentioned, the effluent produced from different stages 

of the P&P has a different pH. For instance, the effluent obtained from the bleaching stage of the P&P 

is highly acidic (pH~1.5-2). Thus, in order to treat such effluent via the application of the 

nanomaterials, pH correction and adjustment must be applied previously to the addition of the 

adsorbent (nanomaterial) in the controlled conditions. 

Typically, in order to increase the pH of an effluent, alkaline chemical compounds such as 

calcium carbonate (CaCO3) and sodium hydroxide (NaOH) are added. However, due to a large amount 

of effluent produced daily in industries such as P&P, the addition of chemicals for the pH correction is 

not feasible from the economic point of view. As Saritpongteeraka F, et al. (Saritpongteeraka and 

Chaiprapat, 2008) proposed, the additional ash produced from the biomass incineration is proven to 

possess the capability of the increase in the pH of the effluent and can function as an adsorbant. On 

the other hand, P&Ps commonly burn biomass to put their boilers into operation. Eventually, they 

produce a high amount of ash as a by-product to be landfilled, which will also raise environmental, 
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ecological, and economic issues. Thus, a sustainable approach is to utilize such ash as an additive in 

order not only to adjust the pH but also to treat the effluent primarily. Nevertheless, this point 

regarding the toxicity of the additives utilized for the industrial wastewater treatment must be taken 

into consideration. 

In this study, wastewater of P&P supplied by the industry was evaluated from the 

ecotoxicological point of view. In order to perform the toxicity analysis on the effluent, at first, the 

effluent was analysed regarding its characteristics. Further on, the acute immobilization toxicity 

analysis of the effluent previous to the treatment was pursued via the application of D. magna 

immobilization test. Thereafter, two additives as the ash produced at the industry obtained from the 

combustion procedure of the Eucalyptus wood, which is utilized as the fuel to the boilers, and the 

synthesis nanomaterial containing mainly iron were applied as the treatment additives. According to 

the previous analysis performed in the scope of another project, these two additives have shown to 

possess a good potential in order to apply chemical corrections to this P&P effluent by an adsorption 

process. Hence, this study has been performed to evaluate the following hypotheses as i) the capability 

of the co-application of synthesized nanomaterial and the ash to treat the effluent produced at P&P by 

applying chemical corrections and ii) the ability of the chosen treatment method to reduce the effluent 

toxicity evaluated by the acute toxicity analysis. In order to pursue these hypotheses, primary, the 

effluent was treated in different sequences and conditions by applying the additives separately and 

combined. Simultaneously, the additives are applied in similar conditions and doses, separately and 

combined, to the ASTM, the media in which the test species are cultured in order to assess treatment 

inherent toxicity. Consequently, the best condition with the minimum observed toxicity was utilized 

on the effluent and the acute immobilization test performed at different dilutions of the treated 

effluent. This study mainly aims to assess whether the chemical correction on the industrial effluent is 

also sufficient in order to reduce the toxicity of the analysed effluent. 

3.2. Materials and methods 

3.2.1. Effluent collection and characterization 

P&P industry has several stages for pulp production, and in the bleaching stage, AOX 

compounds are generated due to the utilization of chlorine and its reaction with residual lignin from 

wood fibers for bleaching. Many of these compounds are considered to be semi-stable and non-

biodegradable (Savant, Abdul-rahman and Ranade, 2006). The utilized effluent in this study is from 

the bleaching stage of pulp production. The analysed effluent was supplied by the Portuguese P&P 

industry and at the stage of the effluent collection was at a temperature of 60°C. After delivery, it was 

stored in batches of 20L at -20°C in order to maintain its chemical stability. Moreover, it was 

characterized in terms of AOX compounds, COD, BOD, and volatile suspended solids (VSS). 

Measurements of pH, dissolved oxygen, and electrical conductivity of the P&P effluent were carried 
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out according to OECD 202 guideline (organization for economic co-operation and development, 

2004). 

3.2.2. Treatment additives synthesis and characterization 

According to primary experiments performed (not mentioned here, as they were run in the 

scope of another project), to reduce the available contaminants in the suspension of the effluent, two 

different additives have been used, and the reduction in the AOX compounds has been achieved 

(Table SI 1). This data was provided in the scope of another project; however, it was used for the 

experimental design and support of the discussion of this study. Application of nZVI and produced 

ash in the P&P industry as treatment additives have been suggested to be utilized in this thesis. 

Therefore, the experiment has been designed according to the best condition of the primary 

experiments of the treatment, which will be applied in this study in different sequences.  

3.2.2.1. The nZVI particles  

In recent years, iron-based nanoparticles have gained considerable attention due to their 

enhanced properties, which make them attractive candidates to replace the conventional materials for 

various applications such as environmental, biological and biomedical applications(Do et al., 

2012)(Margel et al., 2007)(Griffete et al., 2012). The nZVI is a novel engineering material with a wide 

range of applications. However, the synthesis conditions and their effects on the preparation of nZVI 

particles with desired properties have not been well studied and standardized yet. In this study, solid-

phase nZVI was prepared using a liquid phase reduction. Transmission electron microscopy (TEM), 

X-ray diffraction (XRD), particle size distribution and a Brunauer-Emmett-Teller (BET) surface area 

and porosity analyser were utilized to characterize the chemical and physical properties of the 

prepared nZVI particles. 

Chemicals reagents, including iron (III) ferric chloride (FeCl3.6H2O) (99%), and (NaBH4) 

(≥98.0%), were purchased from Sigma-Aldrich (St. Louis, MO) and used as received without further 

purification. Deionized water (18 Mcm) was produced from distilled water and used as for all 

solutions. The nZVI were synthesized in a 500 mL three-open neck flask reactor. The central necks 

were housed with a mechanical overhead stirrer (Heidolph RZR1), fixed at 250 rpm. In order to the 

preparation of nZVI, the chemical reduction of metal salts in the solution phase was utilized. The 

reduction reaction of sodium borohydride by Iron(III) chloride hexahydrate is as follows (Hwang, Kim 

and Shin, 2011)(Zhang and Huang, 2005). 

