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Abstract: Wastewater treatment requires effective technologies for pollutant removal 
and sustainable water management. This study aimed to map the development of 
Continuous Electrocoagulation (CEC) research, identify research gaps and emerging 
themes, and synthesize operational and implementation issues. A Systematic Literature 
Network Analysis (SLNA) integrating Bibliometric Analysis (BA) and Qualitative 
Content Analysis (QCA) was applied to 99 Scopus-indexed journal articles published 
between 2019 and 2024. BA examined publication trends, collaboration networks, and 
research hotspots, while QCA synthesized evidence on Sustainable Development Goals 
(SDGs), operational factors, and implementation challenges. Publication output 
increased from 7 articles in 2019 to a peak of 22 in 2022, followed by 20 in 2023 and 14 in 
2024. Thematic analysis indicated increasing attention to continuous operation, reactor 
configuration, pollutant removal, and energy efficiency. QCA showed that CEC research 
repeatedly examines electrode material, current density, pH, electrode distance, flow 
rate, electrolysis time, conductivity, temperature, supporting electrolytes, and hydraulic 
retention time. Key implementation challenges include electrode passivation, energy and 
electrode consumption, sludge management, effluent-quality control, and limited reactor 
standardization and scale-up evidence. Overall, CEC shows potential to support SDGs, 
while future research should prioritize multivariable optimization, pilot-scale validation, 
and sustainability assessment. 
 
Keywords: Continuous electrocoagulation; Sustainable development goals; Wastewater 
treatment 

  
 

Introduction  
 

Human activities driven by rapid urbanization and 
industrialization have substantially increased 
wastewater generation, posing serious risks to water 
resources, aquatic ecosystems, and environmental 
sustainability (Liu et al., 2024; Purba et al., 2023). 
Wastewater discharged without adequate treatment 
may contain organic pollutants, nutrients, heavy metals, 
and other hazardous substances that degrade water 
quality and threaten ecosystems and public health (Amri 
et al., 2020; Noviantika et al., 2024). Water quality 
degradation can be assessed through various physical 
and chemical parameters, including pH, dissolved 

oxygen, electrical conductivity, and temperature, which 
are important indicators of changes in aquatic 
environmental conditions (Pratiwi et al., 2023; Rumanta 
et al., 2024). Therefore, effective wastewater treatment 
technologies are essential to ensure compliance with 
environmental quality standards while supporting the 
Sustainable Development Goals (SDGs), particularly 
SDG 6 on Clean Water and Sanitation. Although 
numerous conventional and advanced wastewater 
treatment technologies have been developed, 
conventional treatment processes are often constrained 
by high operating costs, intensive chemical 
consumption, complex operation, and excessive sludge 
generation. These limitations have encouraged the 
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development of more efficient, economically feasible, 
and environmentally sustainable wastewater treatment 
technologies. Recent studies on wastewater 
management have also emphasized the importance of 
evaluating treatment efficiency and the quality of 
treated effluent under actual operational conditions 
(Wardoyo et al., 2025). 

Electrocoagulation (EC) has emerged as a 
promising technology for wastewater treatment because 
it combines electrochemical reactions, coagulation, and 
flotation within a single process. During 
electrocoagulation, direct current (DC) is applied to 
sacrificial electrodes, typically aluminum or iron, 
causing the anode to dissolve and generate coagulant 
species, while cathodic reactions contribute to hydrogen 
generation and flotation mechanisms (López-Guzmán et 
al., 2021). To overcome the operational limitations of 
conventional batch electrocoagulation, Continuous 
Electrocoagulation (CEC) systems have been developed 
to enable uninterrupted wastewater treatment and 
improve operational continuity (Hariri et al., 2024; 
AlJaberi et al., 2022; Mousazadeh et al., 2021). The 
importance of continuous treatment is particularly 
relevant for wastewater management because treatment 
performance must be maintained under changing water-
quality conditions and continuous pollutant loading 
(Wardoyo et al., 2025). Compared with batch systems, 
CEC is more suitable for continuous industrial 
applications because it minimizes operational 
interruptions, facilitates process automation, and 
supports continuous treatment operation (Ardhan et al., 
2015; Nguyen et al., 2017; Rajaniemi et al., 2019). 

In addition, continuous operation enables 
continuous sludge withdrawal and more efficient solid–
liquid separation, thereby improving sludge handling 
and separation management rather than implying that 
CEC inherently produces less sludge than batch 
electrocoagulation. This operational perspective is 
consistent with the broader need for effective 
wastewater and waste management practices in 
industrial activities, where treatment performance and 
environmental impacts must be considered together 
(Permatasari et al., 2023). 

Recent technological developments have further 
expanded the application of CEC to different industrial 
wastewater streams, with studies increasingly 
examining operating conditions, reactor performance, 
and pollutant removal under continuous-flow 
conditions (Pandey & Thakur, 2021). Collectively, 
previous studies have demonstrated that CEC can treat 
various industrial wastewaters, including textile, coal 
stockpile, mining, and wastewater containing inorganic 
pollutants (Al-Qodah et al., 2025; Rodriguez-Prado, 
2020; Rusdianasari, 2017; Sutanto et al., 2021). For 
example, CEC achieved removal efficiencies of 87.8% for 

total suspended solids (TSS), 91.8% for chemical oxygen 
demand (COD), and 83.9% for color in textile 
wastewater (Sutanto et al., 2021). Similarly, aluminum 
electrode CEC effectively reduced TSS, iron, and 
manganese concentrations in coal stockpile wastewater 
while improving wastewater pH (Rusdianasari, 2017). 
Rodriguez-Prado (2020) reported that integrating CEC 
with a settling unit improved sulfate removal and 
substantially reduced nitrate concentrations in mining 
wastewater. Furthermore, CEC has demonstrated the 
capacity to remove NH₄⁺, Cu²⁺, Ni²⁺, and Zn²⁺ while 
producing smaller pH fluctuations than conventional 
batch systems. These findings indicate that CEC is an 
adaptable wastewater treatment technology capable of 
addressing diverse wastewater characteristics. 
Nevertheless, wider industrial implementation still 
requires reactor design standardization, process 
optimization, and stronger regulatory and economic 
support (Al-Qodah et al., 2025). The need for such 
optimization is also evident from studies of 
contaminated water, where pollutant levels and 
treatment requirements vary according to wastewater 
characteristics and environmental conditions (Afaz et 
al., 2025; Lensoni et al., 2023). 

Despite the growing number of studies and review 
articles on CEC, existing reviews primarily emphasize 
treatment performance, reactor configuration, and 
pollutant removal efficiency. Comparatively less 
attention has been given to systematically mapping how 
the CEC research field has evolved in terms of 
publication development, scientific collaboration, 
emerging research themes, operational factors, 
implementation challenges, and their relationship with 
the SDGs. Moreover, although operational parameters 
such as electrode material, current density, pH, electrode 
distance, flow rate, electrolysis time, conductivity, 
temperature, supporting electrolytes, and hydraulic 
retention time have been extensively investigated 
experimentally, these factors have not been 
comprehensively synthesized through an integrated 
bibliometric and qualitative literature perspective to 
examine their development, interrelationships, 
implementation challenges, and implications for 
sustainable wastewater treatment. The relevance of 
systematically considering water-quality parameters 
and pollutant characteristics is further demonstrated by 
environmental studies published in JPPIPA, which 
examine parameters such as pH, dissolved oxygen, 
electrical conductivity, heavy metals, and other 
indicators of water pollution (Noviantika et al., 2024; 
Pratiwi et al., 2023; Rumanta et al., 2024).  

Therefore, this study employs Systematic Literature 
Network Analysis (SLNA) to systematically examine the 
development of CEC research. The SLNA framework 
integrates Systematic Literature Review (SLR), 
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Bibliometric Analysis (BA), and Qualitative Content 
Analysis (QCA) to identify publication trends, scientific 
collaboration patterns, emerging research themes, 
operational factors, implementation challenges, and the 
contribution of CEC to the SDGs (Colicchia et al., 2019). 
The novelty of this study lies not in identifying 
previously unknown operational factors, which have 
already been widely investigated experimentally, but in 
integrating bibliometric network mapping with 
qualitative literature synthesis to systematically connect 
research evolution, collaboration patterns, emerging 
themes, operational factors, implementation challenges, 
and sustainability contributions within a single 
analytical framework. In particular, the study examines 
how the development of CEC research can be 
interpreted in relation to SDG 6 and broader sustainable 
wastewater management objectives, a perspective that 
has received comparatively limited systematic 
bibliometric and network-based investigation. 

By integrating these analytical perspectives, this 
study provides a comprehensive scientific synthesis of 
the current development of CEC research, identifies 
research gaps, and proposes future research directions 
for advancing CEC toward more efficient, practical, and 
sustainable wastewater treatment. The findings are 
expected to provide a useful scientific reference for 
researchers, engineers, and policymakers involved in 
the development and implementation of sustainable 
wastewater treatment technologies. 
 

Method  
 
Conceptual Framework 

This study employed the Systematic Literature 
Network Analysis (SLNA) approach to investigate the 
scientific development of Continuous 
Electrocoagulation (CEC) research in wastewater 
treatment. The SLNA framework integrates Systematic 
Literature Review (SLR), Bibliometric Analysis (BA), 
and Qualitative Content Analysis (QCA) to provide a 
systematic basis for literature identification and 
screening, quantitative mapping of the scientific 
landscape, and qualitative synthesis of research findings 
(Colicchia et al., 2019; Wibowo et al., 2024). This 
integrated approach enables the identification of 
publication trends, collaboration patterns, research 
hotspots, and knowledge gaps through bibliometric 
analysis, while qualitative content analysis synthesizes 
conceptual discussions, Sustainable Development Goal 
(SDG) contributions, operational factors, and 
implementation challenges influencing the application 
of CEC. 

Within the SLNA framework, Bibliometric Analysis 
was employed to quantitatively examine the evolution 
of CEC research, whereas Qualitative Content Analysis 

(QCA) based on Mayring's methodology (Mayring, 
2015) was conducted to synthesize conceptual 
knowledge related to the Sustainable Development 
Goals (SDGs) and operational factors affecting CEC 
implementation. The methodological framework 
consisted of five sequential phases: formulation of 
research questions; literature retrieval and screening 
following the PRISMA 2020 guideline; bibliometric 
analysis; qualitative content analysis; and integration of 
quantitative and qualitative findings. The overall 
methodological framework is presented in Figure 1. 
 

 
 

Figure 1. Workflow of the Systematic Literature Network 
Analysis (SLNA) 

 
Research Questions 

The review was guided by three research questions. 
The first research question (RQ1) examined the 
publication trends, research hotspots, collaboration 
patterns, research gaps, and future research directions in 
Continuous Electrocoagulation (CEC). The second 
research question (RQ2) explored how Continuous 
Electrocoagulation has been discussed in relation to the 
Sustainable Development Goals (SDGs). The third 
research question (RQ3) investigated the operational 
and implementation factors that influence the successful 
application of Continuous Electrocoagulation in 
wastewater treatment. 
 
Data Collection 

The literature search was conducted in the Scopus 
database on 7 October 2025 following the PRISMA 2020 



Jurnal Penelitian Pendidikan IPA (JPPIPA) Volume 12, Issue 7, 83-108 
 

86 

guideline (Page et al., 2021). Scopus was selected 
because it provides comprehensive coverage of peer-
reviewed scientific publications and reliable 
bibliographic metadata suitable for bibliometric studies. 
The search strategy employed the query "continuous 
electrocoagulation" AND "wastewater treatment", 
which initially retrieved 277 documents. The retrieved 
records were subsequently screened using predefined 
inclusion criteria, including publication year, document 
type, publication stage, Scopus indexed keywords, 
language, and source type. The screening process 
retained publications from 2019 to 2024, document type 
Article, publication stage Final, Scopus indexed 
keywords relevant to Continuous Electrocoagulation 
and wastewater treatment, English-language 
publications, and Journal as the source type. After 
applying all eligibility criteria, a total of 99 journal 
articles were included in the final dataset for 
bibliometric and qualitative analyses. The complete 
screening process is presented in Figure 2. 
 

