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Abstract
The dairy industry plays a crucial economic role worldwide but also contributes significantly to environmental 
pollution through the discharge of effluents. Effective management and treatment of these effluents are essential to 
reduce their environmental impact, prompting ongoing research into improved treatment methods. In this review, we 
analyze and summarize current trends in dairy wastewatertreatment technologies using a scientometric approach, 
with a focus on identifying prevalent treatment methods and emerging research directions. A comprehensive 
literature search was performed in the Web of Science (WoS) database using the keywords “dairy effluent” and 
“dairy wastewater” for publications spanning from 1945 to 2021. This initial search yielded 1,258 documents, which 
were manually refined to 1,191 relevant papers. The scientometric analysis, conducted using CiteSpace software and 
Microsoft Excel, categorized the publications by language, publication year, citation frequency, country, knowledge 
areas, keywords, and treatment methods (physical, chemical, and biological). The results indicated a significant 
growth in research on dairy effluent treatment, peaking in 2021 and projected to continue expanding through 2030. 
English emerged as the dominant publication language, and India was identified as the leading contributor. The 
focus of the research was predominantly on effluent treatment methods, with biological treatments accounting for 
70% of the studies. Notable biological methods included bioreactor-based treatments, microalgae or aquatic plant 
cultivation, anaerobic digestion, microbial fuel cells, enzymatic processes, and techniques involving activated sludge 
and biofilters. These findings highlight critical trends in dairy effluent treatment and underscore the dominance and 
efficacy of biological methods. The insights provided can guide future research directions and support technological 
advancements aimed at sustainable and environmentally friendly effluent management practices.

Keywords: dairy effluent, systematic review, effluent treatment.

Resumo
A indústria de laticínios desempenha um papel econômico crucial em todo o mundo, mas também contribui 
significativamente para a poluição ambiental por meio do descarte de efluentes. A gestão e o tratamento eficaz 
desses efluentes são essenciais para reduzir seu impacto ambiental, o que tem impulsionado pesquisas contínuas 
para o aprimoramento dos métodos de tratamento. Nesta revisão, analisamos e resumimos as tendências atuais 
nas tecnologias de tratamento de efluentes de laticínios por meio de uma abordagem cientométrica, com foco 
na identificação dos métodos de tratamento predominantes e das direções emergentes de pesquisa. Foi realizada 
uma busca abrangente na base de dados Web of Science (WoS) utilizando os termos “dairy effluent” e “dairy 
wastewater” para publicações no período de 1945 a 2021. A busca inicial resultou em 1.258 documentos, os quais 
foram refinados manualmente para 1.191 trabalhos relevantes. A análise cientométrica, conduzida com o uso do 
software CiteSpace e do Microsoft Excel, categorizou as publicações por idioma, ano de publicação, frequência de 
citações, país, áreas do conhecimento, palavras-chave e métodos de tratamento (físico, químico e biológico). Os 
resultados indicaram um crescimento significativo na pesquisa sobre o tratamento de efluentes de laticínios, com 
um pico em 2021 e expansão projetada até 2030. O inglês se destacou como o idioma predominante nas publicações, 
e a Índia foi identificada como a principal contribuinte. O foco das pesquisas concentrou-se predominantemente 
nos métodos de tratamento de efluentes, com os tratamentos biológicos representando 70% dos estudos. Entre 
os métodos biológicos, destacaram-se os tratamentos baseados em biorreatores, cultivo de microalgas ou plantas 
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1. Introduction

Dairy industries produce a wide variety of foods, 
generating effluents of diverse and complex compositions 
at the end of the production process. It contains everything 
from remains of milk and derivatives to chemicals used 
in the cleaning processes of machines, equipment, and 
the industry itself. These factors give this effluent a high 
organic load and polluting potential (Alalam et al., 2022; 
Carvalho et al., 2013).

Most small and medium-sized factories do not have 
well-established effluent treatment processes, and these 
wastes are disposed of in watercourses. If released without 
proper treatment, dairy effluents cause changes in water 
bodies and significant impacts on the ecosystem, such as 
eutrophication, the proliferation of microorganisms, foul 
odors, and the formation of toxic compounds (Elabras 
Veiga et al., 2022; Garg et al., 2020). Therefore, many methods 
are applied to reduce the polluting load of dairy effluents. 
Effluent treatments consist of a series of processes that 
eliminate contaminants. To select the appropriate treatment, 
it is necessary to detail the characteristics of the effluent 
to define the parameters and, from them, focus on what 
should or should not be removed (Azzolini and Fabro, 2013).

Given this, Effluent Treatment Stations generally use 
pre-treatment and primary treatment. Pretreatments apply 
physical processes, such as screening, to remove coarse 
solids. Primary treatments aim to remove suspended 
solids and floating matter using coagulation/flocculation, 
decantation, and flotation techniques (Deepa et al., 2022; 
Muniz et al., 2022). While the secondary ones are based 
on biological processes for removing organic matter, some 
examples are stabilization ponds, activated sludge, etc. 
(Kaur, 2021; Vasina and Basamykina, 2022). Finally, tertiary 
treatments focus on eliminating specific pollutants; they 
do not apply in all cases; they are advanced treatments that 
depend on the degree of water purification you want to 
achieve (Almeida Medeiros et al., 2025; Nunes et al., 2021).