        Eq. (1) 

In experiments, the 100 mM solution of sodium borohydride was prepared through dissolving 

the 0.3783 g NaBH4 in 100 ml of deionized water. This solution was introduced into 30 mL (24 mL 
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ethanol + 6 ml deionized water) of ferric ion (Fe3+) solution (   2 mM), using a Watson Marlow 101U/R 

peristaltic pump, providing a flow rate of 5 mL/min at ambient temperature. After delivering the 

whole borohydride solution, the mixture was stored and stirred in the reactor for another 10 minutes 

(see Figure 3.1).  

 

 

Figure 3.1. Process of the nZVI synthesis. The descriptions of different stages of this synthesis are as 
following; (1) pre-mixing stage of sodium brohydride (NaBH4 ) solution into chloride hexahydrate 
(FeCl3.6H2O) solution with the purity of 99%, this mixing proc ess is proceeded via the application of 
an electronic pump and the feeding of the sodium brohydride (NaBH4 ) solution has been performed 
in the flowrate of 5mL/min; (2) stage in which the first drops are being added to the solution and the 
first cristals are being formed; (3) bubbles are formed which demonstrates the production and release 
of hydrogen from the mixture of the two solutions; (4) synthesis process is being continued and the 
color change of the chloride hexahydrate (FeCl3.6H2O) solution can be observed which represents the 
reduction in the amount of the available Fe in the solution; (5) stage that the addition of the sodium 
brohydride (NaBH4 ) solution into chloride hexahydrate (FeCl3.6H2O) solution is finished, however, 
the reaction is still being carried on; (6) the cristals of nZVI in a transparent solution without any 
bubbles can be seen which demonstrates the end of the chemical reaction of this synthesis. 

Washing the solid particles was the next step of the nanoparticles synthesis. The washing 

process was conducted three times, with 25 mL of absolute ethanol as a volatile solvent to remove the 

water and impurities (Su et al., 2011). Magnet collection was used in order to separate the prepared 

nanoparticles from the liquid phase(Tanboonchuy et al., 2011). Afterward, the prepared nZVI particles 

were dried under an aerobic condition in the oven at 323 K overnight. Woo et al. (Woo et al., 2014) 

stated that by using such a washing and drying procedure, nZVI particles with maximum reactivity at 

reasonable costs could be obtained. 

Various analyses were carried out in order to study the effects of selected preparation conditions 

on the properties of nZVI particles. A transmission electron microscope (Jeol 2200FS, USA) operated 

at 200 kV acceleration voltages was utilized in order to study the morphology of the nZVI particles. 

Sample specimens were prepared by ultrasonic dispersion of the nanoparticles in ethanol. Afterward, 
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the suspensions were dropped onto a carbon-coated copper grid, and the prepared samples were 

stored for solvent volatilization.  

The calculated average particle size obtained by electron microscopy was also observed to be very 

close to that derived from the surface area (BET) measurement Eq. (4).  

dBET = 6000/ñS          Eq. (4) 

In Eq. (4), ñ is the theoretical density (g/cm3), and S is a specific surface area (m2/g) when 

the particles are assumed to be as spherical-shaped and in a narrow size distribution (Bowen, 

2002).In this situation, the average particle diameter in nanometre can be drawn from BET,  

The crystallinity of the nZVI and nZVI particles was investigated using X-ray diffraction 

results (XRD, Rigaku, Geigerflex, Japan). For this, continuous scans from 10° to 80° 2θ were 

conducted for nZVI, at a scan rate of 2° 2θ/min. Specific surface area, pore-volume, and pore size 

were measured by using a Micromeritics, Gemini V2 (USA). For this, the nZVI sample was degassed at 

90 °C for 1h, and 150 °C for more 3h (Woo et al., 2014). Measurement of the aggregate size was 

measured by a particle size analyser (Coulter LS230, USA). 

3.2.2.2. Ashes collection and characterization 

Recently, the utilization of waste as a source of energy has received attention from many 

industries to reduce the cost of energy production as well as satisfying European Union (EU) 

directives(Bolhar-nordenkampf, 2014). Consequently, this approach has been reflected in behaviour 

of many industries globally. Accordingly, the P&P industry that provides the effluent is also producing 

energy by burning forestry residues (Eucalyptus globulus bark). Although this source can reduce the 

cost of energy, it has some environmental issues such as the release of CO2, which is one of the 

essential reasons of global warming and climate change (Davarazar et al., 2019), and producing a vast 

amount of fly ash, which should be landfilled and may contaminate the underground water media by 

its leachate(Praharaj et al., 2002). The fly ash (a by-product of P&P) was also used as a component of 

the applied treatments (as an additive) to reduce the contamination of wastewater produced in this 

industry. This additive was also supplied by the industry and it is produced via combustion of the 

Eucalyptus wood (as the main fuel) through feeding to the boilers in the P&P industry. In order to be 

utilized as an additive, ashes were used as received and to avoid mositure, they were stored in a 

desicator previous to the treatment.  

In this study, the analysis of XRD (similar to the above-mentioned technique) and X-ray 

fluorescence (XRF) methods have been selected. As a first step to characterize the ash, XRD analysis 

has been executed, and the raw data has been analysed by the HighScore Plus (3.0.5) software. Also, 

for XRF analysis, 1g of the ash was analysed regarding the concentrations of its elements. 
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3.2.3. Treatment conditions  

Several treatment methods were used in this work in order to evaluate which could be suitable 

for the industry as well as being efficient enough to reduce the contamination and respectively reduce 

the toxicity of the effluent used. Accordingly, the temperature of the wastewater should reach 60˚C 

(the real condition in the industrial scenario). The utilized reactor, which is presented in Figure2.2, 

simulates the industry reactor but on the lab scale. The duration of the treatment is important for the 

industry because of a high stream of wastewater production, and therefore, as a second step of the 

treatment, we evaluate the efficacy of treatment methods in 1 hour with the utilization of different 

amounts of treatment additives. Based on the initial experiments (data not shown), the efficacy of the 

treatment with 5g/L of the ash and 1g/L of the nZVI has been experimented to be the best condition of 

the AOX removal from suspension. Also, in the treatment with the nZVI, the addition of 12.02 ml/l of 

H2O2 with a purity of 30% has been applied to reach better efficiency in the AOX removal. The 

removal of the AOX compounds occurred through an adsorption process, indicating the imprisoning 

of these compounds within the pores of the treatment additives (nZVI and the ash).  