 
 

Figure 2. PRISMA 2020 screening process and metadata 
preparation for Systematic Literature Network Analysis 

(SLNA) 
 

Data Analysis  
The collected dataset was analyzed using a 

combination of quantitative and qualitative approaches 
within the Systematic Literature Network Analysis 
(SLNA) framework. Bibliometric Analysis was 
performed to quantitatively examine publication trends, 
collaboration networks, citation structures, and thematic 
evolution of Continuous Electrocoagulation research. 
Subsequently, Qualitative Content Analysis was 
conducted to synthesize conceptual discussions related 
to the Sustainable Development Goals (SDGs), 
operational factors, implementation challenges, and 
future research directions. Finally, findings from both 
analytical approaches were integrated to provide a 
comprehensive understanding of the current state and 
future development of Continuous Electrocoagulation 
research. 

Bibliometric Analysis 
Bibliometric Analysis (BA) was conducted to 

answer RQ1 by quantitatively mapping the scientific 
development of Continuous Electrocoagulation (CEC) 
research. This analysis aimed to identify publication 
trends, collaboration patterns, influential publications, 
research hotspots, and knowledge gaps within the 
selected literature (Ramadan et al., 2022). Prior to 
bibliometric analysis, the bibliographic metadata 
exported from Scopus were prepared through metadata 
cleaning, duplicate checking, and standardization of 
bibliographic information, including author names, 
affiliations, and keywords, to ensure data consistency 
before network construction and text mining. The 
metadata preparation process is presented in Figure 2. 

The prepared dataset was subsequently analyzed 
using VOSviewer and Orange Data Mining 3.34. 
VOSviewer was employed to construct bibliometric 
networks, including citation analysis, co-authorship 
analysis, country collaboration analysis, and keyword 
co-occurrence analysis. Orange Data Mining 3.34 was 
employed to perform text mining and semantic analysis 
of article titles, abstracts, and author keywords through 
Word Cloud visualization, Latent Dirichlet Allocation 
(LDA), Multidimensional Scaling (MDS), and Marginal 
Topic Probability (MTP) analysis. The combination of 
these tools provided a comprehensive quantitative 
exploration of the CEC research landscape, thereby 
complementing the subsequent qualitative synthesis. 
 
VOSviewer Analysis 

VOSviewer was employed exclusively to construct 
and visualize bibliometric networks. Four analyses were 
performed, namely citation analysis, keyword co-
occurrence analysis, co-authorship analysis, and country 
collaboration analysis. Citation analysis identified the 
most influential publications in the CEC research field 
based on citation frequency. Co-authorship analysis 
examined collaboration patterns among researchers, 
whereas country collaboration analysis illustrated 
international scientific cooperation. Keyword co-
occurrence analysis identified frequently occurring 
author keywords and thematic relationships within the 
literature, enabling the identification of research 
hotspots and emerging topics. 

In VOSviewer, nodes represent bibliometric items 
such as publications, authors, countries, or keywords, 
whereas links indicate relationships among these items. 
Larger nodes indicate higher publication frequency or 
citation impact, while stronger links indicate stronger 
relationships among bibliometric items. Clusters 
represent groups of closely related items describing 
major research themes within the CEC literature 
(Kholidah et al., 2022; Sawassi & Khadra, 2021).  
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The results obtained from VOSviewer were 
interpreted to explain publication trends, collaboration 
networks, influential studies, and research hotspots, 
thereby addressing RQ1.  
 
Orange Data Mining Analysis  

Orange Data Mining 3.34 was employed for text 
mining analysis of the selected CEC literature. The 
analysis included Word Cloud visualization, Latent 
Dirichlet Allocation (LDA) topic modeling, and 
Marginal Topic Probability (MTP) analysis. Word Cloud 
analysis was used to identify frequently occurring terms 
in the title, abstract, and author keywords. LDA topic 
modeling was applied to identify groups of terms 
representing major research topics, while MTP analysis 
was used to examine the relative prominence of the 
identified topics within the dataset. 

Word Cloud visualization was used to identify 
frequently occurring terms within the literature, where 
word size represents term frequency (Bi̇Len & Kurtuluş, 
2021). Subsequently, LDA was applied to identify latent 
thematic structures by grouping frequently co-occurring 
words into research topics (Li et al., 2021). To validate 
the identified topics, MDS was employed to visualize 
similarities among research topics, while MTP was used 
to quantify the contribution of each topic within the 
literature corpus, thereby identifying dominant and 
emerging research themes (Abayomi-Alli et al., 2022; 
Yao et al., 2016).  

The combination of VOSviewer and Orange Data 
Mining provided complementary perspectives by 
integrating bibliometric relationships with semantic 
analysis of the literature. VOSviewer was used to 
visualize bibliometric networks, including keyword co-
occurrence, co-authorship, country collaboration, and 
citation relationships, whereas Orange Data Mining was 
used for text-based thematic analysis. The complete text-
mining workflow is presented in Figure 3. 
 

 
 

Figure 3. Text mining workflow using Orange Data Mining 
3.34 

 
Qualitative Content Analysis 

To answer RQ2 and RQ3, a Qualitative Content 
Analysis (QCA) based on Mayring's methodology 

(Mayring, 2015) was conducted. The selected articles 
were systematically examined using a combined 
deductive–inductive coding approach (Paul & Criado, 
2020). During the deductive phase, coding categories 
were established based on the predefined research 
questions, including CEC concepts, Sustainable 
Development Goals (SDGs), operational parameters, 
and implementation challenges. Subsequently, 
inductive coding was applied to identify additional 
themes emerging from the reviewed literature. 

The qualitative synthesis focused on two principal 
aspects. First, it examined how Continuous 
Electrocoagulation has been conceptualized and 
discussed in relation to the Sustainable Development 
Goals (RQ2). Second, it synthesized the operational and 
implementation factors influencing CEC performance 
and application, including electrode material, current 
density, pH, electrode spacing, hydraulic retention time, 
flow rate, electrolysis time, conductivity, temperature, 
supporting electrolytes, and reactor configuration 
(RQ3). The coded evidence was subsequently 
interpreted to identify recurring implementation 
challenges and areas requiring further investigation. 
These findings were then integrated with the 
bibliometric results to identify research gaps and future 
research directions. 
 
Integration of Findings 

The final stage involved integrating the findings 
obtained from Bibliometric Analysis (BA) and 
Qualitative Content Analysis (QCA). Bibliometric 
Analysis provided quantitative evidence regarding 
publication trends, collaboration patterns, influential 
publications, research hotspots, and knowledge gaps, 
thereby addressing RQ1. Qualitative Content Analysis 
synthesized conceptual discussions regarding CEC, its 
contribution to the Sustainable Development Goals 
(SDGs), and the operational and implementation factors 
influencing successful CEC application, thereby 
addressing RQ2 and RQ3. 

The integration of both analytical approaches 
enabled a comprehensive interpretation of the current 
state of CEC research by combining bibliometric 
mapping with qualitative evidence from the reviewed 
literature. This integrated perspective facilitated the 
identification of research gaps, implementation 
challenges, and future research directions, thereby 
strengthening the overall conclusions of the review. 
 

Result and Discussion 
 
Bibliometric Analysis (BA) — RQ1 

This section presents the findings of the Systematic 
Literature Network Analysis (SLNA), integrating 
Bibliometric Analysis (BA) and Qualitative Content 
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Analysis (QCA) to examine the development of 
Continuous Electrocoagulation (CEC) research in 
wastewater treatment. Following the methodological 
framework, the results and discussion are organized 
according to the three research questions. Bibliometric 
Analysis addresses RQ1 by examining publication 
trends, publication sources, collaboration networks, 
influential authors, and research hotspots within the 
CEC research field. Qualitative Content Analysis 
addresses RQ2 and RQ3 by synthesizing the 
contribution of CEC to the Sustainable Development 
Goals (SDGs) and identifying the operational and 
implementation factors influencing CEC performance 
and application. Finally, findings from both analytical 
approaches are integrated to identify research gaps and 
formulate future research directions. 

Unlike conventional literature reviews that 
primarily summarize experimental findings, the SLNA 
framework combines quantitative mapping of the 
scientific landscape with qualitative synthesis of the 
reviewed literature. Bibliometric Analysis provides 
evidence of how the CEC research field has developed 
in terms of publication productivity, scientific 
collaboration, influential research, and thematic 
patterns. In contrast, Qualitative Content Analysis 
provides contextual interpretation of these patterns by 
synthesizing evidence concerning CEC applications, 
SDG contributions, operational parameters, and 
implementation challenges. The integration of these 
complementary perspectives provides a broader 
understanding of the current development of CEC 
research and helps identify areas requiring further 
scientific and technological investigation. 
 
Publication Trends 

Publication trends are widely recognized as an 
important indicator of the development of a scientific 
field because changes in publication output can reflect 
variations in research attention and scientific activity 
over time (Donthu et al., 2021). In bibliometric research, 
publication growth is commonly examined together 
with collaboration patterns and thematic development 
to understand the evolution of a research domain 
(Donthu et al., 2021; Zupic & Čater, 2015).  

Figure 4 illustrates the annual scientific production 
related to Continuous Electrocoagulation (CEC) during 
the 2019–2024 period. A total of 99 journal articles met 
the predefined screening criteria and were included in 
the bibliometric analysis. Publication output increased 
from 7 articles in 2019 to 18 articles in 2020, remained at 
18 articles in 2021, and reached the highest number of 
publications in 2022 with 22 articles. The number 
subsequently decreased to 20 articles in 2023 and 14 
articles in 2024. Overall, the publication trajectory 
demonstrates that CEC research received increasing 

scientific attention during the first four years of the 
observation period, followed by a moderate decline in 
annual output during 2023–2024. 
 

 
 

Figure 4. Annual scientific production of continuous 
electrocoagulation publications (2019–2024). 

 
The increase in publication output from 2019 to 2022 

indicates a growing scientific interest in CEC as a 
continuous wastewater treatment approach. The 
development of CEC is relevant to wastewater treatment 
because continuous reactor operation provides an 
alternative to batch treatment by enabling wastewater to 
be treated through a continuously operated reactor 
system. Previous studies have investigated CEC for 
different wastewater matrices and have examined 
treatment performance under varying electrode 
configurations and operating conditions (Mousazadeh 
et al., 2021; Pandey & Thakur, 2021). Thus, the increase 
in publication activity during 2019–2022 suggests that 
research attention was not limited to the basic 
electrocoagulation mechanism but increasingly 
addressed the application of electrocoagulation under 
continuous operating conditions. 

The peak of 22 publications in 2022 can therefore be 
interpreted as an indication of the period of highest 
research productivity within the analyzed dataset. This 
finding is consistent with the broader development of 
electrocoagulation research, where recent studies have 
increasingly examined process optimization, reactor 
configuration, electrode characteristics, and treatment 
performance (Al-Qodah et al., 2025; Mao et al., 2023). 
However, the publication trend alone cannot establish 
that CEC had already reached technological maturity. 
Such an interpretation requires consideration of the 
thematic and qualitative findings presented in the 
subsequent bibliometric and content analyses. 

The decline in publication output after 2022, from 22 
articles in 2022 to 20 articles in 2023 and 14 articles in 
2024, should also be interpreted cautiously. Because the 
dataset covers publications indexed in Scopus and the 
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analysis represents a defined search and screening 
period, differences in annual output may be influenced 
by publication and indexing timing. Therefore, the lower 
number of publications in 2024 should not be directly 
interpreted as evidence of declining scientific interest 
without additional longitudinal data. Instead, the results 
indicate that 2022 represented the highest publication 
productivity within the present dataset. 

More importantly, publication quantity alone does 
not describe the substantive development of CEC 
research. The subsequent analyses of publication 
sources, country collaboration, author productivity, 
keyword co-occurrence, word clouds, and topic 
modeling provide additional evidence regarding how 
research interests have developed within the field. These 
analyses are particularly important for determining 
whether the increase in publication activity has been 
accompanied by diversification of research themes, 
greater international collaboration, and increased 
attention to operational and sustainability-related 
issues. 