Beyond regulatory compliance, properly treating 
dairy effluents before discharge into water bodies yields 
multidimensional benefits (Dineshkumar  et  al., 2025). 
Environmentally, it preserves aquatic biodiversity, maintains 
the self-purification capacity of rivers and lakes, and prevents 
soil and groundwater degradation in surrounding areas 
(Ahmad et al., 2019a; Trujillo-García et al., 2026; Ulery et al., 
2004). Socially, it safeguards public health by reducing 
waterborne disease risks (Todd, 2024) and ensures that 
downstream communities retain access to safe water for 
consumption and agriculture (Boguniewicz-Zablocka et al., 
2019). Economically, treated effluents can be repurposed 
for irrigation or industrial reuse (Ahmad et al., 2019b), and 
the biogas (Cruz et al., 2019) generated during biological 
treatment stages can serve as a recoverable energy source, 

contributing to reduced operational costs and to circular 
economy principles within the dairy industry.

The treatment of dairy effluents is also directly 
aligned with the United Nations 2030 Agenda for 
Sustainable Development. Responsible management of 
these wastewaters contributes to SDG 6 (Clean Water 
and Sanitation), by protecting freshwater resources and 
promoting adequate wastewater treatment (Stasinakis et al., 
2022); SDG 3 (Good Health and Well-being), by reducing 
pollution-related health risks (Khanam  et  al., 2022); 
SDG 12 (Responsible Consumption and Production), by 
encouraging industries to minimize waste and recover 
resources (Mpongwana  et  al., 2026); and SDG 15 (Life 
on Land), by preventing the contamination of terrestrial 
ecosystems adjacent to discharge points (Raghunath et al., 
2016). Integrating these goals into the planning and 
evaluation of effluent treatment systems reinforces that 
environmental engineering solutions are inseparable from 
broader sustainability commitments.

Despite the growing volume of research, existing reviews 
of dairy effluent treatment have been predominantly 
narrative in scope, typically synthesizing selected studies 
without quantitative mapping of the field’s structure or 
temporal dynamics (Joshiba et al., 2019; Karolinczak et al., 
2021; Ramsuroop  et  al., 2024). No prior study has 
simultaneously applied citation burst detection, country 
collaboration network analysis, and trend projection to 
characterize the intellectual evolution of this research 
domain. This combination of methods allows for the 
identification of emerging research fronts, dominant 
technological paradigms, and geographic knowledge hubs 
in ways that conventional narrative reviews cannot provide.

Considering the importance of this topic and the 
variety of treatments that can be applied to dairy 
effluents, Scientometrics is a tool that can be used to 
relate the different studies on the subject. In this sense, 
this study presents a scientometric review of dairy 
effluents, describing the years and countries with the most 
publications and citations and the areas of knowledge. 
Also, an analysis of the principal treatments applied to 
dairy effluents, categorized according to the principle used, 
works that use different processes, individual treatments, 
or a combination of two or more to reduce the polluting 
load of this effluent.

2. Methods

A bibliometric search was conducted in the Web of 
Science (WoS) Core Collection database. The search string 
was applied to all fields (including topic, abstract, title 

aquáticas, digestão anaeróbia, células de combustível microbiano, processos enzimáticos e técnicas envolvendo 
lodos ativados e biofiltros. Esses achados ressaltam tendências críticas no tratamento de efluentes de laticínios e 
evidenciam a dominância e eficácia dos métodos biológicos. As percepções apresentadas podem orientar futuras 
direções de pesquisa e apoiar avanços tecnológicos voltados para práticas de gestão de efluentes sustentáveis e 
ambientalmente responsáveis.

Palavras-chave: efluente de laticínio, revisão sistemática, tratamento de efluentes.
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and keywords) using the following expression: (“dairy 
effluent*” OR “dairy wastewater*”), combining terms with 
Boolean OR to maximize retrieval of relevant records. The 
search was restricted to the period from 1945 to 2021, with 
no language restriction, and encompassed five document 
types: Article, Conference Article, Review Article, Early 
Access, and Data Paper. Data were retrieved in mid-2022.

The Web of Science Core Collection was selected as the 
data source because it is one of the most comprehensive 
multidisciplinary citation databases available, indexing 
journals across the natural sciences, engineering, and 
social sciences with rigorous quality controls. Compared 
to alternative databases such as Scopus or Google Scholar, 
WoS provides superior coverage of high-impact journals 
in the environmental and biological sciences and offers 
standardized metadata fields that facilitate reproducible 
bibliometric analyses (Pranckutė, 2021). Although no single 
database achieves complete coverage of the scientific 
literature, WoS represents the most widely adopted source 
for scientometric research in this domain.

The search terms “dairy effluent*” and “dairy 
wastewater*” were selected because they represent the 
two most widely and consistently used designations 
for this type of industrial effluent in the peer-reviewed 
literature. Alternative terms such as “milk effluent,” 
“dairy industry wastewater,” or “cheese whey effluent” 
were not included in the primary search string because 
preliminary searches indicated that documents using only 
these terms without co-occurring use of the primary terms 
were predominantly of a different scope (e.g., focused on 
specific dairy byproducts rather than whole-plant effluent 
treatment), which would have reduced the thematic 
consistency of the corpus. The wildcard operator (*) was 
applied to capture plurals and variant endings.

The initial search returned 1,258 documents. Duplicate 
records were removed manually using the title name and 
DOI. Subsequently, two reviewers manually screened 
the titles and abstracts to exclude records that did not 
address dairy effluents as the primary subject. Documents 
were excluded if they: (i) used dairy-related terms only 
incidentally, (ii) focused on other types of agro-industrial 
effluents without specifically addressing dairy streams, or 
(iii) lacked sufficient methodological information to allow 
classification. This process excluded 67 records, resulting 
in a final corpus of 1,191 documents (Figure 1).