Besides adding each additive by itself, one factor to be tested regarding adding both nZVI and 

ash was the sequence of addition each of the materials. For that, different sequences and treatments 

were tested as; i) the addition of the ash alone, ii) the addition of the nZVI alone; iii) primary the 

addition of ash and then the nZVI, iv) primary the nZVI and then the addition of the ash, and v) the 

addition of both additives (ash and nZVI) simultaneously. Thereafter the execution of the treatment 

with the additives and in different sequences, the treated effluent was vacuum filtered via membrane 

paper filters.  

Similar treatment procedures used for the effluent were additionally undertaken to ASTM 

media. These treatments were used as a control for the toxicity of the treatment procedure per se. To 

determine the presence of chemical elements, which were included in the ash and the nZVI, such as 

Fe, Si, Al, and Zn, released to the solutions after the treatments inductively coupled plasma mass 

spectrometry (ICP-MS) analysis was carried out on the treated effluent and treated ASTM with the 

treatment additives. In this regard, samples were acidified with nitric acid (HNO3) 65% for trace metal 

analysis, to pH below 2, with measurements of three replicates per treatment. 
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Figure 3.2. Utilized reactor for the effluent treatment. 

3.2.4. Test species  

 In the present work, the K6 clone of D.magna Straus (originally from Antwerp, Belgium) was 

used. The K6 clone has been kept in laboratory culture for more than 10 years at the Department of 

Biology, University of Aveiro, Portugal. Cultures were maintained in ASTM moderated-hard-water 

medium, on a controlled temperature regime (19 °C- 21 °C) at 16 h light–8 h dark photoperiod. 

Daphnids in cultures were fed every two days with Raphidocelis subcapitata (formerly known as 

Pseudokirchneriella subcapitata) at a concentration of 3x105 cells/ml and supplemented with an 

organic extract (Marinure seaweed extract, supplied by Glenside Organics Ltd.)(Baird et al., 1989). 

Only neonates from 3rd to 5th broods were used in the ecotoxicity tests. The additives for ASTM 

preparation and their relative doses are presented in Table 3.1. Thereafter the production of the 

ASTM, the corresponding measurement regarding the ASTM’s pH according to the OECD 202 

guideline (organization for economic co-operation and development, 2004) was performed. 

 
 
Table 3.1. Constitution of ASTM media for D.magna cultures and dilution media. 

Chemical Formula Amount in distilled 
water (mg/L) 

Amount added in 20L of 
distilled water(mL 

NaHCO3 192 200 

MgSO4.7H2O 246 200 

KCl 8 200 

CaSO4.2H2O 120 1500 

3.2.5. Acute assays 

In this study, the immobilization test with D. magna was carried out accordingly to the OECD 

202 guideline (Organization for Economic Co-operation and Development) (organization for 

economic co-operation and development, 2004) for testing of chemicals. All the tests have been 
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performed with three replicates and each replicate has its respective negative control (ASTM – 

culturing media). Acute immobilization test for each treatment has been executed in different 

dilutions of the tested effluents, i.e., from the different treatment processes. For each dilution, pH, 

electrical conductivity, and dissolved oxygen have been measured. The test has been performed at 

18˚C - 22˚C and 16 h light–8 h dark photoperiod, and the results of each test have been collected after 

24 and 48 hours after running the tests. Figure 3.3 represents the acute immobilization test plates. In 

each plate, 5 D.magna neonates have been inserted. 

 

Figure 3.3. Utilized plates for acute immobilization tests. 
 

 

As the first step, the effluent with no treatment was tested. In order to clarify the adequate 

dilutions of effluent, primary, a screening analysis via different dilutions was performed. Thereafter, it 

was observed that the dilutions of 0%, 4%, 6%, 8%, 10%, 12%, 14% and 100% are the most accurate. 

The next step was evaluating the effluent after treatments to find out the efficiency of the treatment 

methods. In this step, the effluent has been treated in three different methods using nZVI and the ash 

varying in the above-mentioned sequences of additive additions. In addition, controls for the 

treatment additives were also used, as described above.  

3.2.6. Statical analysis 

 In order to calculate the LC50 (lethal concentration affecting more than 50% of the test 

species), MINITAB 18 software was utilized with the probit analysis as the main method and the 

parameters as α (defined as the estimated value of intercept with its associated standard error) and β 
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(defined as the estimated value of the slope with its associated standard error). Moreover, Sigma Plot 

14.0 was utilized to calculate a one-way analysis of variance (one-way ANOVA) according to Dunnett’s 

method and to demonstrate the statistically significant differences among various concentrations of 

each condition (p≤0.05).  

3.3. Results  

3.3.1. Treatment additives’ properties 

3.3.1.1 nZVI 

3.3.1.1.1 Crystallinity and chemical properties 

The chemical composition and crystallinity of the prepared powders were studied by XRD. As 

indicated in Figure 3.4 (a), XRD analysis shows a broad peak centered at 44-45° 2θ. This pattern 

clearly shows the presence of the nZVI. This peak has been previously reported for α-Fe0 (Saif et al., 

2016). Also, the broad peak between 20-35° 2θ is expected to belong to iron hydroxides such as 

bernalite, akaganeite, lepidocrocite, and goethite(Giasuddin, Kanel and Choi, 2007). The lattice fringe 

pattern (see Figure 3.5.), and the diffuse rings, presented in the SAED image (see Figure 3.4 b) can 

clearly illustrate the amorphous structure of the prepared nZVI particles.  
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A)  

B)  

Figure 3.4. X-ray diffraction pattern (A) and SAED image of nZVI (B), synthesized under selected 
conditions. 
 