The publication trend therefore provides the 
quantitative starting point for answering RQ1, 
demonstrating the temporal development of CEC 
research between 2019 and 2024. The results indicate 
that scientific productivity increased substantially from 
2019 to 2022 before decreasing moderately in the final 
two years of the dataset. However, the meaning of this 
trend must be interpreted together with the subsequent 
bibliometric and qualitative findings rather than being 
used alone to conclude that the field has reached 
maturity. 
 
Publication Sources 

Publication sources provide additional information 
on where Continuous Electrocoagulation (CEC) research 
is disseminated and how publication activity has 
developed across different journals. Figure 5 presents 
the annual distribution of CEC-related publications 
across the main publication sources identified in the 
dataset. 

 

 
Figure 5. Annual publication output by source in continuous electrocoagulation research 

 
Desalination and Water Treatment recorded the 

highest number of CEC-related publications, with seven 
articles, followed by the Journal of Environmental 
Management, with six articles. Other publications were 
distributed across several journals covering wastewater 
treatment, environmental engineering, water resources, 
and related environmental technologies. The 
concentration of publications in these sources indicates 
that CEC research is predominantly positioned within 

the broader fields of water and wastewater treatment 
and environmental management. 

The publication pattern also demonstrates that CEC 
research is not concentrated in a single publication 
outlet. Instead, studies have been disseminated across 
journals with different but related environmental and 
engineering scopes. This distribution is consistent with 
the multidisciplinary nature of electrocoagulation, 
which involves electrochemical reactions, coagulation, 
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pollutant removal, reactor operation, and wastewater 
management (Mousazadeh et al., 2021; Pandey & 
Thakur, 2021).  

The prominence of Desalination and Water 
Treatment is particularly relevant because of its focus on 
water and wastewater treatment technologies. 
Meanwhile, the presence of the Journal of 
Environmental Management indicates that CEC 
research is also connected with broader environmental 
management considerations. However, the distribution 
of publications across journals should not be interpreted 
as evidence of differences in scientific quality; rather, it 
identifies the principal publication outlets through 
which CEC research has been disseminated. 

The predominance of journals specializing in water 
treatment and environmental engineering is consistent 
with recent reviews describing electrocoagulation as a 
wastewater treatment technology that has received 
increasing attention because of its potential for removing 
diverse contaminants and supporting more sustainable 
treatment practices (López-Guzmán et al., 2021; Mao et 
al., 2023). The concentration of publications within these 
journals also indicates that the development of CEC has 
been closely associated with practical environmental 
engineering applications, including reactor operation, 
process optimization, electrode development, and 
industrial wastewater treatment. 

Overall, the publication-source analysis 
demonstrates that CEC research is primarily 
disseminated through water treatment, wastewater 
management, and environmental engineering journals, 

with Desalination and Water Treatment and Journal of 
Environmental Management representing the most 
productive sources in the analyzed dataset. These 
findings contribute to RQ1 by identifying the principal 
publication outlets and demonstrating the disciplinary 
positioning of CEC research within wastewater 
treatment and environmental engineering. 
 
Country Collaboration 

The analysis of country collaboration provides 
insight into the geographical distribution of scientific 
productivity and the extent of international cooperation 
in Continuous Electrocoagulation (CEC) research. In 
bibliometric studies, co-authorship networks are 
commonly used to identify collaboration patterns and 
the development of scientific research communities 
(Donthu et al., 2021; Zupic & Čater, 2015). Such networks 
can also indicate how researchers from different 
countries contribute to knowledge exchange and the 
development of a research field. 

Figure 6a illustrates the co-authorship network 
based on country affiliations. India occupies the most 
prominent position in the network, followed by China, 
while Brazil, Iran, the United States, the United 
Kingdom, France, Vietnam, and Iraq also contribute to 
the CEC research landscape. The relatively larger nodes 
for India and China indicate their higher publication 
productivity within the analyzed dataset, while the 
connecting links represent collaborative relationships 
among countries. 

 

 
Figure 6(a). Co-authorship network visualization based on country 

 
The network shows that CEC research involves 

collaboration among researchers from several 
geographical regions rather than being concentrated 
entirely within a single country. India and China occupy 
relatively central positions and are connected with other 

countries in the network. This pattern indicates that 
these countries have contributed substantially to the 
development and dissemination of CEC research within 
the analyzed literature. International collaboration is 
particularly relevant to wastewater treatment research 
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because wastewater characteristics, treatment 
requirements, and operational conditions can differ 
among geographical and industrial contexts. 
Collaboration across countries can therefore facilitate the 
exchange of methodological approaches and research 
experience across different wastewater treatment 
conditions (Donthu et al., 2021).  

The geographical distribution also demonstrates 
that CEC research has attracted contributions from 
different geographical and research contexts. The 
participation of countries from Asia, Europe, and the 
Americas indicates that CEC is being investigated across 
diverse regional settings. This international distribution 
is consistent with the broad application of 
electrocoagulation to different wastewater types and 

under varying operational conditions (Mousazadeh et 
al., 2021; Pandey et al., 2025). 

Figure 6(b) presents the overlay visualization of 
country collaboration and provides a temporal 
perspective on the development of international 
contributions. Earlier publications are primarily 
associated with Vietnam and Iraq, whereas more recent 
contributions are represented by countries including 
Iran, China, India, Brazil, the United States, the United 
Kingdom, and France. The temporal distribution 
indicates that geographical participation in CEC 
research has expanded during the study period, with a 
broader range of countries represented in the later stages 
of the analyzed literature. 

 

 
Figure 6(b). Co-authorship overlay visualization based on country affiliations 

 
The expansion of geographical participation 

suggests that CEC research has progressively developed 
from contributions associated with a relatively limited 
number of countries toward a broader international 
research community. This development may facilitate 
knowledge exchange concerning reactor configurations, 
electrode materials, operating parameters, and 
wastewater characteristics. However, the collaboration 
network should be interpreted primarily as evidence of 
international research connectivity, rather than as direct 
evidence of research quality or technological maturity. 
Overall, CEC research has developed through 
contributions from researchers across Asia, Europe, and 
the Americas, with India and China occupying 
prominent positions in the analyzed network. The 
increasing geographical diversity observed in the 
overlay visualization further indicates broader 
international participation over time. These findings 
address RQ1 by demonstrating the geographical 

distribution and collaboration patterns underlying the 
international development of Continuous 
Electrocoagulation research. 
 
Author Productivity and Scientific Influence 

The analysis of author productivity and citation 
impact provides further insight into the intellectual 
development of Continuous Electrocoagulation (CEC) 
research. Publication productivity indicates the extent of 
individual contributions to the literature, while citation 
counts provide an indication of how frequently 
published studies have been referenced in subsequent 
research. Examining both indicators therefore helps 
identify authors whose publications have received 
relatively greater attention within the CEC research field 
(Donthu et al., 2021).  

As presented in Figure 7, Forat Yasir Aljaberi 
recorded the highest citation impact among the most 
productive authors, with approximately 120 citations, 
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despite contributing a relatively limited number of 
publications. Kiran Kumar Kurilla ranked second with 
approximately 58 citations, while Mateusz Luba, 
Bogusław Pierożyński, and Madhuri Damaraju each 
received approximately 40–50 citations. The differences 
between publication productivity and citation counts 
indicate that publication quantity and citation impact do 
not necessarily increase proportionally. Authors with 
fewer publications may nevertheless receive substantial 
scholarly attention when their publications are 
frequently cited by subsequent studies. 
 

 
Figure 7. Publication and citation performance of the most 

productive authors in Continuous Electrocoagulation 
research 

 
The observed variation in citation impact suggests 

that some publications have become more frequently 
referenced within the CEC research literature than 
others. Citation counts can provide an indication of the 
visibility and subsequent use of published research, 
although they should not be interpreted as a direct 
measure of research quality. Citation patterns can also 
be influenced by publication age, research topic, journal 
visibility, and the extent to which a particular study 
addresses topics of broad interest (Zupic & Čater, 2015). 
Therefore, the relatively high citation counts of several 
authors indicate their scholarly visibility and influence 
within the analyzed literature, rather than providing a 
definitive assessment of research quality. 

The presence of several highly cited authors also 
indicates that CEC research has been influenced by a 
group of researchers whose publications have received 
considerable attention within the field. This 

concentration of citation impact provides an indication 
of the intellectual contributions that have been most 
visible in the development of CEC research. However, 
identifying the specific scientific contributions of these 
authors requires examination of their individual 
publications and research themes rather than citation 
data alone. The author-level findings can therefore be 
interpreted together with the subsequent thematic and 
keyword analyses to determine how influential research 
has contributed to the broader development of CEC 
topics. 

Overall, the author productivity and citation 
analysis demonstrates that scientific influence within the 
CEC literature is unevenly distributed, with several 
authors receiving substantially more citations than 
others despite differences in publication productivity. 
Forat Yasir Aljaberi shows the highest citation impact 
among the authors represented in Figure 7, followed by 
Kiran Kumar Kurilla and other highly cited contributors. 
These findings address RQ1 by identifying the authors 
whose publications have received relatively greater 
scholarly attention and by providing an additional 
perspective on the intellectual development of CEC 
research. 
 
Research Hotspots  

Research hotspots represent the dominant themes 
and emerging directions within a scientific field. In 
bibliometric analysis, keyword co-occurrence is widely 
used to identify the conceptual structure of a research 
domain because frequently co-occurring keywords 
indicate topics that are commonly investigated together 
(Donthu et al., 2021). By examining keyword 
relationships, it is possible to identify the dominant 
research themes and areas receiving substantial 
scientific attention. 

The thematic structure of Continuous 
Electrocoagulation (CEC) research was analyzed using 
keyword co-occurrence analysis in VOSviewer, 
followed by text-mining analysis using Orange Data 
Mining 3.34. VOSviewer was used to examine 
relationships among keywords and their temporal 
distribution, whereas Orange Data Mining was used to 
identify frequently occurring terms and thematic 
structures through Word Cloud visualization, Latent 
Dirichlet Allocation (LDA) topic modeling, and 
Marginal Topic Probability (MTP) analysis. These 
complementary analyses provide a broader perspective 
on CEC research hotspots by combining bibliometric 
network relationships with semantic analysis of the 
selected literature. 
 
Keyword Co-Occurrence Analysis 

Keyword co-occurrence analysis was conducted to 
identify the conceptual structure and dominant research 
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themes within Continuous Electrocoagulation (CEC) 
research. Two complementary datasets were examined: 
terms extracted from titles and abstracts and author 
keywords. Title and abstract terms provide a broader 
representation of concepts discussed throughout the 
literature, whereas author keywords represent terms 
explicitly selected by researchers to characterize the 
main focus of their studies. Examining both datasets 
therefore allows the research hotspots to be interpreted 
from complementary perspectives. 
 
Title and Abstract Terms 

The network visualization presented in Figure 8(a) 
reveals two major thematic clusters. The first cluster is 
centered on electrocoagulation and wastewater 
treatment, with terms such as wastewater treatment, 
electrodes, iron, aluminum, electrocoagulation, 
electrolysis, and effluents. The close association among 

these terms indicates that a substantial component of 
CEC research focuses on the application of 
electrocoagulation to wastewater treatment and the role 
of electrode-related processes in treatment performance. 

The second cluster is associated with operational 
and environmental aspects of CEC performance. This 
cluster includes terms such as pH, current density, 
electrode, chemical oxygen demand (COD), wastewater 
management, pollutant removal, water pollutants, and 
waste disposal. The co-occurrence of these terms 
indicates that CEC research also places considerable 
attention on the relationship between operating 
conditions, pollutant characteristics, and treatment 
outcomes. Parameters such as electrode characteristics, 
current density, and pH are therefore positioned within 
the broader context of pollutant removal and 
wastewater management. 

 

 
Figure 8(a). Co-occurrence keyword network visualization based on title and abstract terms 

 
The overlay visualization in Figure 8(b) provides a 

temporal perspective on the development of these 
research themes. Earlier publications are primarily 
associated with terms such as pH, iron, and coagulation, 
indicating an earlier emphasis on the fundamental 
chemical and electrochemical aspects of 
electrocoagulation. These terms are closely related to the 

generation of coagulant species and the mechanisms 
involved in pollutant destabilization. 