Bibliometric analyses were performed using CiteSpace 
(v.1.6.1-R3) and Microsoft Excel. CiteSpace was run with 
default configuration parameters, including time slicing, 
node type selection, pruning algorithm, and threshold 
criteria. Citation burst detection followed the algorithm 
described by Kleinberg (2003), identifying terms or countries 
with statistically significant increases in citation frequency 
over time. Documents were further manually classified by 
publication language, year, country of the corresponding 
author, Web of Science subject category, and keywords.

A secondary manual screening was applied to identify 
studies that employed effluent treatment methods. These 
studies were classified by treatment principle (physical, 
chemical, or biological) and subsequently grouped by 
specific treatment type. The projection of publications 
and citations from 2022 to 2030 was performed using 

the FORECAST.LINEAR function in Microsoft Excel, which 
applies ordinary least squares (OLS) linear regression 
to estimate future values based on the historical trend 
observed in the annual data from 1975 to 2021. Although 
publication growth in bibliometric datasets often follows 
an exponential trajectory, the linear model provided an 
adequate fit for the observed period (R2 = 0.911) and was 
adopted for its interpretive simplicity. Projected values 
represent the expected continuation of the historical 
trend, assuming a constant rate of growth.

3. Results

Data referring to the 1191 papers resulting from the 
survey were analyzed regarding the type of document, 
language, publications, and citations by year, countries, 
areas of knowledge, keywords, and number of citations. 
In addition, the types of treatments applied to the dairy 
effluent in each work were classified manually. Of the five 
types of classified documents (articles, conference articles, 
review articles, early access, and data articles), most are 
articles, representing 91.18%. The language with the most 
publications was English, with 97.4%.

3.1. Number of publications and citations per year

Figure 2 shows the number of publications on dairy 
effluents per year from 1975 (the year of the first publication 
referring to the surveyed data) until 2021; it is noted that 
the number of published works has increased since the 
90s. Publications were observed in 2020 and 2021 (101 and 
125, respectively). Furthermore, Figure 2 shows that the 
number of publications related to the treatment of effluents 
from dairy industries increased significantly from 1998 
onwards, oscillating over a few years.

The year 2021 marked the most significant number of 
publications and citations within the dataset, which, when 

Figure 1. PRISMA flow diagram illustrating the document screening 
and selection process.
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combined with the growth seen between 2018 and 2020, 
favors the estimate of continuous growth in subsequent years.

3.2. Number of publications by country

The publications related to dairy effluent were globally 
distributed in 86 different countries. The Asian continent 
contributed the most to the dataset, with more than 37% of 
the publications. In Figure 3, we have the global distribution 
of the published studies on dairy effluent.

India has the highest number of publications (183), 
followed by the United States with 160 papers, New Zealand 
with 106, and Brazil with 94 publications. Additionally, 
the number of publications by country in Figure 4 shows 
the years with the highest citation peaks in 6 countries.

The highest and first peak of citations was observed 
in the United States between 1991 and 2010 (strength = 
13.28). New Zealand had the second most significant burst 
(strength = 12.79) from 1998 to 2008. Europe showed a large 

burst, with some of the newest citations within the dataset 
(1998-2018), while Poland showed a burst from 2017 to 2018.

Figure  5 shows the country collaboration network 
derived from CiteSpace analysis (n = 81 countries, e = 
212 co-authorship links, density = 0.0654). The network has 
a modularity Q of 0.4027 and a weighted mean silhouette 
of 0.7769, indicating moderately well-defined collaborative 
clusters. CiteSpace identified six thematic clusters based 
on the predominant Web of Science subject categories of 
each country’s publication output. Cluster #0 (Agriculture, 
Multidisciplinary) groups countries with a strong tradition 
of land-applied effluent management, including New 
Zealand, Brazil, Spain, Ireland, Italy, Australia, and England. 
Cluster #1 (Microbiology) encompasses India, Iran, South 
Korea, and Canada, reflecting intensive biological treatment 
research. Cluster #2 (Chemistry, Multidisciplinary) 
includes China, Hungary, and Egypt, consistent with 
their focus on physicochemical and membrane-based 

Figure 2. Temporal distribution of publications and citations from 1975 to 2022 and projection for subsequent years.

Figure 3. Global distribution of publications related to dairy effluents.
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approaches. Cluster #3 (Entomology) groups the USA, 
Turkey, and Poland. Cluster #4 (Energy & Fuels) includes 
France and Portugal, aligned with their research emphasis 
on anaerobic digestion and biogas recovery. Cluster 
#5 (Green & Sustainable Science & Technology) captures 
the remaining nodes oriented toward emerging circular 
economy approaches. Betweenness centrality analysis 
reveals that China (0.433) and the USA (0.384) function as 
the principal bridges across clusters, connecting otherwise 
separate research communities. The USA also holds the 
highest degree centrality (28 connections), confirming its 
role as the primary global collaborator, while India leads 
in absolute publication output (183 papers).

3.3. Keyword analysis

In addition to being essential for indexing research 
articles in databases, keywords reflect the theme of research 
publications. Thus, mapping all keywords within a set 

of publications can provide information on researchers’ 
main research areas in each field. Figure 6 shows the most 
representative keywords among the 1191 publications on 
dairy effluent, classifying them according to the frequency 
with which they appear, and presents centrality data.