3.3.1.1.2. Morphology 

Figure 3.5 illustrates that the majority of the particles are in a spherical shape, which forms a 

chain of individual particles to construct the aggregates. As illustrated in Figure 3.4B, the particles 

present a core-shell structured consist of a core-shell structure, in which a dark core (nZVI) is covered 

with a thin layer of iron oxide (s). The structure and oxidation state of this layer is dependent on the 

size of the particles.  
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Figure 3.5. TEM images of the prepared NZVI under defined synthesis conditions at different 
magnifications. 

3.3.1.1.3. Particle size and surface area 

In order to the measurement of the particle size, defined as the diameter of a sphere with the 

same projected area as the projected image of the particles (Akbari, Tavandashti and Zandrahimi, 

2011), TEM images of the nZVI particles, prepared understudied reductant delivery rate (5 mL/min), 

Fe3+ concentration (66.67 mM), the precursors' ratio (1:5), and the ethanol portion of 80% were 

assessed. Table 3.2 summarizes the particle size data obtained from the counting of more than 500 

particles. Figure 3.6 illustrates the number-frequency histogram, which has been plotted based on the 

particle size data given in Table 3.2. 
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Figure 3.6. Number-frequency histogram of nZVI particle size distribution, based on the image 
analysis of more than 500 particles. 
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Table 3.2. The particle size data derived from the TEM images. 
Mean 
(nm) 

Median 
(nm) 

Mode 
(nm) 

Standard 
Deviation 

Kurtosis Skewness 
Range 
(nm) 

Minimum 
(nm) 

Maximum 
(nm) 

23,27 22,02 18,01 10,32 1,31 0,78 65,64 2,37 68,00 

The average particle diameter in nanometre was calculated 32.80 m²/g (calculated via Eq.(4). 

In addition to the size of individual particles, assessed by TEM image analysis, the average size of the 

aggregates was calculated by using a laser scattering method. The number-frequency histogram of 

aggregates distribution is presented in Figure 3.7, as detailed in Table 3.3. 

 

Figure 3.7. Aggregate size distribution of the nZVI, obtained by laser scattering method. 
 
 
Table 3.3. The aggregate size data derived from the laser scattering method. 

Mean (µm) Median (µm) Mode (µm) 
Standard 
deviation 

Kurtosis Skewness 

6.699 5.903 6.452 4.32 0.789 0.947 

3.3.1.2. Ash 

After analysing the collected data via XRD technique and with the HighScore Plus (3.0.5) 

software, the obtained results show that the concentration of Silicon Oxide (SiO2) is the highest and Si 

is the most available element present in the ash. The collected result is presented in Figure 3.8. 

Moreover, the software shows some other materials with a lower score, such as Sodium Aluminium 

Phosphate (NaH14Al3(PO4)), Thallium Sulphide (Tl2S) and Nickel-Iron Sulphide (FeNi2S4). Further on, 

in order to determine all the elements of the ash, the XRF analysis was conducted and the collected 

results are presented in Figure 3.9. 
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Figure 3.8. XRD analysis of the ash. As it can be observed from this figure, there are many peaks 
that are matched in their corresponding locations in both of the figures. Each of the peaks represents a 
specific reflection rate that each predefined compound has re corded to possess. Accordingly, the 
existing compounds of the ash can be retrieved by the peaks. By observing this figure, it can be 
comprehended that the ash is rich in a compound as SiO2 with the maximum rate. Due to scarce of the 
highest peaks, only SiO2 has been demonstrated in this figure with the highest peak. 

 

 

Figure 3.9. Collected result of the XRF analysis of the ash. 
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3.3.2. Effluent characterization  

The characteristics of the effluent show the following properties with the corresponding mean 

values as: AOX 135mg/L, pH 1.9, COD 2925mg/L, BOD 77mg/L, VSS 162mg/L.  

 

3.3.3. Toxicity tests 

3.3.3.1. Toxicity of treatment additives  

3.3.3.1.1. nZVI treatment toxicity  

Figure 3.10 is providing the results regarding the acute toxicity of the ASTM treatment with 

the nZVI. Also, the characterization of the diluted treated ASTM with the nZVI is provided in Table 

3.4. It was not possible to calculate the LC50 (LC50>100%) and standard error mean equal to 181.47. 

The LOEC was observed to be 100% and the NOEC was 75% (Figure 3.10; Dunnett’s method, p>0.05).  

 
Figure 3.10. Neonates survival of D.magna exposed to various dilutions of the ASTM treated with 
nZVI for a period of 48 h. Data is presented average with the standard error (SE) (Dunnet test, p 
≤0.05*). 

 
Table 3.4. Characteristic of utilized treated ASTM and diluted treated ASTM with the ASTM. 

Dilution pH Electrical Conductivity 
(mS/cm) 

Dissolved Oxygen (mg/L) 

Control (Pure ASTM) 8.13 540 9.88 

60% 8.85 630 9.6 

70% 9 682 9.03 

80% 9.01 596 10.05 

90% 9.01 626 10.3 

100% (Treated ASTM with 
nZVI) 

9.02 750 11 



45 | P a g e  
 

3.3.3.1.2. Ash treatment toxicity  

The ASTM treated with ash induced effects to D. magna are presented in Figure 3.11. The 

NOEC was 25% and also the LOEC was 50% (Dunnett´s method, p<0.05). The LC50 was calculated to 

be 50.34% of the treated ASTM with the ash and standard error by mean was equal to 81.05. Table 3.5 

is representing the characteristics of treated ASTM with the ash. 

 
Figure 3.11. Neonates survival of D.magna exposed to various dilutions of the ASTM treated with 
the ash for a period of 48 h. Data is presented average with the standard error (SE) (Dunnet test, 
p≤0.01**, p ≤0.001***). 
 

 
Table 3.5. Characteristic of utilized treated ASTM with the ash and diluted with the ASTM. 