In contrast, more recent publications increasingly 
contain terms such as waste disposal, fluid, water 
pollutants, chemical, and pollutant removal. The 
emergence of these terms suggests an increasing 
emphasis on the practical treatment of wastewater and 
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the environmental implications of pollutant removal. 
Importantly, the newer themes do not indicate that 
fundamental electrochemical research has been 
abandoned. Rather, they suggest a broadening of CEC 

research from fundamental process understanding 
toward practical wastewater treatment and 
environmental applications. 

 

 
Figure 8(b). Co-occurrence keyword overlay visualization based on title and abstract terms 

 
Overall, the title and abstract analysis identifies two 

closely related dimensions of CEC research: the 
electrochemical and operational mechanisms 
underlying treatment performance and the application 
of these processes to wastewater and pollutant removal. 
The connection between these dimensions reflects the 
interdisciplinary character of CEC research, in which 
electrochemical processes, operating conditions, and 
wastewater-treatment objectives are investigated 
together. 
 
Author Keyword Co-Occurrence 

The author keyword analysis presented in Figure 
9(a) provides a more focused representation of the 
concepts explicitly emphasized by researchers. Three 
major clusters can be identified. The red cluster is 
associated with the electrocoagulation process and 
electrochemical mechanisms, the blue cluster focuses on 
water-quality indicators, and the green cluster 
represents system optimization and treatment 
performance. 

The red cluster reflects continued attention to the 
electrocoagulation process and electrode-related 
mechanisms. The blue cluster represents parameters 
used to characterize wastewater quality and evaluate 
treatment outcomes. Meanwhile, the green cluster 
contains operational terms associated with continuous 

operation, flow conditions, and process optimization. 
The presence of these three interconnected clusters 
indicates that CEC research combines process 
mechanisms, treatment-performance assessment, and 
operational optimization. 

The overlay visualization in Figure 9(b) further 
illustrates the temporal distribution of author-selected 
research themes. Earlier keywords include turbidity, 
batch, and continuous mode, whereas more recent 
keywords include flow rate, electrode, cathode, 
aluminum, and pollutant. The appearance of these more 
recent terms indicates increasing attention to hydraulic 
operation, electrode configuration, and pollutant 
removal in continuous electrocoagulation systems. The 
results from Figures 8 and 9 are complementary. The 
title and abstract analysis captures the broader 
conceptual structure of CEC research, whereas author 
keywords provide a more focused representation of 
topics intentionally emphasized by researchers. Despite 
this difference, both analyses consistently identify 
electrocoagulation mechanisms, wastewater treatment, 
pollutant removal, electrode characteristics, and 
operational optimization as important research themes. 
The convergence between the two analyses strengthens 
the interpretation that CEC research is developing 
around the interaction between electrochemical 
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mechanisms and practical process optimization for 
wastewater treatment. 

 
Figure 9(a). Co-occurrence network visualization based on author keywords 

 

 
Figure 9(b). Co-occurrence overlay visualization based on author keywords 

 
Word Clouds Analysis 

Word cloud analysis was subsequently performed 
to identify the most frequently occurring terms in the 
CEC literature. This analysis complements the 

VOSviewer network analysis by emphasizing term 
frequency rather than relationships among terms. 

As shown in Figure 10(a), the most frequently 
occurring terms in the title and abstract, excluding the 
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phrase continuous electrocoagulation, were removal (f = 
272), process (f = 157), EC (f = 150), current (f = 138), and 
COD (f = 123). In Figure 10(b), the most frequent terms 
among the author keywords were removal (f = 111), 
chemical (f = 110), coagulation (f = 85), oxygen (f = 81), 
and aluminum (f = 73). 
 

 
Figure 10. Word clouds of terms extracted from (a) title and 

abstract and (b) author keywords 

 
The high frequency of terms related to removal, 

treatment, water, and wastewater indicates that 
pollutant removal and wastewater treatment are central 
topics within the analyzed CEC literature. The frequent 
occurrence of terms such as coagulation, EC, electrode, 
current, COD, and aluminum further reflects the 
importance of electrochemical treatment processes and 
electrode-related factors in the research corpus. The 
prominence of current and COD also indicates that 
treatment performance and operating conditions are 
frequently discussed in relation to CEC applications. 

The word-frequency results reinforce the findings 
from the keyword co-occurrence analysis. While 
VOSviewer mapping illustrates relationships among 
research terms, the word cloud highlights the relative 

frequency of individual terms across the literature. The 
convergence of these findings indicates that wastewater 
treatment, pollutant removal, electrocoagulation 
processes, electrode-related aspects, and operational 
conditions constitute prominent themes in the analyzed 
CEC literature. 

Taken together, the word cloud and co-occurrence 
analyses provide complementary evidence for RQ1. The 
co-occurrence networks reveal how research concepts 
are interconnected, whereas the word-frequency 
analysis identifies the terms that appear most 
prominently across the literature. This consistency 
strengthens the identification of the principal research 
hotspots before the thematic structure is further 
examined through topic modeling. 
 
Topic Modeling Analysis 

Latent topic modeling was conducted to identify 
broader thematic structures within the analyzed corpus. 
Latent Dirichlet Allocation (LDA) groups terms 
according to their probabilistic associations within 
documents and therefore provides a complementary 
perspective to keyword co-occurrence analysis. While 
co-occurrence analysis emphasizes relationships among 
terms, topic modeling provides a thematic grouping of 
terms that frequently appear within the same 
documents. 

As presented in Table 1, three topics were identified 
from title and abstract terms, while two broader topics 
were identified from author keywords. The different 
number of topics reflects the different nature of the two 
datasets: title and abstract terms provide a broader 
textual corpus, whereas author keywords represent 
more explicitly selected research concepts. 

For title and abstract terms, Topic 1 represents the 
electrocoagulation process and pollutant removal. The 
presence of terms such as aluminum, electrocoagulation, 
electrocoagulation process, iron, water, and pollutant 
indicates that the application of electrocoagulation to 
pollutant removal and wastewater treatment constitutes 
an important thematic component of the literature. 

Topic 2 represents operational parameters and 
energy efficiency. Terms including batch, cathode, 
continuous mode, energy consumption, flow rate, initial 
pH, and removal indicate that operational conditions 
and treatment performance are frequently discussed 
together within the analyzed literature. The presence of 
continuous mode and flow rate is particularly relevant 
to CEC because continuous operation requires 
consideration of hydraulic conditions alongside 
electrochemical operating parameters. 

Topic 3 focuses on water quality and monitoring 
parameters, represented by terms such as COD, color, 
electrode, TOC, and turbidity. These terms represent 
physicochemical indicators commonly used to 
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characterize wastewater and evaluate pollutant removal 
performance. The topic therefore complements Topic 1 

by emphasizing the parameters used to assess treatment 
outcomes. 

 
Table 1. Topics generated from title and abstract terms and author keywords 
Topic label (title and 
abstract) 

Terms in title and abstract 
Topic label (author 

keywords) 
Author keywords 

Topic 1: 
Electrocoagulation 
process and pollutant 
removal 

Aluminum, electrocoagulation, 
electrocoagulation process, 

environment, iron, mg L, 
pollutant, process, water, work 

Topic 1: Pollutant 
removal and wastewater 

management 

Article, current density, electrode, pH, 
pollutant removal, sewage, waste 

disposal (fluid), wastewater, 
wastewater management, water 

pollutant, water pollutants (chemical) 
Topic 2: Operational 
parameters and energy 
efficiency 

Batch, cathode, continuous mode, 
energy consumption, flow rate, 

initial pH, removal 

Topic 2: 
Electrocoagulation 

process and chemical 
performance 

Aluminum, chemical oxygen demand, 
coagulation, effluents, 

electrocoagulations, electrocoagulation, 
electrodes, energy utilization, iron, 

turbidity, wastewater treatment 
Topic 3: Water quality 
and monitoring 
parameters 

COD, color, electrode, TOC, 
turbidity 

    

 
The author keyword analysis produced two 

broader thematic groups. Topic 1 represents pollutant 
removal and wastewater management, with terms 
including article, current density, electrode, pH, 
pollutant removal, sewage, waste disposal, wastewater, 
wastewater management, and water pollutants. This 
topic combines treatment objectives with operational 
parameters and wastewater-management concepts. 
Topic 2 represents the electrocoagulation process and 
chemical treatment performance, characterized by terms 
such as aluminum, chemical oxygen demand, 
coagulation, effluents, electrocoagulation, electrodes, 
energy utilization, iron, turbidity, and wastewater 
treatment. 

The topic structures identified by LDA are broadly 
consistent with the keyword co-occurrence results 
presented in Figures 8 and 9. Across the two analytical 
approaches, several recurring themes can be identified, 
particularly electrocoagulation processes, pollutant 
removal, wastewater treatment, electrode-related 
parameters, operational conditions, and treatment-
performance indicators. This consistency provides 
additional support for the identification of these themes 
as important research hotspots within the CEC 
literature. 

However, the topic structures should be interpreted 
as probabilistic thematic groupings rather than mutually 
exclusive research categories. The overlap of terms such 
as electrode, removal, aluminum, wastewater, and 
electrocoagulation across different topics indicates that 
these research aspects are interconnected rather than 
independently investigated. This finding is particularly 
relevant to CEC because treatment performance 
depends on the interaction between electrochemical 
conditions, reactor operation, electrode characteristics, 
and wastewater properties. 

Overall, the LDA results strengthen the 
interpretation of the research hotspots identified 
through VOSviewer. The analysis demonstrates that 
CEC research is organized around interconnected 
themes involving electrocoagulation mechanisms, 
pollutant removal, wastewater management, 
operational parameters, and treatment-performance 
evaluation. These findings contribute to RQ1 by further 
defining the thematic structure underlying the 
development of CEC research. 
 
Marginal Topic Probability Analysis 

Marginal Topic Probability (MTP) analysis was 
used to examine the relative prominence of the topics 
identified through Latent Dirichlet Allocation (LDA) 
within the analyzed corpus. The results are presented in 
Figure 11(a) for title and abstract terms and Figure 11(b) 
for author keywords. MTP provides an additional 
quantitative perspective on the topic structure by 
indicating the relative contribution of the identified 
topics within the literature corpus. 
 

 
 

Figure 11(a). Marginal Topic Probability (MTP) of topics 
derived from title and abstract terms 
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The MTP results provide additional evidence for 
interpreting the thematic structures identified through 
LDA. For the title and abstract corpus, the topics related 
to operational parameters and energy efficiency and 
electrocoagulation process and pollutant removal 
represent important components of the analyzed 
literature. The topic related to water quality and 
monitoring parameters provides an additional 
dimension by emphasizing the indicators used to 
evaluate treatment performance. 
 

 
 

Figure 11(b). Marginal Topic Probability (MTP) of topics 
derived from author keywords 

 
For the author keyword corpus, the MTP results 

further indicate the prominence of themes related to 
pollutant removal and wastewater management and 
electrocoagulation process and chemical performance. 
These themes are consistent with the author-keyword 
topic structure presented in Table 1 and reinforce the 
importance of wastewater treatment, pollutant removal, 
electrocoagulation processes, and treatment-
performance evaluation within the CEC literature. 

The MTP findings complement rather than replace 
the VOSviewer analysis. VOSviewer emphasizes the 
relationships and co-occurrence patterns among terms, 
whereas MTP describes the relative prominence of the 
latent topics identified through LDA. Differences 
between these analytical approaches are therefore 
expected because they characterize different dimensions 
of the research corpus. 

The consistency among the keyword co-occurrence 
analysis, word-frequency analysis, LDA topic modeling, 
and MTP analysis provides converging evidence for the 
identification of major research hotspots. Across these 
analytical approaches, recurring themes include 
wastewater treatment, pollutant removal, 
electrocoagulation processes, electrode-related aspects, 
and operational conditions. The convergence of these 
findings strengthens the interpretation that these themes 
constitute important components of CEC research and 

provides a basis for identifying emerging research 
directions in the subsequent analysis. 
 