The keyword with the highest frequency and one of the 
highest centralities is “dairy wastewater” term, followed by 
“wastewater.” The keyword performance appears in third 
place in terms of frequency and centrality, given that many 
studies use this term when evaluating the performance 
of treatments applied to dairy effluents. Next appears the 
term removal, which is related to removing contaminants 
from dairy effluents, and nutrient removal, such as nitrogen, 
the second keyword with the highest centrality.

Figure 7, in turn, provides data regarding the highest 
peaks in keyword citations. The highest peak observed 
was for the term constructed wetlands, between the years 
1997 to 2013. The term dairy effluent appears to have the 

Figure 4. Countries with citation bursts within the dataset (1977-2021). The red lines show the duration of the burst.

Figure 5. Network mapping of different countries with contributions to the dataset and
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Figure 6. Frequency and centrality of the main keywords used within the dataset.

Figure 7. Keyword citation bursts ranging from 1977 to 2021.
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second highest peak of citations, which is related to this 
being one of the search terms in the scientometric research 
and the keyword wastewater. Other keywords that appear 
with considerable citation peaks are the terms “digestion,” 
“nitrogen,” and “activated sludge,” which have been 
previously discussed in terms of how they are related to 
dairy effluents. Figure 7 shows some separation processes 
used in the treatment of dairy effluents that are among the 
keywords with the highest citation peaks, such as reverse 
osmosis, nanofiltration, ultrafiltration, and filtration.

3.4. Most relevant publications

Table  1 presents data related to the publications 
considered the most relevant in the research, considering 
the number of citations as the selection criterion. The 
titles of each work, authors, journal in which they were 
published, publication year, and journal’s impact factor 
(IF) are shown.

The primary work, with 535 citations, was published 
in 2006 in the journal “Science of The Total Environment,” 
with an impact factor of 10.75. The second most cited work 

was published in 2001 in the journal “Separation and 
Purification Technology,” with an impact factor of 9.13. 
It addresses membrane fouling occurring in membrane 
bioreactors treating synthetic dairy effluent, with fouling 
being the primary limitation for developing this process.

The third work on the list was published in 2013 in 
the journal “Science of the Total Environment,” with an 
impact factor of 10.75. It addresses the characterization and 
treatment of cheese whey wastewater. The other studies in 
Table 1 also discuss treatments applied to dairy effluents 
and can be easily found in the WoS database. From the 
cited works, it was possible to observe the various studies 
related to this type of effluent and its significance. These 
studies discuss the impacts that can arise from untreated 
dairy effluents, and they provide alternatives, often aiming 
to reduce the costs associated with treatment as well as 
enhance ease of application.

3.5. Publications by categories

The 1191 works resulting from the research were 
manually classified into six categories. Table 2 shows these 

Table 1. Main studies in the dataset ranked by citation number.

Title Authors Journal Year IF (JCR 2024) Citations

Occurrence of antibiotics in hospital, 
residential, and dairy, effluent, 

municipal wastewater, and the Rio 
Grande in New Mexico

Brown et al. Science of The Total 
Environment

2006 8.0 535

Fouling characterisation in membrane 
bioreactors

Bouhabila; Aim; 
Buisson

Separation and 
Purification Technology

2001 9.0 357

Cheese whey wastewater: 
Characterization and treatment

Carvalho; 
Prazeres; Rivas

Science of the Total 
Environment

2013 8.0 331

Algae Grown on Dairy and Municipal 
Wastewater for Simultaneous Nutrient 

Removal and Lipid Production for 
Biofuel Feedstock

Woertz et al. Journal of Environment 
Engineering-ASCE

2009 1.6 329

Effect of various pretreatment methods 
on anaerobic mixed microflora to 
enhance biohydrogen production 

utilizing dairy wastewater as substrate

Mohan; Babu; 
Sarma

Bioresource technology 2008 9.0 268

Wastewater treatment in dairy 
industries - possibility of reuse

Sarkar; 
Chakrabarti; Kale

Desalination 2006 9.8 229

Dairy wastewater, aquaculture, and 
spawning fish as sources of steroid 

hormones in the aquatic environment

Kolodziej; 
Harter; Sedlak

Environmental Science & 
Technology

2004 11.3 218

Multiplex fluorogenic real-time PCR 
for detection and quantification of 
Escherichia coli O157: H7 in dairy 

wastewater wetlands

Ibekwe et al. Applied and 
Environmental 
Microbiology

2002 3.7 205

Anaerobic biohydrogen production 
from dairy wastewater treatment in 
sequencing batch reactor (AnSBR): 

Effect of organic loading rate

Mohan; Babu; 
Sarma

Enzyme and Microbial 
Technology

2007 3.7 191

The role of plants in the removal of 
nutrients at a constructed wetland 

treating agricultural (dairy) wastewater, 
Ontario, Canada

Gottschall et al. Ecological Engineering 2007 4.1 188
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categories, and the percentage of works included in each 
one. The largest group (Treatment) represents 70.95% (845 
documents), which involved some form of treatment for 
dairy effluent, including biological and physicochemical. 
The second largest group, accounting for 14.61% (174), 
undertook treatment or some form of application for 
Agricultural Dairy Effluent (ADE), which is not the same 
as Dairy Effluent (DE). Since the present study focuses 
on works related to dairy industry effluents, where milk 
processing occurs, works concerning ADE were separated; 
however, they were not excluded from the research. ADE 
results from the washing milking parlors and can contain 
feces, urine, soil, feed, milk, and water.