Dilution pH Electrical Conductivity 
(mS/cm) 

Dissolved Oxygen (mg/L) 

Control (Pure ASTM) 8.2 555 9.8 

30% 8.34 575 9.9 

40% 8.4 512 9.85 

50% 8.42 523 9.7 

60% 8.47 607 9.54 

70% 8.58 640 9.65 

100% (Treated ASTM with the ash) 8.6 750 9.7 

3.3.3.1.3. Combination of nZVI and ash treatment toxicity 

The ASTM treatment first with the nZVI and then with the ash toxicity results are provided in Figure 

3.12 and the characteristics of the solution are provided in Table 3.6. The results demonstrated that 

the mortality of D. magna starts in dilution of 50%, with the NOEC being established at 75% and the 
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LOEC was observed to be 100% (Dunnett’s Method, p<0.05). Also, the LC50 was calculated to be 

equal to 91.76% and standard error by mean was equal to 7.33.  

 
Figure 3.12. Neonates survival of D.magna exposed to various dilutions the treated ASTM first with 
the nZVI and then with the ash for a period of 48 h. Data is presented average with the standard error 
(SE) (Dunnet test, p≤0.05*). 
 

Table 3.6. Characteristic of utilized treated ASTM first with the nZVI and then the ash diluted with 
the ASTM. 

Dilution pH Electrical 
Conductivity (mS/cm) 

Dissolved Oxygen 
(%.) 

Control (Pure ASTM) 8.23 595 69.80% 

12.5 8.35 707 69.80% 

25 8.3 594 70.90% 

50 8.5 1004 68.00% 

75 8.65 1222 67.30% 

100% (Treated ASTM first with the nZVI and 
then the ash) 

9.38 1454 68.90% 

The results obtained from the ASTM treatment first with the ash and then nZVI provided no 

toxic effect to D. magna. Figure 3.13 illustrates the results of the acute immobilization test on the 

treated ASTM first with the ash and then with the nZVI. Also, Table 3.7 represents the respective 

characteristic of the treated ASTM. The NOEC was observed to be 100% and no significant difference 

was observed (One-way ANOVA, Dunnett´s method p<0.05).  
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Figure 3.13. Neonates survival of D.magna exposed to various dilutions the treated ASTM first with 
the ash and then with the nZVI for a period of 48 h. Data is presented average with the standard error 
(SE) (Dunnet test). 
 

Table 3.7. Characteristic of utilized treated ASTM first with the ash and then the nZVI diluted with 
the ASTM. 

Dilution pH Electrical 
Conductivity (mS/cm) 

Dissolved Oxygen 
(%.) 

Control (Pure ASTM) 8.62 735 69.80% 

12.5 8.65 929 69.80% 

25 8.55 791 71.30% 

50 8.49 851 69.20% 

75 8.46 911 67.70% 

100% (Treated ASTM first with the ash and then the 
nZVI) 

9.05 972 68.90% 

The ASTM treatment simultaneously with nZVI and ash toxicity results are provided in Figure 

3.14. Also, the characteristic of the ASTM after treatment with both additives together diluted with the 

pure ASTM is presented in Table 3.8. The NOEC was equal to 75% and the LOEC was 100% 

(Dunnett´s method p<0.05), where the LC50 was not possible to calculate (LC50>100%) and 

standard error by mean was equal to 330.17.  
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Figure 3.14. Neonates survival of D.magna exposed to various dilutions the treated ASTM with 
simultaneously the nZVI and the ash for a period of 48 h. Data is presented average with the standard 
error (SE) (Dunnet test p ≤0.01**). 
 
Table 3.8. Characteristic of utilized treated ASTM with the ash and the nZVI together diluted with 
the ASTM. 

Dilution pH Electrical 
Conductivity 

(mS/cm) 

Dissolved Oxygen 
(%.) 

Control (Pure ASTM) 8.5 617 66.70% 

12.5 8.18 685 69.00% 

25 8.4 780 69.20% 

50 8.49 928 68.60% 

75 8.57 1072 69.50% 

100% (Treated ASTM with the ash and the nZVI 
simultaneously) 

9.15 1245 66.30% 

3.3.3.2. Effluent toxicity before treatment 

In order to determine the toxicity of the P&P effluent, an acute immobilization test has been 

executed. Collected results presented in Figure 3.15 show that the effluent is highly toxic to D.magna 

and LC50 was equal to 11.88% of the effluent and standard error by mean was equal to 11.24. 

Consequently, the no observed effect concentration (NOEC) was 10% and the lowest observed effect 

concentration (LOEC) was 12%. The one-way ANOVA confirmed a significant decrease in D.magna 

survival and the P-value was less than 0.050 with Dunnett’s Method on dilution of 12% and more. The 

characteristic of the pure effluent before running the test is presented in Table 3.9. 
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Figure 3.15. Neonates survival of D.magna exposed to various dilutions of a pulp mill effluent for a 
period of 48 h. Data is presented average with the standard error (SE) (Dunnet test, p ≤0.001***). 
 
Table 3.9. Characterization of the pulp industry effluent and the dilutions in ASTM media used in 
the ecotoxicity tests with D.magna. 

Dilution pH Electrical 
Conductivity 

(µS/cm) 

Dissolved Oxygen 
(mg/L) 

100% (Pure effluent) 2.36 5840 9.1 

14% 5.3 1840 9 

12% 5.85 1624 9 

10% 6 1386 9.4 

8% 6.29 1164 9 

6% 6.8 873 9 

4% 7.4 812 8.78 

0% (pure ASTM) 8.04 601 8.8 

3.3.3.3. Toxicity of effluent after the treatment 

3.3.3.3.1. Effluent toxicity after treatment with the nZVI 

In this step, the acute immobilization test on the treated effluent with the application of the 

nZVI has been executed. Although the AOX removal was 83%, according to the analysis which has 

been performed in the scope of another project, and low decolorization was observed (Figure 3.17.), 

the AOX removal is not effective enough to reduce the toxicity (Figure 3.16). Hence, the LC50 was 

equal to 15.02% of the treated effluent with the nZVI and standard error by mean was equal to 

251.160. The NOEC was 10% and the LOEC was 20% (Fig. 2.16; Dunnett´s method p<0.05). Thus, the 

reduction in the toxicity of the effluent after the treatment with the nZVI has not significantly been 

effective. The characteristics of the treated effluent with the nZVI have been presented in Table 3.10. 

The pH of the effluent has been increased to 3.44 and also the electrical conductivity of the effluent 
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decreased to 2160 µS/cm. On the other hand, there was no significant change in the amount of 

dissolved oxygen in comparison to the pure effluent.  