Emerging Topics 

The integration of keyword co-occurrence, word-
cloud analysis, topic modeling, and MTP reveals several 
interconnected directions in Continuous 
Electrocoagulation (CEC) research. The dominant 
themes identified across these analyses include CEC 
mechanisms, process optimization, electrode materials 
and configurations, operational factors, pollutant 
removal, and sustainable wastewater treatment. 

The results indicate that CEC research encompasses 
both fundamental electrochemical mechanisms and 
practical process optimization. The increasing 
prominence of terms related to flow rate, electrodes, 
continuous operation, energy consumption, and 
pollutant removal in the temporal analysis suggests 
growing attention to the operational requirements 
associated with continuous wastewater treatment. These 
themes indicate that research interest extends beyond 
pollutant removal itself toward understanding how 
CEC systems can be operated and optimized under 
continuous conditions. 

The bibliometric results also indicate that 
operational factors constitute an important research 
theme. However, keyword mapping and topic modeling 
alone cannot explain the mechanisms through which 
these factors influence treatment performance or the 
trade-offs that may occur during practical operation. 
Parameters such as electrode distance, hydraulic 
retention time, pH, current density, temperature, 
conductivity, and flow rate may interact with 
wastewater characteristics and reactor configuration. 
These relationships therefore require further 
examination through qualitative synthesis of the 
experimental literature. 

Importantly, the identification of these operational 
factors does not imply that they are newly discovered in 
CEC research. Rather, the bibliometric analysis 
demonstrates their recurring and interconnected 
position within the CEC research landscape. This 
distinction is important because the factors themselves 
have been investigated extensively in previous 
electrocoagulation studies, whereas their broader 
relationship with CEC development, sustainability, and 
implementation can be further synthesized through the 
qualitative analysis. 

Accordingly, the bibliometric analysis provides the 
thematic structure required to address RQ1, while the 
subsequent Qualitative Content Analysis (QCA) 
examines these themes in greater scientific and practical 
depth. The QCA specifically evaluates the contribution 
of CEC to the Sustainable Development Goals (RQ2) and 
synthesizes the operational factors, implementation 
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considerations, and challenges associated with CEC 
performance (RQ3). 
 
Qualitative Content Analysis 

Qualitative Content Analysis (QCA) was conducted 
to synthesize findings from previous experimental 
studies and provide a deeper interpretation of the 
technological characteristics, operational factors, 
implementation challenges, and sustainability 
contributions of Continuous Electrocoagulation (CEC). 
The qualitative synthesis complements the bibliometric 
findings by examining how the factors identified as 
research hotspots influence CEC performance in 
practical wastewater-treatment applications.  

The analysis indicates that CEC performance is 
determined by the interaction between electrochemical 
reactions, reactor configuration, hydraulic conditions, 
electrode characteristics, and wastewater properties. 
Therefore, treatment efficiency cannot be interpreted 
solely from individual operating parameters. Instead, 
the practical performance of CEC depends on the 
balance between pollutant removal, energy 
consumption, electrode consumption, hydraulic 
throughput, sludge handling, and the requirements of 
the treated effluent. 
 
Definition, Key Features, Mechanism, Optimization, and 
Challenges of CEC 

Continuous Electrocoagulation (CEC) is an 
electrochemical wastewater-treatment process in which 
wastewater continuously passes through an 
electrochemical reactor containing electrodes, 
commonly aluminum or iron. When direct current is 
applied, the sacrificial anode undergoes oxidation and 
releases metal ions into the wastewater. These ions 
undergo hydrolysis and form hydroxide species that 
destabilize and aggregate pollutants. At the cathode, 
water reduction generates hydrogen gas, which can 
contribute to flotation and the separation of formed flocs 
(Benazzi et al., 2016). 

The combination of electrochemical reactions, 
coagulation, and flotation allows CEC to address 
different pollutant groups within a single treatment 
process. Previous studies have demonstrated its 
application for the removal of suspended solids, organic 
matter, color, and other pollutants from different 
wastewater matrices. The continuous configuration 
further enables uninterrupted wastewater treatment, 
continuous sludge withdrawal, and integration with 
downstream or complementary treatment units. These 
characteristics make CEC potentially suitable for 
industrial applications in which wastewater is generated 
continuously and treatment interruptions are 
undesirable.  

However, continuous operation does not 
automatically guarantee higher treatment efficiency 
than batch operation. CEC performance remains 
strongly dependent on reactor configuration and 
operating conditions. The qualitative synthesis 
identified several important factors, including electrode 
material, current density, pH, electrode distance, flow 
rate, electrolysis time, conductivity, temperature, 
supporting electrolytes, and hydraulic retention time 
(HRT). These parameters do not operate independently; 
their effects depend on wastewater composition, reactor 
geometry, electrode arrangement, and the intended 
treatment objective.  

One important operational challenge is electrode 
passivation or the formation of deposits on the electrode 
surface. Deposits can reduce the effective electrode area 
and interfere with electrochemical reactions, potentially 
reducing treatment stability over prolonged operation. 
Consequently, periodic electrode cleaning and 
appropriate electrode-operation strategies may be 
required to maintain stable performance. These 
considerations become increasingly important when 
CEC is operated continuously because long-term 
operation requires not only effective pollutant removal 
but also stable electrode performance and manageable 
maintenance requirements. 

Overall, CEC demonstrates potential as a flexible 
wastewater-treatment technology, but successful 
implementation requires optimization according to 
wastewater characteristics and continuous-reactor 
configuration rather than relying on a single universal 
operating condition. 
 
Development of Electrode Materials and Configurations 

Electrode materials and configurations are 
important components of Continuous 
Electrocoagulation (CEC) because the electrodes directly 
participate in the electrochemical processes responsible 
for coagulant generation. The selection and arrangement 
of electrodes can influence current distribution, 
coagulant generation, treatment performance, energy 
requirements, and electrode consumption. Previous 
studies have investigated different electrode materials 
and configurations to improve the performance of 
electrocoagulation under various wastewater-treatment 
conditions. 

Aluminum and iron remain commonly investigated 
sacrificial electrode materials because their anodic 
dissolution generates metal species that participate in 
the coagulation process. The selection between 
aluminum and iron depends on the characteristics of the 
wastewater, target pollutants, operating conditions, and 
the intended treatment performance. Studies included in 
the literature synthesis have examined different 
electrode types and their effects on electrocoagulation 
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performance (Benazzi et al., 2016; Companhia & Scalize, 
2025; Gasmi et al., 2022; Li et al., 2021; Pandey & Thakur, 
2021; Zailani & Zin, 2018).  

The literature also indicates that electrode selection 
should not be evaluated solely based on pollutant-
removal efficiency. Electrode consumption is an 
important operational consideration because sacrificial 
electrodes undergo anodic dissolution during treatment. 
Ehsani et al. (2022) for example, considered electrode 
consumption as one of the factors affecting continuous 
electrocoagulation operation. Therefore, electrode 
selection involves a balance between coagulant 
generation, treatment performance, electrode 
consumption, and operational requirements. 

The comparison of electrode materials also needs to 
consider the specific wastewater matrix. Differences in 
pollutant composition, pH, conductivity, and other 
wastewater characteristics can affect the electrochemical 
behavior of the electrodes. Consequently, an electrode 
material that performs effectively for one wastewater 
type cannot necessarily be considered universally 
optimal for other wastewater applications. 

Electrode configuration is another important 
consideration in CEC because it determines how 
electrodes are arranged within the reactor and 
influences electrical and hydraulic conditions. Relevant 
configurations include monopolar and bipolar 
arrangements, series or parallel connections, electrode 
surface area, plate arrangement, and electrode spacing. 
These configurations can affect current distribution, 
electrical resistance, coagulant generation, and the 
interaction between wastewater and the 
electrochemically generated species. 

For continuous systems, electrode configuration is 
particularly important because the reactor must 
simultaneously accommodate continuous wastewater 
flow and sufficient electrochemical contact. Therefore, 
electrode arrangement should be considered together 

with hydraulic conditions rather than evaluated 
independently. The relationship between electrode 
configuration, electrode spacing, and flow conditions 
can affect both treatment performance and reactor 
operability. 

The literature synthesized in this study also 
indicates that electrode configuration involves practical 
trade-offs. For example, electrode spacing affects 
electrical resistance and energy requirements, but 
excessively narrow spacing may create operational 
limitations associated with electrode contact, 
passivation, or accumulation of sludge and flocs. 
Therefore, the optimum configuration is dependent on 
the reactor design and wastewater characteristics rather 
than being universally applicable to all CEC systems. 

Overall, the development of electrode materials and 
configurations demonstrates that CEC optimization 
requires consideration of both electrochemical and 
reactor-design characteristics. Conventional aluminum 
and iron electrodes remain important because of their 
role as sacrificial coagulant sources, while electrode 
arrangement determines how effectively the 
electrochemical reactions can be integrated with 
continuous wastewater flow. These considerations 
provide the basis for the subsequent analysis of 
operational factors affecting CEC performance. 
 
Factors Affecting Successful CEC 

The qualitative synthesis identified several 
operational factors that influence the performance and 
successful implementation of Continuous 
Electrocoagulation (CEC). These factors include 
electrode material, current density, pH, electrode 
distance, flow rate, electrolysis time, conductivity, 
temperature, supporting electrolytes, and hydraulic 
retention time (HRT). The relevant factors and 
supporting studies identified from the reviewed 
literature are summarized in Table 2. 

 
Table 2. Operational factors influencing continuous electrocoagulation performance identified from previous 
studies 
Dimension/factor Terms or keywords References 

Electrode material Type of electrode; electrode 
consumption 

Benazzi et al. (2016), Companhia & Scalize (2025), Ehsani et al. (2022), 
Gasmi et al. (2022), Li et al. (2021), Pandey & Thakur (2021), Zailani & Zin 

(2018) 
Current density Optimal range; impact on 

pollutant removal 
Amusa et al. (2023), Ehsani et al. (2022), Fotovat & Hosseini (2023), Li et 

al. (2021), Mousazadeh et al. (2021) 
pH level Optimal pH; effect on pollutant 

removal 
Boinpally et al. (2023), Ehsani et al. (2022), Liu et al. (2024), Suhartana et 

al. (2019), Yanes et al. (2021) 
Electrode distance Impact on efficiency Ehsani et al. (2022), Sutanto et al. (2021) 

Flow rate Optimal flow rate Amusa et al. (2023), Pandey & Thakur (2021), Sutanto et al. (2021) 

Electrolysis time Duration Abbasi et al. (2020), Fotovat & Hosseini (2023), Yanes et al. (2021) 

Conductivity Importance Abbasi et al. (2020), Boinpally et al. (2023) 

Temperature Effect on efficiency (Elazzouzi et al. (2018), Liu et al. (2024) 

Supporting 
electrolytes 

Addition of electrolytes Abbasi et al. (2020), Shaker et al. (2021) 
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Hydraulic 
retention time 

Impact on pollutant removal Ehsani et al. (2022), Hachimi et al. (2025), Pandey et al. (2025) 

 
Electrode Material 

Iron and aluminum are among the most frequently 
used sacrificial electrode materials. Their selection 
influences the type of coagulant species generated and 
therefore affects pollutant destabilization and removal. 
Electrode consumption is also an important 
consideration because excessive dissolution can increase 
operating costs and influence sludge generation. 
 
Current Density 

Current density affects the rate of anodic 
dissolution and therefore the amount of coagulant 
generated. Increasing current density can improve 
pollutant removal when the applied current is 
insufficient; however, excessively high current density 
can increase electrode consumption and energy 
demand. Therefore, an optimum rather than simply a 
maximum current density is required. 
 
pH 

pH affects electrochemical reactions, hydroxide 
formation, pollutant speciation, and coagulation 
behavior. Consequently, the optimum pH depends on 
wastewater characteristics and the target pollutant. A 
neutral or slightly acidic condition may be favorable for 
some wastewater types, but there is no universal pH 
value that can be considered optimal for all CEC 
applications. 

This finding is important because the literature 
should not be interpreted as establishing a single 
optimum pH for every wastewater. Instead, pH 
optimization should be conducted according to 
pollutant characteristics and electrode chemistry.  
 