The third group comprises works that obtained some 
kind of product from dairy effluent, totaling 72 articles 
(6.05%). The fourth group encompasses studies that 
characterized dairy effluent and works that assessed the 
environmental impacts caused by dairy effluents. There 
are 36 works in this group, which accounts for 3.02% 
of the total. The fifth group, in turn, focuses on review 
studies concerning dairy effluents, totaling 31 works, 
which correspond to 2.60% of the results. The sixth group 
consists of works that carried out treatment or some form 
of application for both whey and cheese whey, totaling 
28 works (2.35%). Finally, only five works could not be 
categorized due to a lack of access to the abstract or full 
paper. These are older studies, dating back to the years 
1975, 1976, 1984, and 1993, which may explain the need 
for more access to their content.

3.6. Types of treatment

The studies were classified in two different types of 
treatment: physicochemical and biological, with the 
second representing 70% of the dataset. Within the 
biological treatments, 8 different processes were found 
in the publications, as shown in Table 3.

Among the types of biological treatments found in 
Graph 3, 42% correspond to the use of Bioreactors, including 
the evaluation of performance, kinetics, modeling, and 
hydrodynamic analysis of these reactors for application 
in dairy effluents. Bioreactors are vessels where biological 
reactions involving microorganisms, enzymes, or living 
cells take place.

The second largest group comprises articles on the use 
of dairy effluents as a medium for cultivating microalgae 

or aquatic plants, totaling 138 works, corresponding to 
23%. Another type of treatment evident from Table 3 is 
anaerobic digestion, accounting for 13% of the publications. 
A fourth group of treatments encompasses treatments 
using Microbial Fuel Cells (MFCs), with 49 studies (8%) 
representing the application of a sustainable and promising 
technology capable of converting the chemical energy 
present in wastewater into clean electrical energy, resulting 
in simultaneous wastewater bioremediation.

A total of 29 works employed enzymes for effluent 
treatment, accounting for 5% of the results. Considering 
that dairy effluent contains a significant amount of fat in its 
composition, treatments involving enzymes can facilitate 
its degradation. From the scientometric research, 4% of the 
works mention the use of the activated sludge process, 
including sludge characterization and operating conditions, 
denitrification potential, complete carbon source rates, 
and the utilization of activated sludge microbial isolates. 
The seventh group comprises 18 (3% of the results) 
articles that used Biofilters for dairy effluent treatment. 
Regarding biological processes for odor treatment, biofilters 
demonstrate high efficiency. Lastly, in the smallest category, 
14 studies conducted microorganism cultivation from dairy 
effluents, accounting for 2% of the results.

4. Discussion

This dataset encompassed more than a thousand 
publications related with dairy effluents in the whole globe, 
with almost 98% of the studies published in English. This 
fact occurs not only because this language is considered 
a global language but also because the language in which 
an article is published can be considered an essential 
aspect in choosing the work to be cited by a given author. 
Therefore, publishing in English increases the chances 
of being awarded; it is also convenient that science can 
communicate through a single language, sharing knowledge 
and allowing researchers to cooperate through their 
research (Di Bitetti and Ferreras, 2017).

Even with some fluctuations, the dataset showed an 
exponential growth of publications and citations, especially 
in more recent years. These numbers represent the increased 
concern with waste management and new technologies 
that can minimize their environmental impacts; many 
methods have been studied to become increasingly 

Table 2. Categorical clusters for the different type of publications with relative frequency.

Category Frequency (%)

Dairy effluent treatment 70.95

Agricultural dairy effluent 14.61

Characterization or assessment of dairy effluent impacts 6.05

Applications of untreated dairy effluent 3.02

Review articles 2.60

Treatment or applications of whey or cheese whey 2.35

No info 0.42
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efficient (Adesra et al., 2021; Stasinakis et al., 2022). In 1848 
attention was turned to sewage treatment after a cholera 
outbreak in England led to about 25,000 fatalities. Released 
untreated sewage into water bodies led to large-scale water 
pollution because the rivers were short, and population 
growth was accelerating. Since 1950, great technological 
development and research have allowed the application 
of more sophisticated techniques for effluent treatment 
using kinetic growth studies and sizing calculations (Di 
Giacomo and Romano, 2022; Ma et al., 2020).

In 2009, there was a decrease in the number of 
publications on dairy effluents, which may be related to 
the attention paid to the Influenza A pandemic, which was 
declared to be in the process of international dissemination 
by the World Health Organization (WHO) in June 
2009 (World Health Organization, 2020). The influenza A 
outbreak began in Mexico and quickly spread to countries 
worldwide, lasting until August 2010 (Lehto et al., 2024; 
Moore et al., 2021; Teixeira et al., 2020).

In 2021, there was a significant increase in publications, 
as seen in Figure 2. The UN Environment Program (UNEP) 
report highlights climate change, biodiversity loss, 
pollution, and waste. According to the report, 9 million 
people die annually because of pollution, in addition to 
1 million species of plants and animals threatened with 
extinction; it also informs that 400 million tons of heavy 
metals and chemical products are released into the waters 
annually. The report also places the plans to resume the 
covid-19 pandemic as an opportunity to invest in the 
recovery of these impacts caused to nature (Lombardi et al., 
2022, 2022; United Nations Organization, 2022).