 

Figure 3.16. Neonates survival of D.magna exposed to various dilutions the treated effluent with the 
nZVI for a period of 48 h. Data is presented average with the standard error (SE) (Dunnet test p 
≤0.001***). 
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Figure 3.17. Treated effluent with the nZVI. 
Table 3.10. Characteristic of utilized effluent treated with the nZVI and diluted with the ASTM. 

Dilution pH Electrical 
Conductivity 

(µs/cm) 

Dissolved 
Oxygen (mg/L) 

100% 3.44 2160 8.2 

30% 5.89 1005 8.45 

20% 6.23 846 8.74 

10% 6.85 704 8.9 

0% 8.29 582 9.3 

3.3.3.3.2. Effluent toxicity after ash treatment 

To evaluate the efficiency of the effluent treatment with ash, the acute immobilization test 

demonstrated that although the toxicity was reduced in comparison with the pure effluent, the ash 

treated effluent still demonstrated high toxicity, with the LC50 being increased to 30.42% and 

standard by mean was equal to 38.39. In Figure 3.18, the NOEC can be perceived as having increased 

to 20% as the LOEC to 30%. Table 3.11 represents the characteristics of this treated effluent, where 

the pH has been increased to 4.32 and also the electrical conductivity has been reduced to 1840µS/cm 

and the color of the effluent got darker. Figure 3.19 shows the color of this treated effluent, which has 

darkened in comparison to the pure effluent represented in Figure 3.2. In this adopted treatment, the 

AOX of the effluent presumably reached the removal rate of 76% according to the previous analysis 

performed in the scope of another project. 



52 | P a g e  
 

 

Figure 3.18. Neonates survival of D.magna exposed to various dilutions the treated effluent with the 
ash for a period of 48 h. Data is presented average with the standard error (SE) (Dunnet test, p 
≤0.001***). 
 

Table 3.11. Characteristic of utilized effluent treated with the ash and diluted with the ASTM. 
Dilution pH Electrical 

Conductivity 
(µS/cm)  

Dissolved Oxygen 
(mg/L) 

100% (Effluent treated with the ash) 4.32 1840 9.95 

40% 5.85 1357 9.86 

35% 6.06 1255 9.4 

30% 6.29 1146 9.31 

25% 6.45 1046 9.06 

20% 6.66 950 8.87 

control (pure ASTM) 8.13 601 7.62 

 

Figure 3.19. The dark collour of the effluent after suffering the ash treatment. 
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3.3.3.3.3. Effluent toxicity after a sequential treatment with the ash followed by nZvI 

The most effective treatment method of this study is the effluent treatment with the sequence 

of first the addition of the ash and then with the nZVI. Consequently, the AOX removal was equal to 

87%, and decolorization has been observed (Figure 3.20). Moreover, the pH has increased to 5.62 and 

the electrical conductivity was reduced to 2.35 mS/cm in comparison to the effluent before treatment. 

Figure 3.21 is presenting the collected results of the acute immobilization test of the treated effluent; 

thus, the LC50 was 10%, the standard error was equal to 464.67, the NOEC was 5% and the LOEC was 

15% (Dunnett’s method, p<0.050). Table 3.12 is presenting the characteristics of the treated effluent 

first with the ash and then the nZVI. 

 

Figure 3.20. Treated effluent; A) first with the ash and then with the nZVI. B) with the nZVI. C)with 
the ash. 
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Figure 3.21. Neonates survival of D.magna exposed to various dilutions the treated effluent first 
with the ash and then with the nZVI for a period of 48 h. Data is presented average with the standard 
error (SE) (Dunnet test, p ≤0.001***). 
 

Table 3.12. Characteristic of utilized effluent treated first with the ash and then the nZVI, diluted 
with the ASTM. 

Dilution pH Electrical 
Conductivity 

(µs/cm) 

Dissolved 
Oxygen (mg/L) 

100% 5.62 2950 9.9 

45% 6.62 2480 8.34 

35% 6.81 2040 8.19 

25% 6.95 1632 8.07 

15% 7.15 1223 7.94 

5% 7.32 811 7.8 

control (pure ASTM) 7.38 650 7.77 

3.3.4. Chemical analysis  

According to the collected result of the ICP-MS, the presence of the Si which is one of the most 

available elements in the ash (according to XRD and XRF analysis on the ash), the concentration of Si 

in the treated effluent with the ash is high, and after application of nZVI most of it has been absorbed 

by the nZVI. Figure 3.22 is presenting the concentrations of Si in different conditions of the 

experiment. 
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Figure 3.22. Collected results of the ICP-MS regarding the presence of the Si in the conditions 
adopted in this experiment. Data are presented with simple error bars (SEB) and error calculations 
are presented by SE. 

Figure 3.23 is presenting the concentrations of the Fe in the solutions before and after the 

treatment in different conditions and the collected results are stating that the release of the Fe into the 

solutions with low pH is higher in comparison to the solutions with the higher pH. Thus, increasing 

the pH and utilization of the nZVI, have resulted respectively in the absence of the Fe and the decrease 

in the amount of Fe in the solutions.  
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Figure 3.23. Collected results of the ICP-MS regarding the presence of the Fe in the conditions 
adopted in the experiment. Data are presented with (SEB) and error calculations are presented by SE. 

Concentrations of the Al in different solutions are presented in Figure 3.24 and obtained 

results are stating the release of this element in the solutions is mainly dependent on the pH of the 

solution before application of the ash. Also, the nZVI has the capacity of adsorbing the most released 

Al in the solutions.  

 

Figure 3.24. Collected results of the ICP-MS regarding the presence of the Al in the conditions 
adopted in the experiment. Data are presented with (SEB) and error calculations are presented by SE. 
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The last analysis of the ICP-MS is for the availability of the Zn on the solutions before and 

after treatments. As it has been stated in Figure 3.16, the concentration of the Zn in the ash is lower 

than the other elements. Also, the ICP-MS has confirmed that the concentration of this element is low 

and there is no significant presence of the Zn in the solutions (Figure 3.25). 