Electrode Distance 

Electrode spacing influences the electrical resistance 
of the wastewater and the distribution of the electric 
field within the reactor. A shorter electrode distance can 
reduce ohmic resistance and electrical energy 
requirements; however, excessively narrow spacing 
may create practical limitations such as short-circuiting, 
electrode passivation, or sludge/floc accumulation. 
Therefore, the optimum spacing is system- and 
wastewater-dependent. 

For concentrated organic wastewater, such as soy-
sauce wastewater, electrode spacing also needs to be 
considered from a hydraulic and mechanical 
perspective. Nurlaili & Amalia (2024) reported that the 
highest pollutant removal efficiency was obtained at an 
electrode distance of 4 cm, with removal efficiencies of 
72% for BOD, 83.30% for COD, and 90.60% for TSS. 

This result does not contradict the general electrical 
principle that a shorter electrode distance can reduce 
ohmic resistance. Instead, it indicates that the optimum 
electrode distance represents a balance between 
electrical efficiency and the physical operating 
conditions of the reactor. In continuous treatment of 
concentrated wastewater, excessively narrow electrode 
gaps may increase the potential for sludge or floc 
accumulation between electrode plates, which can 
interfere with wastewater flow and reactor operation. 

Therefore, the 4 cm distance reported by Nurlaili & 
Amalia (2024) should be interpreted as an optimum 
condition for the specific wastewater and reactor 
configuration investigated, rather than as evidence that 
a wider electrode distance is universally more efficient.  
 
Flow Rate 

Flow rate directly affects the time available for 
wastewater to interact with electrochemically generated 
coagulants. Lower flow rates generally increase 
hydraulic contact time and can improve pollutant 
removal when insufficient residence time limits 
treatment. However, excessively low flow rates may 
reduce reactor throughput and negatively affect 
treatment capacity. 

Consequently, flow rate should be optimized 
together with reactor volume and treatment objectives 
rather than interpreted solely as a parameter for 
maximizing removal efficiency. 
 
Electrolysis Time 

Electrolysis time influences the duration of 
electrochemical reactions and coagulant generation. 
Longer treatment times can increase pollutant removal 
when treatment is limited by insufficient 
electrochemical contact. However, excessive treatment 
time can increase electricity consumption and operating 
costs. For continuous systems, electrolysis time is closely 
related to hydraulic retention time and flow rate and 
should therefore be considered as part of the overall 
reactor design rather than as an isolated parameter.  
 
Conductivity and Supporting Electrolytes 

Wastewater conductivity affects electrical resistance 
and energy consumption. Low conductivity can increase 
electrical resistance and therefore require greater energy 
input. Supporting electrolytes such as NaCl may be 
added to increase conductivity and improve current 
transport. However, electrolyte addition should also 
consider secondary environmental effects, including 
changes in salinity and the potential formation of 
unwanted by-products. Therefore, increasing 
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conductivity should not automatically be interpreted as 
environmentally beneficial; the type and concentration 
of the supporting electrolyte must be considered.  
 
Temperature 

CEC generally operates under the temperature 
conditions of the wastewater entering the reactor. For 
municipal and many ambient industrial wastewaters, 
this typically corresponds to approximately ambient 
temperature rather than 45–55°C. 

Higher temperatures may improve reaction kinetics 
in certain systems, but the optimal temperature depends 
on wastewater characteristics and reactor conditions. In 
some industrial applications, wastewater may naturally 
enter the treatment system at elevated temperatures 
because of upstream production processes. In such 
cases, the existing thermal condition may influence CEC 
performance without requiring additional heating. 

Therefore, the previous statement that urban 
wastewater treatment generally operates at 45–55°C is 
not appropriate. Such temperatures should instead be 
discussed as conditions that may occur in specific hot 
industrial wastewaters, not as a general operating range 
for urban wastewater treatment.  
 
Hydraulic Retention Time 

Hydraulic retention time (HRT) is an important 
factor in continuous treatment because it represents the 
average time wastewater remains in the reactor. The 
relationship between reactor volume and flow rate can 
be expressed as: 

HRT =
V

Q
 (1) 

where V represents reactor volume and Q represents 
flow rate. Therefore, for a fixed reactor volume, 
increasing HRT corresponds to reducing the flow rate 
and providing wastewater with more time to interact 
with electrochemically generated coagulants. 

The study cited by Ehsani et al. (2022)) reported 
improved removal with longer retention conditions, 
while Pandey et al. (2025) reported substantial removal 
at an HRT of 120 minutes. Similarly, the comparison 
reported by Hachimi et al. (2025) in which HRT was 
reduced from 24 hours to 16 hours and ammonia-
nitrogen removal decreased from approximately 90% to 
58%, should be interpreted as evidence that shortening 
HRT reduced removal efficiency, rather than evidence 
that longer HRT decreases efficiency. 

In general, insufficiently short HRT can reduce 
pollutant removal because wastewater has less time to 
interact with the electrochemically generated 
coagulants. However, the optimum HRT depends on 
wastewater characteristics, reactor configuration, and 
the balance between treatment efficiency and hydraulic 

throughput. Insufficiently short HRT can reduce 
treatment efficiency, while excessively long HRT may 
improve removal but reduce hydraulic throughput and 
increase reactor volume requirements. The optimum 
HRT therefore represents a balance between pollutant 
removal and treatment capacity.  
 
Implementation of CEC Systems Supporting the SDGs 

CEC has potential relevance to sustainable 
wastewater management, particularly SDG 6, which 
focuses on clean water and sanitation. The ability of CEC 
to reduce suspended solids, organic pollutants, color, 
and other contaminants provides a potential 
technological pathway for improving wastewater 
quality. 

The contribution of CEC to SDG 6 is also connected 
with broader sustainability objectives. Improved 
wastewater treatment can support responsible water 
management and contribute indirectly to SDG 12 
through more efficient resource use and SDG 13 through 
opportunities to improve energy efficiency and reduce 
environmental burdens. However, these contributions 
depend on actual operating conditions, energy 
requirements, sludge generation, and overall life-cycle 
performance.  

The Surabaya domestic laundry wastewater study 
reported optimum conditions of 5 A current, 5 cm 
electrode spacing, 0.5–1 L/min flow rate, and 90 minutes 
treatment time. Under these conditions, phosphate 
removal reached 47.37%, surfactant removal 96.85%, TSS 
removal 78.38%, and COD reduction 86.98%. These 
results demonstrate the potential of electrocoagulation 
for domestic wastewater containing surfactants and 
organic contaminants. However, the conditions should 
not be generalized to all wastewater types because 
optimum parameters depend on wastewater 
characteristics and reactor configuration.  

The Izzudin et al. (2024) batik wastewater case 
further demonstrates both the potential and limitation of 
CEC. Using aluminum anodes and copper cathodes at 20 
A for 30 minutes, with voltage variations of 10, 20, and 
30 V, TSS decreased from 311 to 60.70 ppm, TDS from 
8294 to 1977 ppm, and COD from 1345.20 to 623.30 ppm. 
However, the final pH of 10.90 represents an important 
limitation because the treated wastewater became 
strongly alkaline. Therefore, the pH increase should not 
be presented as evidence of successful treatment by 
itself; additional pH adjustment or a final neutralization 
stage may be necessary before discharge.  

The electrode interpretation should also be clarified. 
Aluminum functions as the anode, where oxidation 
releases aluminum species that contribute to aluminum 
hydroxide coagulant formation. The copper cathode 
does not function as a sacrificial coagulant source. 
Instead, cathodic water reduction generates hydrogen 
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gas, which can contribute to flotation and floc 
separation. Thus, the previous claim regarding Cu(OH)₂ 
formation as a coagulant has been removed.  

The soy-sauce wastewater case reported by Nurlaili 
& Amalia (2024) further demonstrates that treatment 
performance must be interpreted together with reactor 
operation. At a 4 cm electrode distance, BOD, COD, and 
TSS removal reached 72, 83.30, and 90.60%, respectively. 
As discussed above, this result represents an optimum 
for the specific wastewater and reactor configuration 
rather than evidence that wider electrode spacing is 
universally superior.  

These cases demonstrate that CEC can contribute to 
sustainable wastewater treatment, but treatment 
efficiency alone is insufficient to determine 
sustainability. Final effluent quality, pH, energy 
consumption, electrode consumption, sludge 
production, hydraulic throughput, and additional 
treatment requirements must also be considered. 
 
Integration of Findings 

The integration of bibliometric and qualitative 
findings provides a broader interpretation of the 
development of Continuous Electrocoagulation (CEC) 
research. The bibliometric analysis identified 
wastewater treatment, pollutant removal, 
electrochemical mechanisms, electrode characteristics, 
and operational optimization as major research 
hotspots. The qualitative synthesis subsequently 
demonstrated that these themes are closely connected to 
practical factors such as electrode material, current 
density, pH, electrode spacing, flow rate, conductivity, 
temperature, supporting electrolytes, and hydraulic 
retention time (HRT). 

The integration also demonstrates that CEC 
research has progressed from fundamental 
investigations toward increasingly practical and 
application-oriented research. Earlier research themes 
were more strongly associated with electrochemical 
mechanisms and coagulation, whereas newer themes 
increasingly involve flow rate, electrode configuration, 
pollutant removal, energy consumption, wastewater 
management, and continuous operation. This 
development indicates that research attention has 
expanded from understanding the electrocoagulation 
process toward addressing the operational requirements 
associated with continuous wastewater treatment. 

However, the integrated findings reveal that the 
field remains relatively fragmented. Many studies 
investigate individual operational parameters under 
specific wastewater conditions, while fewer studies 
systematically evaluate the interactions among multiple 
parameters in continuous reactors. This limitation 
makes it difficult to directly transfer optimum operating 

conditions from one wastewater type or reactor 
configuration to another. 

Several research gaps emerge from the integrated 
findings. First, standardization of continuous reactor 
design remains limited. Differences in reactor volume, 
electrode configuration, electrode spacing, hydraulic 
conditions, and operating modes make direct 
comparison between studies difficult. Standardized 
reporting of reactor characteristics and operating 
conditions would therefore improve the comparability 
and reproducibility of CEC research. 

Second, operational parameters are often evaluated 
independently. Although current density, pH, flow rate, 
electrode distance, temperature, conductivity, and HRT 
are repeatedly identified as important variables, their 
interactions are less consistently examined. Future 
studies should therefore consider multivariable 
optimization rather than optimizing one parameter at a 
time. 

Third, energy efficiency and treatment performance 
need to be evaluated simultaneously. High pollutant 
removal does not necessarily indicate a sustainable 
process if it requires excessive electrical energy or 
electrode consumption. Therefore, future research 
should report removal efficiency together with energy 
consumption, electrode consumption, sludge 
production, and treatment throughput. 

Fourth, scale-up remains an important challenge. 
Laboratory-scale results cannot automatically be 
transferred to industrial systems because hydraulic 
behavior, electrode passivation, sludge accumulation, 
and energy requirements may change as reactor size 
increases. Long-term and pilot-scale investigations are 
therefore required to evaluate the stability and practical 
feasibility of CEC under realistic operating conditions. 

Fifth, sustainability assessment remains less 
developed than treatment-performance evaluation. 
Although CEC is frequently described as a sustainable 
wastewater-treatment technology, a comprehensive 
assessment should consider life-cycle, techno-economic, 
energy, and environmental indicators rather than 
pollutant removal alone. This is particularly important 
when evaluating the contribution of CEC to the 
Sustainable Development Goals. 
 
Future Research Directions 

Based on the integrated findings, future CEC 
research should focus on several directions. First, 
research should develop standardized continuous 
reactor configurations and reporting protocols to 
improve comparison among studies and facilitate scale-
up. Second, future studies should investigate 
interactions among operational parameters, particularly 
current density, pH, flow rate, electrode spacing, and 
HRT. Such approaches would provide a more realistic 
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representation of continuous reactor operation than 
independent single-factor experiments. 

Third, research should place greater emphasis on 
energy and resource efficiency, including electricity 
consumption, electrode consumption, sludge 
production, and chemical requirements. Treatment 
performance should therefore be evaluated together 
with resource demand to provide a more comprehensive 
assessment of process efficiency. 