The estimated increase in publications and citations 
on dairy effluents by 2030 also relates to the sustainable 
development goals established in 2015 at the United Nations 
General Assembly. According to the Federal Supreme 
Court website, the 2030 agenda of the United Nations 
Organization is a global plan for sustainable development 
with objectives and targets to be met by 2030. The increase 
in research aimed at reducing the environmental impacts 
caused by effluents and sustainable ways the use of 
natural resources can contribute to the fulfillment of these 
objectives (United Nations Organization, 2015).

With 183 publications on dairy effluents in the research 
period, India is the world’s largest milk producer, with more 

than half of its production originating from buffaloes and 
a predominance of small-scale production. Most of this 
milk is consumed in the country, and as many Indians are 
vegetarians, they use milk as an essential source of protein. 
About 60% of the milk produced in India is used to obtain 
products such as ghee, butter, and curd (Landes et al., 2017).

In second place, with 160 publications on dairy 
effluents, is the United States, the world’s third-largest 
producer of cow’s milk. Some factors that contribute to this 
result are the large amount of land, the natural resources 
available, as well as the modern and efficient agricultural 
practices used in the country, where family production 
predominates, with most dairy farms managed by families 
(Fyfe et al., 2016; Gerber, 2010; Stasinakis et al., 2022; Von 
Keyserlingk et al., 2013).

In third place in the number of publications, New 
Zealand is an international reference in dairy production 
with high quality and reliability. It is responsible for 3% of 
the global output, exporting about 95% of its production 
(Bailey, 2017). Geographical isolation, soil conditions, 
climate, water, and high technology make New Zealand 
ideal for milk production. With irrigation systems and 
genetic improvement, the efficiency of the dairy system has 
increased significantly, ensuring high-quality raw material. 
Due to the large volume produced, the country must be 
concerned with waste generation from these processes, 
acting in their treatment and destination (Foote  et  al., 
2015; Ledgard et al., 2020).

Brazil also stands out as a country of significant relevance 
for studies on dairy effluents (Rodrigues-Silva et al., 2025). 
The country ranks among the world’s largest milk producers, 
with production concentrated in Minas Gerais, Rio Grande 
do Sul, Paraná, Goiás, and São Paulo, driven by both large-
scale commercial operations and a substantial number of 
small family farms (Okano et al., 2014; Paixão et al., 2017; 
Telles et al., 2020). Despite this productive capacity, the 
sector faces considerable challenges regarding effluent 
management. The high organic load characteristic of 
dairy wastewaters, combined with limited treatment 
infrastructure in small and medium-sized processing 
facilities, frequently results in improper discharge into 
water bodies, with direct consequences for aquatic 
ecosystems and surrounding communities (Fagundes et al., 
2024; Ribeiro and Aguiar, 2024). Brazilian environmental 

Table 3. Different biological treatments with relative frequency.

Biological Treatment Frequency (%)

Bioreactors 42

Microalgae or aquatic plants 23

Anaerobic digestion 13

Microbial fuel cells 8

Enzymes 5

Activated sludge 4

Biofilters 3

Microorganisms 2
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legislation, particularly the resolutions established by the 
National Environment Council (CONAMA), sets discharge 
standards for industrial effluents; however, compliance 
remains uneven across the production chain (CONAMA, 
2011). Given the scale of dairy activity and the persistent 
gaps in wastewater management, Brazil represents 
a relevant context for research on effluent treatment 
technologies, and the relatively modest representation of 
the country in this dataset may reflect underreporting in 
the international literature rather than a lack of research 
activity at the national level.

Publication count alone does not fully capture scientific 
influence. When comparing productivity against citation 
impact (citations per paper), a markedly different picture 
emerges. France ranks 9th in publication output but 
achieves 48.4 citations per paper, the highest of any 
productive country in the dataset, followed by Spain (47.3), 
China (29.7), and Canada (24.8). New Zealand, the third 
most productive country (99 papers), achieves 24.0 citations 
per paper, reflecting the high international relevance of 
its field-scale dairy effluent management research rooted 
in a large-scale pastoral dairy industry (Bailey, 2017; 
Houlbrooke et al., 2004). India, while the most prolific 
contributor (183 papers), averages 22.7 citations per 
paper, suggesting that a substantial portion of its output 
targets applied or regional problems that attract moderate 
international citation. Poland (75 papers, 10.8 citations 
per paper) and Iran (60 papers, 16.9 citations per paper) 
represent high-productivity countries with lower citation 
impact, consistent with growing but still consolidating 
research communities. These contrasts underscore the 
importance of distinguishing between the scale of national 
output and its international scientific influence when 
interpreting country-level bibliometric data.

Analysis of the most productive journals reveals a 
clear disciplinary concentration across environmental 
engineering, water technology, and biotechnology. 
Bioresource Technology leads in absolute output with 
66 papers and 3,107 total citations (47.1 citations per 
paper), reflecting the field’s strong orientation toward 
biological and biorefinery-based treatment approaches. 
Water Science and Technology ranked second in papers 
(51), while Water Research, despite publishing only 31 
papers, achieved the highest total citation impact (1,923 
citations; 62.0 citations per paper), underscoring its role 
as the field’s primary high-impact outlet. Science of the 
Total Environment (15 papers, 73.3 citations per paper) 
and Ecological Engineering (12 papers, 55.9 citations per 
paper) also show disproportionate citation impact relative 
to output, indicating that studies in these journals address 
broader environmental and ecological dimensions of 
dairy effluent management. The New Zealand Journal of 
Agricultural Research (28 papers, 28.6 citations per paper) 
reflects the prominent contribution of the New Zealand 
dairy sector to applied field-scale research. Collectively, 
the top 10 journals account for a substantial proportion of 
the total citation mass, consistent with Bradford’s Law of 
scattering (Brookes, 1985), whereby a small core of journals 
dominates scientific communication in a given field.