 

Figure 3.25. Collected results of the ICP-MS regarding the presence of the Zn in the conditions 
adopted in the experiment. Data are presented with (SEB) and error calculations are presented by SE. 

3.4. Discussion 

P&P effluent is considered one of the most contaminated industrial effluents and this was one 

of the reasons for using it in this study, evaluating the efficacy of different treatments, using for that 

the bioassay with D. magna. Therefore, the application of two treatment additives such as nZVI and 

industrial ash produced at the P&P were used to reduce the bioavailable chemical compounds in 

suspension such as AOX.  

Considering the first results on the ecotoxicity related solely to the treatment procedure, 

where ASTM was exposed to all treatments, it was concluded that by the addition of first the ash and 

then the nZVI, no toxicity was derived. This was not observed when each treatment were used alone or 

within other combinations, with toxicity being observed. Still, when looking at the effluent treatment 

efficiency, the chemical analysis showed removal of 87% of AOX when ash was applied followed by 

nZVI, but the observed toxicity was lower for the addition of only ash was used for the effluent 

treatment in comparison with the other treatments (nZVI only and ash followed by nZVI). Still, this 

conclusion cannot be drawn that no toxic element has been released from the ash and it can be 

assumed that the ash additive may bring some nutrients such as Ca, P and N to the effluent with high 
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bioavailability(Science, 2017). Moreover, these sources of nutrients are considered as the main 

elements required for D. magna’s survival. Thus, less toxicity was observed with the ash additive. 

Therefore, we can conclude that the ecotoxicity results somehow contratic the chemical analysis, 

supporting that bioassays provide an important insight on hazard assessment, by providing 

information on the bioavailable fractions of chemicals and information on chemical behaviour in 

mixtures. 

This study confirmed the adsorbing capacity of the nZVI regarding metals as the obtained 

results from the ICP-MS analysis revealed metals such as Si could be adsorbed in the treatment 

condition with the nZVI as the only additive (Fu, Dionysiou and Liu, 2014). However, the analysis 

performed on the concentration of Fe in the treated effluent with only the nZVI with respective pH of 

approximate 2, showed the high amount of Fe release in the solution, which is considered toxic for the 

aquatic species (Okamoto, Yamamuro and Tatarazako, 2014). While this occurred during the effluent 

treatment with nZVI only, no significant concentration of Fe was observed in the best treatment 

condition with first the ash and then the addition of the nZVI. This can be due to the fact that the ash 

additive has a liming capacity and, with its first addition, the pH of the effluent increased and thus, 

the Fe ions released into suspension did not occur.  

The application of the nZVI has been reported in the literature to be effective in the 

immobilization of contaminants in wastewater and underground water medium (Fu, Dionysiou and 

Liu, 2014). However, according to the obtained results from this study, this effectiveness of the 

treatment is mainly dependent on the pH of the effluent, which drives the release of Fe ions (Fu, 

Dionysiou and Liu, 2014). Thus, without a thorough analysis of the effluent to be treated, specifically 

regarding its pH, no strong conclusion regarding its positive effect on the treatment and 

immobilization of the contaminants can be drawn. As it has been stated previously, one of the most 

attractive properties of the nZVI application as a treatment additive is its capacity to be reused (Liang 

et al., 2016). However, future research is required to assess its ability to release the previously 

adsorbed contaminants in the new effluent to be treated. Thus, sufficient recovery methods regarding 

a safe reapplication of the nZVI are essential. 

In this study, an efficient treatment method regarding its chemistry resulting in the reduction 

of 87% of AOX removal, an increase in pH and the capacity of decolorization was conducted. Although 

this was promising results in terms of chemical characterizations, unexpectedly, no significant 

decrease in the toxicity of the effluent after treatment was observed. This is in agreement with the 

foundations of ecotoxicology assessment as a crucial complement of chemical analysis. Bioassays can 

assess more accurately the efficacy of effluent treatments because, in this situations, we are always 

dealing with complex mixtures of chemicals and with chemicals that may be unknown to occur. 
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Thus, more comprehensive research in the area of smart treatment techniques, such as the 

application of nanomaterial as the adsorbing agent, is still required to achieve a treated effluent with 

the minimized toxicity. To be in compliance with the sustainable development goals 2030, specifically 

regarding providing clean water for everyone and to eliminate any harms towards the life blow the 

water(Nations, [s.d.]).  
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CHAPTER IV. GENERAL DISCUSSION & 

CONCLUSION 

 

4.1. General discussion 

The growth of the population and the massive evolution in the industries have led into an 

enormous consumption of water and, consequently, the production of a high amount of wastewater. 

The storage of the produced wastewater, whether municipal and/or industrial, is not an option due to 

its large quantity, and inevitably, wastewater is often discharged into surface water systems. Due to its 

high loads of chemical compounds, the direct discharge of effluents, specifically the industrial type, is 

stringently forbidden by law. Moreover, a question may arise regarding the hazard assessment of the 

wastewaters produced in the industrial sectors. Therefore, the scientometric analysis carried out is 

useful regarding the toxicity analysis of the industrial wastewaters as it can provide a detailed 

summary of the growth of the research in this specific field and also it can highlight the trends, 

barriers, and milestones impeding the improvement in this area. Moreover, this type of scientometric 

analysis can be accounted to be beneficial to environmental activists, industries, governments, and the 

relative stakeholders as it can provide insights on the newest trends and still existing gaps. 