Fourth, future studies should investigate industrial-
scale and long-term operation, including electrode 
passivation, sludge accumulation, maintenance 
requirements, and fluctuations in wastewater 
composition. These studies are important for 
determining whether laboratory-scale performance can 
be maintained under realistic continuous operating 
conditions. 

Finally, future research should integrate CEC 
performance with sustainability assessment and SDG 
indicators. Such integration would help determine 
whether improvements in pollutant removal are 
accompanied by acceptable energy consumption, 
resource use, environmental impacts, and operational 
requirements. 

Overall, the findings demonstrate that CEC has 
developed into an increasingly interdisciplinary 
wastewater-treatment research field. Its future 
development will depend not only on achieving high 
pollutant-removal efficiency but also on improving 
reactor design, operational stability, energy efficiency, 
economic feasibility, and sustainability performance. 
The integration of bibliometric mapping and qualitative 
literature synthesis therefore provides a comprehensive 
framework for understanding the current state of CEC 
research and identifying directions for its transition 
toward practical and sustainable wastewater-treatment 
applications. 
 

Conclusion  
 

This study employed Systematic Literature 
Network Analysis (SLNA) integrating Bibliometric 
Analysis (BA) and Qualitative Content Analysis (QCA) 
to examine the development of Continuous 
Electrocoagulation (CEC) research in wastewater 
treatment. The analysis of 99 journal articles published 
between 2019 and 2024 shows that CEC research 
increased from 2019 to 2022, with 2022 representing the 
highest publication productivity in the analyzed dataset. 
The bibliometric analysis identified wastewater 
treatment, pollutant removal, electrocoagulation 
mechanisms, electrode characteristics, and operational 
optimization as major research themes, indicating 
increasing attention toward the practical development 
of continuous wastewater-treatment systems. The 

findings also demonstrate that global research, 
involving countries from Asia, Europe, the Americas, 
and other regions, has contributed to the development 
of CEC research. India and China occupied prominent 
positions in the country collaboration network, while 
researchers from Brazil, Iran, the United States, the 
United Kingdom, France, Vietnam, and Iraq also 
contributed to the research landscape. This indicates that 
CEC has developed as an internationally connected 
research field rather than being concentrated within a 
single geographical region. The qualitative synthesis 
identified several factors affecting CEC performance, 
including electrode material, current density, pH, 
electrode distance, flow rate, electrolysis time, 
conductivity, supporting electrolytes, temperature, and 
Hydraulic Retention Time (HRT). Their effects are 
dependent on wastewater characteristics and reactor 
configuration. The findings also indicate that CEC has 
potential to support SDG 6 (Clean Water and Sanitation) 
through wastewater-quality improvement, while its 
broader sustainability requires consideration of energy 
consumption, electrode consumption, sludge 
management, effluent quality, and resource use. The 
integrated findings reveal several research priorities, 
including multivariable optimization of operating 
parameters, standardized continuous-reactor design 
and reporting, long-term and pilot-scale validation, 
energy and resource-efficiency assessment, and techno-
economic and life-cycle evaluation. Future studies 
should also examine the contribution of CEC to SDG 6 
and SDG 12 using measurable environmental and 
economic indicators, particularly for practical 
applications in industrial wastewater treatment. While 
this study is limited to metadata retrieved from the 
Scopus database, the identified trends provide a useful 
baseline; thus, future bibliometric research should 
integrate alternative databases such as Web of Science or 
Google Scholar to broaden literature coverage and 
minimize potential publication bias. 
 
Acknowledgments  
The authors would like to thank all individuals and 
institutions who contributed to the completion of this study. 
The authors also acknowledge the scientific contributions of 
previous researchers whose publications provided the basis for 
the analysis conducted in this study. 
 
Author Contributions 

Conceptualization, V.C.Y. and S.; methodology, S.; software, 
supervision, B.S.R.; validation, S., N.H., and B.S.R.; formal 
analysis, investigation, resources, data curation, writing—
original draft preparation, writing—review and editing, 
visualization, project administration, funding acquisition, 
V.C.Y. All authors have read and agreed to the published 
version of the manuscript. 
 



Jurnal Penelitian Pendidikan IPA (JPPIPA) Volume 12, Issue 7, 83-108 
 

105 

Funding 

This research received no external funding.  
 
Conflicts of Interest 

The authors declare that they have no financial conflicts of 
interest or personal relationships that might have appeared to 
influence the work reported in this article. 

 

References   
 
Abayomi-Alli, A., Abayomi-Alli, O., Misra, S., & 

Fernandez-Sanz, L. (2022). Study of the Yahoo-
Yahoo Hash-Tag Tweets Using Sentiment Analysis 
and Opinion Mining Algorithms. Information, 13(3), 
152. https://doi.org/10.3390/info13030152 

Abbasi, S., Mirghorayshi, M., Zinadini, S., & 
Zinatizadeh, A. A. (2020). A Novel Single 
Continuous Electrocoagulation Process for 
Treatment of Licorice Processing Wastewater: 
Optimization of Operating Factors Using RSM. 
Process Safety and Environmental Protection, 134, 323–
332. https://doi.org/10.1016/j.psep.2019.12.005 

Afaz, T., Gusman, M., Barlian, E., & Syah, N. (2025). 
Analysis of the Impact of Coal Mine Acid Water on 
River Water Quality and Its Implications for River 
Water User Communities. Jurnal Penelitian 
Pendidikan IPA, 11(2), 333–341. 
https://doi.org/10.29303/jppipa.v11i2.9645 

AlJaberi, F. Y., Alardhi, S. M., Ahmed, S. A., Salman, A. 
D., Juzsakova, T., Cretescu, I., Le, P.-C., Chung, W. 
J., Chang, S. W., & Nguyen, D. D. (2022). Can 
Electrocoagulation Technology Be Integrated with 
Wastewater Treatment Systems to Improve 
Treatment Efficiency? Environmental Research, 214, 
113890. 
https://doi.org/10.1016/j.envres.2022.113890 

Al-Qodah, Z., AL-Rajabi, M. M., Da’na, E., Al-Shannag, 
M., Bani-Melhem, K., & Assirey, E. (2025). 
Continuous Electrocoagulation Processes for 
Industrial Inorganic Pollutants Removal: A Critical 
Review of Performance and Applications. Water, 
17(17), 2639. https://doi.org/10.3390/w17172639 

Amri, I., Destinefa, P., & Zultiniar, Z. (2020). Pengolahan 
Limbah Cair Tahu Menjadi Air Bersih dengan 
Metode Elektrokoagulasi Secara Kontinyu. 
Chempublish Journal, 5(1), 57–67. 
https://doi.org/10.22437/chp.v5i1.7651 

Amusa, A. A., Taib, M. R., & Xian, W. Z. (2023). 
Continuous Flow Electrochemical Process for 
Sanitary Landfill Leachate Treatment: Role of Inlet 
Flow Rate and Current Density. Water, Air, & Soil 
Pollution, 234(8), 488. 
https://doi.org/10.1007/s11270-023-06509-z 

Ardhan, N., Ruttithiwapanich, T., Songkasiri, W., & 
Phalakornkule, C. (2015). Comparison of 

Performance of Continuous-Flow and Batch 
Electrocoagulators: A Case Study for Eliminating 
Reactive Blue 21 Using Iron Electrodes. Separation 
and Purification Technology, 146, 75–84. 
https://doi.org/10.1016/j.seppur.2015.03.028 

Benazzi, T. L., Luccio, M. D., Dallago, R. M., Steffens, J., 
Mores, R., Nascimento, M. S. D., Krebs, J., & Ceni, 
G. (2016). Continuous Flow Electrocoagulation in 
the Treatment of Wastewater from Dairy Industries. 
Water Science and Technology, 73(6), 1418–1425. 
https://doi.org/10.2166/wst.2015.620 

Bi̇Len, K., & Kurtuluş, M. A. (2021). Bilimin Doğası 
Üzerine Bibliyometrik Bir Analiz: 1986-2019 Yılları 
Arası Örneği. Scientific Educational Studies. 
https://doi.org/10.31798/ses.941238 

Boinpally, S., Kolla, A., Kainthola, J., Kodali, R., & 
Vemuri, J. (2023). A State-of-the-Art Review of the 
Electrocoagulation Technology for Wastewater 
Treatment. Water Cycle, 4, 26–36. 
https://doi.org/10.1016/j.watcyc.2023.01.001 

Colicchia, C., Creazza, A., Noè, C., & Strozzi, F. (2019). 
Information Sharing in Supply Chains: A Review of 
Risks and Opportunities Using the Systematic 
Literature Network Analysis (SLNA). Supply Chain 
Management: An International Journal, 24(1), 5–21. 
https://doi.org/10.1108/SCM-01-2018-0003 

Companhia, B. J. F., & Scalize, P. S. (2025). From Batch to 
Continuous in Electrocoagulation: Key Parameters 
for Efficient Scaling in Water Treatment. 
Environmental Science and Pollution Research, 32(38), 
22163–22193. https://doi.org/10.1007/s11356-025-
36962-8 

Donthu, N., Kumar, S., Mukherjee, D., Pandey, N., & 
Lim, W. M. (2021). How to Conduct a Bibliometric 
Analysis: An Overview and Guidelines. Journal of 
Business Research, 133, 285–296. 
https://doi.org/10.1016/j.jbusres.2021.04.070 

Ehsani, H., Mehrdadi, N., Asadollahfardi, G., Bidhendi, 
G. N., & Azarian, G. (2022). Continuous 
Electrocoagulation Process for Pretreatment of High 
Organic Load Moquette Industry Wastewater 
Containing Polyvinyl Acetate: A Pilot Study. 
International Journal of Environmental Analytical 
Chemistry, 102(10), 2260–2276. 
https://doi.org/10.1080/03067319.2020.1753716 

Elazzouzi, M., Kasmi, A. E., Haboubi, K., & Elyoubi, M. 
S. (2018). A Novel Electrocoagulation Process Using 
Insulated Edges of Al Electrodes for Enhancement 
of Urban Wastewater Treatment: Techno-Economic 
Study. Process Safety and Environmental Protection, 
116, 506–515. 
https://doi.org/10.1016/j.psep.2018.03.006 

Fotovat, F., & Hosseini, M. (2023). Treatment of Oily 
Wastewater by Electrocoagulation: Simultaneous 
Optimization of Oil Removal Efficiency and Specific 



Jurnal Penelitian Pendidikan IPA (JPPIPA) Volume 12, Issue 7, 83-108 
 

106 

Energy Consumption. Journal of Water Process 
Engineering, 55, 104221. 
https://doi.org/10.1016/j.jwpe.2023.104221 

Gasmi, A., Ibrahimi, S., Elboughdiri, N., Tekaya, M. A., 
Ghernaout, D., Hannachi, A., Mesloub, A., Ayadi, 
B., & Kolsi, L. (2022). Comparative Study of 
Chemical Coagulation and Electrocoagulation for 
the Treatment of Real Textile Wastewater: 
Optimization and Operating Cost Estimation. ACS 
Omega, 7(26), 22456–22476. 
https://doi.org/10.1021/acsomega.2c01652 

Hachimi, O. E., Tiwari, B. R., Drogui, P., Brar, S. K., & 
Blais, J.-F. (2025). Electro-Membrane Bioreactor for 
the Treatment of Landfill Leachate: Effect of SRT, 
HRT and Current Density on Contaminant Removal 
and Membrane Fouling. Journal of Water Process 
Engineering, 72, 107594. 
https://doi.org/10.1016/j.jwpe.2025.107594 

Hariri, H. A., Atallah, F., & Hathal, M. M. (2024). 
Development of an Electrocoagulation Method 
Using Alternating Pulse Current to Treat 
Wastewater Generated by Tanneries. Water Quality 
Research Journal, 59(3), 107–125. 
https://doi.org/10.2166/wqrj.2024.020 

Izzudin, F. J. A., Hamzah, Z. M., Maulidya, S. A., 
Rahayu, P. W., Rahmaputri, R. A., & Satriawan, D. 
(2024). Kemampuan Elektroda Aluminium dan 
Tembaga dalam Menurunkan Polutan pada Limbah 
Cair Batik. Seminar Nasional Terapan Riset Inovatif 
(SENTRINOV) Ke-10, 10(1). 