Considering the keywords in the publications, the term 
“removal” was one of the most frequent, related to the 

removal of contaminants from dairy effluents and nutrient 
removal, such as Nitrogen, which is the second keyword 
with the highest centrality (Khodadad Hosseini et al., 2021; 
Pang et al., 2020). Nitrogen is one of the nutrients present 
in dairy effluents, contributing to aquatic environments’ 
eutrophication (Henares and Camargo, 2014; Taufer et al., 
2016). However, the presence of nutrients also implies an 
application of these effluents as bio-fertilizers (Fan et al., 
2017; Manono  et  al., 2016; McLeod  et  al., 2014), being 
an alternative to the use of chemical fertilizers and to 
treatments applied to effluents, reducing the necessary 
area and associated costs. Nitrogen is one of the main 
nutrients for plants, which is also absorbed through the soil. 
Generally, the amount of nitrogen in the soil is insufficient 
to supply what the plants need; therefore, it is necessary to 
apply nitrogen fertilizers (Bloom, 2015; Kang et al., 2023).

The keyword “anaerobic digestion” is the fifth with the 
highest centrality and the term digestion appears once 
again with one of the highest centralities. The anaerobic 
digestion process is one of the main treatments applied 
to dairy effluents, using micro-organisms to convert 
the organic matter present in the effluent into biogas 
(Wagemann and Tippkötter, 2019). Another treatment 
used among the most central keywords is the activated 
sludge process, which also uses microorganisms to degrade 
the organic matter in dairy effluents (Von Sperling, 2022). 
Related to this, keyword degradation also appears with 
one of the highest centralities.

The temporal distribution of citation bursts reveals a 
clear technological evolution in dairy effluent treatment 
research. During the early 2000s, research concentrated on 
conventional biological processes, reflected by the bursts 
of “activated sludge” (2005–2008) and “digestion” (2002–
2011). A transitional phase emerged in the 2010s with the rise 
of membrane technologies, evidenced by bursts of “filtration” 
(2010–2016), “reverse osmosis” (2010–2017), “nanofiltration” 
(2012–2016), and “ultrafiltration” (2012–2017). Most 
recently, the burst cluster of “cultivation”, “biodiesel”, 
“biogas”, “recovery”, and “energy” (all 2018–2021) signals 
a paradigm shift toward resource recovery and circular 
economy principles, where dairy effluent is increasingly 
treated as a feedstock rather than a waste stream.

Emerging prominently in the literature from the 
2010s onward, membrane-based processes represented 
a technological advance beyond conventional biological 
systems. Reverse osmosis concentrates substances of low 
molecular weight using high pressure; it can be used in 
desalination processes and as nanofiltration, which divides 
heterogeneous solutions and solutes dissolved in the 
liquid medium, separating molecules of average molar 
mass (Deshwal et al., 2021). There are also microfiltration 
membranes that separate particles in suspension (El 
Machtani Idrissi et al., 2023). Ultrafiltration (UF) performs 
fractionation of high molecular weight suspended solids, 
such as proteins present in milk (Lakra et al., 2021).

These filtration processes are common in membrane 
bioreactors (BRM) that combine biological reactions with 
membrane separation processes, which can be micro (MF) 
or ultrafiltration (UF), seeking to retain suspended solids. 
Compared to the activated sludge system, these reactors can 
operate with higher concentrations of suspended solids and 
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older sludge. For this reason, there is less sludge production 
and, consequently, reduced costs with installation, 
treatment and final disposal, as well as reduced reactor 
volume. Also, the removal efficiency of micropollutants, 
organic pollutants, and slowly biode-gradable pollutants 
is higher for this type of reactor (Bernhard et al., 2006).

Representing the dominant paradigm from the early 
2000s through the 2010s, biological treatments were 
the most predominant type within the dataset. Effluents 
from dairy industries contain a high concentration of 
biodegradable organic matter. As a result, biological 
treatment is the most used secondary treatment, with 
aerobic processes being more prevalent. Emphasis is placed 
on activated sludge, bio-logical filters, and aerated lagoons. 
The use of traditional biological processes to treat effluents 
from the dairy industry demonstrates effectiveness 
in achieving discharge standards required by current 
regulations (Joshiba et al., 2019; Stasinakis et al., 2022).

Biological treatment of effluents, whether aerobic 
or anaerobic, is facilitated by the action of biological 
agents such as bacteria, protozoa, and algae. This type 
of treatment stands as one of the most cost-effective 
and efficient alternatives for promoting organic matter 
degradation. In anaerobic treatment, bacteria are employed 
that do not require oxygen for respiration, differing from 
aerobic treatment, where microorganisms degrade organic 
substances through oxidative processes. Considering the 
compounds produced in processes the food industry is rich 
in organic load, leading to waste generation with a similar 
profile. It is advantageous to apply biological processes to 
these effluent treatments (Al-Tayawi et al., 2023; Das et al., 
2024; Karolinczak et al., 2021; Ramsuroop et al., 2024).

The bioreactors were the most used method applied 
on the biological processes of dairy effluent treatment. 
Bioreactors are vessels where biological reactions involving 
microorganisms, enzymes, or living cells take place. Suitable 
conditions are provided to facilitate these biological 
reactions to achieve optimal efficiency. There are various 
bio-reactor configurations, considering the biological system 
of cell growth, metabolism, protein expression, etc., along 
with operational parameters such as pH, temperature, 
and agitation, among others. Through these controls, the 
desired functions of the organisms present can be favored 
(Meena et al., 2022; Sivaprakasam and Balaji, 2021).