From the scientometric exercise, pre-researched keywords were inserted in the WoS core 

collection database to seek the relative published documents regarding the toxicity of industrial 

effluents and their treatment. From the thorough scanning of the obtained documents, it was 

observed that the primary research in this regard was initiated in 1951 and up to 2018, which is 



61 | P a g e  
 

considered the end of the scientometric duration, with only 944 documents published. This 

publication number, which was mainly scientific articles, on a topic with such significance is 

considerably low in this long period. This point might be retrieved that the contribution and 

collaboration among industry and the scientific community may lack regarding specifically the toxicity 

assessment of the produced effluents. As industries are required to fulfill the relative environmental 

regulations regarding their produced wastewater before its discharge into the surface water media, 

chemical analysis are the baseline for this assessment. In addition, it was distinguished that the most 

contributing country with the highest number of publications is India, which is related to the high 

number of industries producing hazardous effluents in this country. On the contrary, China, as one of 

the most industrialized countries claiming to promote R&Ds in the areas related to the environment, 

has contributed insignificantly in comparison to the extent of its industrialization. Moreover, 

according to the performed keywords analysis, some of the industries as the pulp and paper mills, 

olive oil mills, petrochemical industry, etc., were categorized as the main industries with highly toxic 

effluents. Relatively, the produced wastewaters by these industries are required to be treated 

previously to their discharge into the surface water media due to affecting the quality of the water, the 

freshwater organisms, and the environment. Thus, the sufficiency of the treatment of such 

wastewaters is of high significance from both environmental and human health points of view. 

However, economic feasibility is another significant factor in the treatment of industrial effluents. 

Thus, in the second chapter of this thesis, a novel treatment approach was implemented on one of the 

most contaminated types of wastewaters obtained from the bleaching stage of the pulp and paper mill 

and the toxicity assessment, through the acute immobilization test with D.magna was performed on 

the effluent before and after the treatment.  

In order to proceed with the treatment of the above-mentioned effluent, two additives as the 

produced ash at the mill and the synthesized nanomaterial containing mainly iron (nZVI) were 

utilized. In the most efficient treatment approach, which was the addition of primary the ash and 

secondary the nZVI under specific circumstances, from the chemical point of view, the highest amount 

of AOX removal, increase in the pH, and decolorization of the effluent was obtained. However, 

thereafter the execution of the acute immobilization test, no significant difference between the treated 

effluent and the effluent before the treatment was observed from the toxicity perspective. In order to 

evaluate the toxicity of the treatment additives as the ash and the nZVI, the culturing medium of D. 

magna, aka ASTM, was treated according to the effluent treatment procedure. The acute 

immobilization results of the treated ASTM according to the best treatment condition, primary the 

addition of the ash and then the addition of the nZVI, revealed that the additives were non-toxic if 

added according to the above-mentioned sequence. Moreover, the additives were separately added to 

the ASTM in accordance with the treatment procedure. The higher mortality rate of the test indicators 

was observed in the condition of the ASTM with the ash as the only additive in comparison with the 

condition in which the nZVI was the only treatment additive applied in the ASTM. On the contrary, 

the mortality rate of the condition with the ash as the only additive was lower than the mortality rate 

of the effluent with the nZVI as the main adsorbent. These results may have been caused due to the 
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fact that the effluent possesses a quite low pH and is considerably acidic (pH~1.8-2) and the ash as the 

main additive has increased the pH similarly like a liming agent contributing to the less mortality rate 

of the test indicators. Moreover, the acidity of the effluent may have caused the release of the nutrients 

existing in the ash, such as Ca, P and N, which the test indicators may have fed on, resulting in more 

alive D.magna. While in the case of the addition of the nZVI as the only additive, due to the low pH of 

the effluent, the release of a high amount of Fe and Zn was observed via the execution of the ICP-MS 

analysis and increasing the toxicity of the treated effluent. Hence, this conclusion can be drawn that in 

the application of the best treatment approach from the chemical perspective, with the addition of 

primary the ash and secondary the nZVI, although preferable corrections such as high AOX removal, 

increase in the pH, and decolorization of the pure effluent was achieved, the toxicity of the treated 

effluent was not reduced significantly. Consequently, it might be an accessible approach to implement 

a secondary treatment method such as biological treatment to be applied on this effluent as the 

treated effluent has gotten improved and can be accounted to be well-prepared to enter a biological 

treatment process. In this way, the toxicity assessment of the biologically treated effluent ought to be 

evaluated again for drawing any further conclusions. 

Thus, although the application of both of the additives as the ash and the nZVI is approved 

from the economic, chemical, and environmental points of view, the toxicity of the treated effluent of 

the bleaching stage of the pulp and paper mill has not improved. Additionally, this point ought to be 

focused that in this thesis, only the executed test performed was the acute immobilization test via the 

D.magna, which is not considered sufficient in accordance with the ecotoxicology. Thus, in order to 

obtain the most compatible treatment approach, the need for more research is still extremely felt not 

only to satisfy the stringent regulations but also to foster the freshwater organisms from the 

discharges of the treated effluents into the surface water media.  
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4.2. General conclusion 

Thereafter the execution of both scientometric analysis of the toxicity of industrial 

wastewaters and the experimental toxicity evaluation on the specific type of P&P effluent via the 

application of two additives as the ash and the nZVI the following conclusions can be deducted;  

• The number of the executed analysis on the contamination of the industrial 

wastewater is enormously larger than the studies performed on the toxicity of the 

industrial effluents due to the complications that the toxicity evaluation provides;  

• More contribution among the industries and the research communities should be 

formed regarding the toxicity analysis of the industrial effluents;  

• The improvement of the chemical characteristics of effluent does not necessarily leads 

to the reduction of the toxicity of the treated effluent and its safe discharge into the 

surface water media;  

• The industrial effluents enormously vary in characteristics and consequently, for any 

type of industrial effluent specific treatment measures should be applied to obtain a 

more efficient treatment;  

• Novel treatment methods should also be evaluated from ecotoxicity point of view;  

• The need for more study and research is essentially still felt for the evaluation of the 

industrial wastewater toxicity due to various characteristics of industrial effluents. 
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Supplamentary Information 

In this section, the information provided in the scope of another project regarding the AOX 

removal percentage of the different additives applied in the treatment process on the P&P effluent has 

been provided. As it can be observed from Table A.1, the most AOX removal of 87% has been obtained 

via the addition of the primary the ash and then the nZVI with the corresponding duration of 120min.  

 

Table SI.1. The information regarding the AOX removal obtained from different treatment 
conditions applied on the P&P effluent. These information have been measured and provided in the 
scope of another project. 

Treatment Duration (min) AOX removal (%.) 

Effluent treatment with nZVI 60 83 

Effluent treatment with ash 60 76 

Effluent treatment first with ash and then with nZVI 120 87 

 