Kholidah, H., Hijriah, H. Y., Mawardi, I., Huda, N., 
Herianingrum, S., & Alkausar, B. (2022). A 
Bibliometric Mapping of Peer-to-Peer Lending 
Research Based on Economic and Business 
Perspective. Heliyon, 8(11), e11512. 
https://doi.org/10.1016/j.heliyon.2022.e11512 

Lensoni, L., Karma, T., & Wilianda, I. (2023). Effect of 
Bamboo Charcoal on pH and Hardware in Dailed 
Well Water. Jurnal Penelitian Pendidikan IPA, 9(3), 
1129–1134. 
https://doi.org/10.29303/jppipa.v9i3.3350 

Li, C., Liu, Z., & Shi, R. (2021). A Bibliometric Analysis 
of 14,822 Researches on Myocardial Reperfusion 
Injury by Machine Learning. International Journal of 
Environmental Research and Public Health, 18(15), 
8231. https://doi.org/10.3390/ijerph18158231 

Liu, Y., Liu, Y. Y., Zhang, X., Jiang, W. M., Xiong, W., & 
Li, J. J. (2024). Study on the Treatment of Oily 
Wastewater by Evaluating the Growth Process of 
Aggregates in an Electrocoagulation Reactor. 
Journal of Contaminant Hydrology, 260, 104269. 
https://doi.org/10.1016/j.jconhyd.2023.104269 

López-Guzmán, M., Flores-Hidalgo, M. A., & Reynoso-
Cuevas, L. (2021). Electrocoagulation Process: An 
Approach to Continuous Processes, Reactors 

Design, Pharmaceuticals Removal, and Hybrid 
Systems—A Review. Processes, 9(10), 1831. 
https://doi.org/10.3390/pr9101831 

Mao, Y., Zhao, Y., & Cotterill, S. (2023). Examining 
Current and Future Applications of 
Electrocoagulation in Wastewater Treatment. Water, 
15(8), 1455. https://doi.org/10.3390/w15081455 

Mayring, P. (2015). Qualitative Content Analysis: 
Theoretical Background and Procedures. In A. 
Bikner-Ahsbahs, C. Knipping, & N. Presmeg (Eds.), 
Approaches to Qualitative Research in Mathematics 
Education (pp. 365–380). Springer Netherlands. 
https://doi.org/10.1007/978-94-017-9181-6_13 

Mousazadeh, M., Niaragh, E. K., Usman, M., Khan, S. U., 
Sandoval, M. A., Al-Qodah, Z., Khalid, Z. B., 
Gilhotra, V., & Emamjomeh, M. M. (2021). A Critical 
Review of State-of-the-Art Electrocoagulation 
Technique Applied to COD-Rich Industrial 
Wastewaters. Environmental Science and Pollution 
Research, 28(32), 43143–43172. 
https://doi.org/10.1007/s11356-021-14631-w 

Nguyen, D. D., Yoon, Y. S., Bui, X. T., Kim, S. S., Chang, 
S. W., Guo, W., & Ngo, H. H. (2017). Influences of 
Operational Parameters on Phosphorus Removal in 
Batch and Continuous Electrocoagulation Process 
Performance. Environmental Science and Pollution 
Research, 24(32), 25441–25451. 
https://doi.org/10.1007/s11356-017-0180-2 

Noviantika, D., Khairuddin, K., & Yamin, M. (2024). 
Measurement of Heavy Metal Mercury (Hg) 
Content in The Swamp Eel (Monopterusalbus) as a 
Bioindicator from Lake Rawa Taliwang. Jurnal 
Penelitian Pendidikan IPA, 10(4), 1640–1647. 
https://doi.org/10.29303/jppipa.v10i4.7324 

Nurlaili, D. K., & Amalia, A. (2024). Pengaruh Jarak 
Antar Plat pada Elektrokoagulasi Terhadap 
Pengolahan Limbah Cair Industri Kecap. Jurnal 
Serambi Engineering, 9(4), 11078–11088. 

Page, M. J., McKenzie, J. E., Bossuyt, P. M., Boutron, I., 
Hoffmann, T. C., Mulrow, C. D., Shamseer, L., 
Tetzlaff, J. M., Akl, E. A., Brennan, S. E., Chou, R., 
Glanville, J., Grimshaw, J. M., Hróbjartsson, A., 
Lalu, M. M., Li, T., Loder, E. W., Mayo-Wilson, E., 
McDonald, S., … Moher, D. (2021). The PRISMA 
2020 Statement: An Updated Guideline for 
Reporting Systematic Reviews. Systematic Reviews, 
10(1), 89. https://doi.org/10.1186/s13643-021-
01626-4 

Pandey, N., & Thakur, C. (2021). Continuous Treatment 
of Paper Mill Effluent by Electrocoagulation for 
Holding Time Analysis. IOP Conference Series: Earth 
and Environmental Science, 597, 012015. 
https://doi.org/10.1088/1755-1315/597/1/012015 

Pandey, N., Thakur, C., Agarwal, N., & Kumar, K. 
(2025). Continuous Electrocoagulation with 



Jurnal Penelitian Pendidikan IPA (JPPIPA) Volume 12, Issue 7, 83-108 
 

107 

Aluminum Electrodes: An Efficient Method for 
Pollutant Reduction in Paper Mill Wastewater and 
Sludge Analysis. Water Science and Engineering, 
S167423702500078X. 
https://doi.org/10.1016/j.wse.2025.08.002 

Paul, J., & Criado, A. R. (2020). The Art of Writing 
Literature Review: What Do We Know and What 
Do We Need to Know? International Business Review, 
29(4), 101717. 
https://doi.org/10.1016/j.ibusrev.2020.101717 

Permatasari, R., Sodri, A., & Gustina, H. A. (2023). 
Utilization of Fly Ash Waste in the Cement Industry 
and its Environmental Impact: A Review. Jurnal 
Penelitian Pendidikan IPA, 9(9), 569–579. 
https://doi.org/10.29303/jppipa.v9i9.4504 

Pratiwi, R. K., Mahmudi, M., Faqih, A. R., & Arfiati, D. 
(2023). Dynamics of Water Quality for Vannamei 
Shrimp Cultivation in Intensive Ponds in Coastal 
Areas. Jurnal Penelitian Pendidikan IPA, 9(10), 8656–
8664. https://doi.org/10.29303/jppipa.v9i10.4322 

Purba, Y. S., Sulandari, U., Lelitasari, L., & Arjuni, D. 
(2023). Analysis of Water Pollution in The Musi 
River Due to Community and Industrial Activities 
Using Onlimo. Jurnal Penelitian Pendidikan IPA, 
9(SpecialIssue), 651–656. 
https://doi.org/10.29303/jppipa.v9iSpecialIssue.5
967 

Rajaniemi, K., Raulio, M., Tuomikoski, S., & Lassi, U. 
(2019). Comparison of Batch and Novel Continuous 
Electrocoagulation Processes in the Treatment of 
Paint Industry Wash Water. Desalination and Water 
Treatment, 170, 394–404. 
https://doi.org/10.5004/dwt.2019.24562 

Ramadan, B. S., Rachman, I., Ikhlas, N., Kurniawan, S. 
B., Miftahadi, M. F., & Matsumoto, T. (2022). A 
Comprehensive Review of Domestic-Open Waste 
Burning: Recent Trends, Methodology Comparison, 
and Factors Assessment. Journal of Material Cycles 
and Waste Management, 24(5), 1633–1647. 
https://doi.org/10.1007/s10163-022-01430-9 

Rodriguez-Prado, A. (2020). Continuous 
Electrocoagulation System for Mining Wastewater 
Treatment. CIM Journal, 11(3), 182–187. 
https://doi.org/10.1080/19236026.2020.1757985 

Rumanta, M., Kunda, R. M., & Manuhutu, F. (2024). 
Biosensors Perancangan dan Pengembangan 
Biosensor untuk Deteksi Kualitas Perairan Laut 
Berbasis Piranti Mikrokontroler ESP32: 
Perancangan dan Pengembangan Biosensor untuk 
Deteksi Kualitas Perairan Laut Berbasis Piranti 
Mikrokontroler ESP32. Jurnal Penelitian Pendidikan 
IPA, 10(6), 3131–3136. 
https://doi.org/10.29303/jppipa.v10i6.6944 

Rusdianasari, R. (2017). Application of 
Electrocoagulation Process for Continuous Coal 

Stockpile Wastewater Treatment System. Indonesian 
Journal of Fundamental and Applied Chemistry, 2(1), 
10–15. https://doi.org/10.24845/ijfac.v2.i1.10 

Sawassi, A., & Khadra, R. (2021). Bibliometric Network 
Analysis of “Water Systems’ Adaptation to Climate 
Change Uncertainties”: Concepts, Approaches, 
Gaps, and Opportunities. Sustainability, 13(12), 
6738. https://doi.org/10.3390/su13126738 

Shaker, O. A., Matta, M. E., & Safwat, S. M. (2021). Nickel 
and Chromium Removal by Electrocoagulation 
Using Copper Electrodes. Desalination and Water 
Treatment, 213, 371–380. 
https://doi.org/10.5004/dwt.2021.26722 

Suhartana, S., Purwanto, P., & Darmawan, A. (2019). 
Comparison of the Effectiveness Electrocoagulation 
of Dye (Batik Waste Water) Using Iron and Zinc as 
an Anodes. Journal of Physics: Conference Series, 
1295(1), 012021. https://doi.org/10.1088/1742-
6596/1295/1/012021 

Sutanto, S., Warnasih, S., Mulyati, A. H., & Intan, Y. M. 
(2021). Application of Continuous System 
Electrocoagulation Method for Textile Industry 
Wastewater Treatment. Journal of Physics: Conference 
Series, 1882(1), 012111. 
https://doi.org/10.1088/1742-
6596/1882/1/012111 

Wardoyo, I. R. E., Putra, F. A., Marlik, M., Kriswandana, 
F., & Sumiyarsono, E. (2025). Analysis of 
Wastewater Treatment Performance in Animal 
Slaughtering Industry: Evaluation of Efficiency and 
Wastewater Quality. Jurnal Penelitian Pendidikan 
IPA, 11(3), 1131–1140. 
https://doi.org/10.29303/jppipa.v11i3.10604 

Wibowo, Y. G., Ramadan, B. S., Taher, T., & Khairurrijal, 
K. (2024). Advancements of Nanotechnology and 
Nanomaterials in Environmental and Human 
Protection for Combatting the COVID-19 During 
and Post-pandemic Era: A Comprehensive 
Scientific Review. Biomedical Materials & Devices, 
2(1), 34–57. https://doi.org/10.1007/s44174-023-
00086-9 

Yanes, A., Pinedo-Hernandez, J., & Marrugo-Negrete, J. 
(2021). Continuous Flow Electrocoagulation as a 
Hospital Wastewater Treatment: Portugaliae 
Electrochimica Acta, 39(5), 403–413. 
https://doi.org/10.4152/pea.2021390602 

Yao, L., Zhang, Y., Wei, B., Li, L., Wu, F., Zhang, P., & 
Bian, Y. (2016). Concept Over Time: The 
Combination of Probabilistic Topic Model with 
Wikipedia Knowledge. Expert Systems with 
Applications, 60, 27–38. 
https://doi.org/10.1016/j.eswa.2016.04.014 

Zailani, L. W. M., & Zin, N. S. M. (2018). Application of 
Electrocoagulation in Various Wastewater and 
Leachate Treatment-A Review. IOP Conference 



Jurnal Penelitian Pendidikan IPA (JPPIPA) Volume 12, Issue 7, 83-108 
 

108 

Series: Earth and Environmental Science, 140, 012052. 
https://doi.org/10.1088/1755-1315/140/1/012052 

Zupic, I., & Čater, T. (2015). Bibliometric Methods in 
Management and Organization. Organizational 
Research Methods, 18(3), 429–472. 
https://doi.org/10.1177/1094428114562629 