Concentrated in the most recent burst period (2018–
2021), valorization-oriented approaches such as microalgae 
cultivation reflect the field’s shift toward circular economy 
principles. Using effluents for microalgae cultivation has 
proven to be a highly viable alter-native, as it reduces 
the cultivation costs associated with using expensive 
chemicals for algae growth. Microalgae are also known 
for their ability to bioremediate effluent toxins, lowering 
environmental risks of water body contamination by 
industrial effluents (Kumar et al., 2019). Dairy effluent 
contains high concentrations of nitrogen and phosphorus, 
which serve as the primary nutrient sources for microalgae. 
Hence, combining microalgae cultivation with dairy effluent 
provides a cost-effective bioremediation alternative and 
conserves freshwater usage. The algae biomass becomes a 
byproduct for fuels, feed, and the food industry, generating 
other value-added byproducts (Lage et al., 2019).

Another type of treatment evident is anaerobic digestion, 
accounting for 13% of the works. Anaerobic digestion 
technology has seen significant advancements in recent 
years, also tied to wastewater treatment and energy recovery 
from these pro-cesses. Anaerobic digestion is a microbial 
conversion process of organic material into biogas, primarily 
composed of methane and carbon dioxide. The process 
occurs naturally, and its technical application provides 
a renewable energy source. Moreover, organic matter is 
converted in multiple stages, offering the possibility to halt 
the reaction and block intermediates for use as raw materials 
in the chemical industry (Kumar Khanal et al., 2021).

Activated sludge, present in 4% of the documents, 
consists of a biological reactor where reactions for the 
removal of organic matter and, under certain conditions, 
nitrogenous matter occur using microorganisms. It is 
a widely used system due to its efficiency and greater 
operational flexibility. Regarding solid retention time, 
which refers to sludge age, the system can be classified into 
two fronts: conventional activated sludge and extended 
aeration activated sludge. In the conventional type, the 
sludge age varies from 4 to 10 days, resulting in biomass 
with high organic content, necessitating subsequent 
stabilization treatment. In extended aeration, the sludge 
age is longer, possibly up to 30 days, resulting in a higher 
number of microorganisms in the reactor’s biomass. 
Conse-quently, sludge stabilization occurs in the aeration 
tank itself, eliminating the need for an additional sludge 
treatment stage (Shi et al., 2021; Sivaprakasam and Balaji, 
2021; Smetana and Grosser, 2024; Tabelini et al., 2023).

Some studies also conducted microorganism cultivation 
from dairy effluents, accounting for 2% of the results. 
Some examples of relevant microorganisms are those 
that degrade and store oils and fats, considering that dairy 
effluents contain a significant number of oils, fats, and 
nutrients. They are readily employed for both isolation and 
growth of these microorganisms. One application of these 
microorganisms is the pro-duction of biodiesel, obtained 
through the transesterification of lipids. Furthermore, 
there’s a search for new bacteria to achieve better lipid 
production yields by employing different carbon sources 
(Behera et al., 2019; Kumar et al., 2015).

Other types of microorganisms that can be isolated 
from dairy effluents are those that produce polymer-
degrading enzymes. These enzymes can subsequently 
be commercialized, and the microorganisms can also 
be applied in effluent treatment (Osho  et  al., 2021; 
Porwal  et  al., 2015; Sambaraju and Sree Lakshmi, 
2020). Another example is efficient microorganisms 
(EMs), characterized as beneficial, highly effective, non-
pathogenic, and non-genetically modified organisms, 
including lactose-fermenting bacteria and yeasts (Ali et al., 
2021; Boruszko, 2023). Their utilization has been expanded 
for water and effluent treatment as well as odor control.

5. Conclusion

It can be concluded that research conducted from 
1945 to 2021 using the terms “dairy effluent” and “dairy 
wastewater” highlights English as the primary language 
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encountered, with the majority of articles, and India as the 
country with the highest number of publications related to 
these terms. The highest peak of published works related to 
dairy effluents occurred in 2021, and there is an estimated 
growth in the number of publications and citations until 
2030. The largest percentage of published works is related 
to effluent treatment, with biological processes standing out 
as the most prominent, comprising 70% of the total. Among 
the biological treatments, bioreactors, microalgae or aquatic 
plant cultivation processes, anaerobic digestion, microbial 
fuel cells, enzymes, and other studies involving activated 
sludge, biofilters, and microorganism cultivation were notable.

These results advance the field in four ways: (1) 
providing the first simultaneous application of citation 
burst detection, country collaboration network analysis, 
and trend projection to this corpus; (2) identifying three 
technological phases (biological consolidation (pre-2010), 
membrane expansion (2010–2017), and resource recovery 
(2018–2021)); (3) documenting a systematic divergence 
between national publication volume and citation impact; 
and (4) empirically confirming biological treatment 
dominance at 70.95% while identifying valorization 
approaches as the most dynamic emerging front. 
Future research should address field-scale performance 
validation, life cycle assessment of emerging technologies, 
and effluent management in small dairy facilities in 
emerging economies, contexts with direct implications 
for eutrophication control, freshwater biodiversity, and 
the attainment of SDG 6 (Clean Water and Sanitation) 
and SDG 15 (Life on Land).
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