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ABSTRACT

Article History: The literature focuses on the potential of ecoenzymes as biocatalysts in wastewater treatment. The strategy

used is Systematic Literature Review as an instrument. Metadata was collected using Publish or Perish, and
3.151 articles were extracted from CrossCef, PubMed, OpenAlex, and Google Scholar during the period 2015-
2025. After eliminating duplicate and anonymous articles, 1.898 articles remained, then bibliometric as data
processor which is analyzed by VOSviewer software. This literature study presents a more accurate
bibliographical objective for future researchers according to the themes discussed. The potential of
ecoenzymes as biocatalysts in wastewater treatment lies in their enzyme content, such as protease, lipase,
and amylase. These enzymes play an important role in the degradation of organic pollutants contained in
wastewater. In addition, the organic acid and the presence of lactic acid bacteria have been found to inhibit
the growth of pathogenic bacteria commonly found in wastewater, such as Staphylococcus aureus and
Escherichia coli. Although they have the potential to be developed as biocatalysts, the application of
ecoenzymes in conjunction with existing wastewater treatment technologies such as biofilters, constructed
wetlands, and combinations with phytoremediation still face challenges, particularly related to enzyme
stability in field conditions. Immobilized enzymes have been proven to be one of the promising methods to
enhance enzyme stability. Further studies are needed in scale-up enzyme-based biocatalysts and integration
with established systems.

Received 11 October 2025
Revised 21 November 2025
Accepted 17 December 2025
Available online 01 January 2026

KEYWORDS

Ecoenzyme, Biocatalyst, Wastewater, SLR, Bibliometric

due to its cost-effectiveness and eco-friendliness, but these methods need
to address technical limitations for obtaining the necessary removal of

1. INTRODUCTION

Wastewater management is an important part of water resource
management; the main challenge in this regard is the discharge of
wastewater itself. Discharging untreated wastewater into water bodies
can cause serious environmental consequences like eutrophication and
detrimental effects on aquatic life (Li et al, 2023 ; Singh et al,, 2023).
Humans' activities are the cause of increasing water pollution worldwide.
There are many factors that become challenges in wastewater
management. In many areas, gaps in regulations or inadequate
enforcement led to non-compliance in wastewater treatment. This
condition is aggravated by lacking wastewater monitoring, resulting in
limited understanding the extent of the problem and inadequate action to
address it (Santosa et al,, 2023 ; Makanda et al,, 2022). Wastewater can be
produced in different activities, which have different characteristics.
Biological treatment is the most widely used to remove organic pollutants

organic and inorganic pollutants (Zhao et al, 2019 ; Shahid et al,, 2024).
Biofilter becoming popular in wastewater treatment, it is cost-effective,
simple, sustainable, and eco-friendly compared to conventional
techniques the principle advantage of the biofilter its efficient use of space
and energy (Ningsih et al,, 2024 ; Said et al., 2024). The anaerobic biofilter
works well in decomposing organic matter in oxygen-free conditions,
thereby reducing the need for external energy. The aerobic stage can be
performed with efficient aeration control; even passive aeration systems
can be adopted to conserve energy (Putri and Julianti, 2025). However,
biofilters have the disadvantage of taking a long time to build up a biofilm,
as a key feature of biofilters is that the organisms are organized in biofilms
(Xu et al,, 2024). Biofilm is formed when bacteria or any other suitable
microbe finds appropriate condition, attach to it, grow, multiply and they
are immobilized in a matrix of extracellular polymeric substances (EPS)
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(Hasan et al, 2024). In normal conditions, the formation and maturation
of biofilms takes 3-4 weeks, generally it is begin to form within 1-2 weeks
after running, but reaching maturity and performing properly requires
even more than 30 days (Pitriani, 2015 ; Zhang et al., 2015). The addition
of biocatalysts can be an effective approach to improving the performance
of biofilter, this is expected to accelerate biofilm formation and
maturation. Studies on the potential of ecoenzymes as biocatalysts have
not been widely investigated. However, the presence of active compounds
such as lipase, protease, amylase, and lactic acid indicates their potential
as biocatalysts (Varshini and Gayathri, 2023 ; Das et al., 2023). Enzyme-
based biocatalysis has emerged as an advanced technique for developing
ecofriendly processes that help maintain sustainability. Due to their
specificity, enzymes are often widely used to catalyze various chemical
reactions efficiently in many applications (Haque et al., 2022). Reducing a
huge of organic waste is possible through transforming into an ecoenzyme
(Gu et al.,, 2021 ; Hemalatha and Visantini, 2020).

Bibliometric analysis of the use of ecoenzymes in wastewater treatment
has been widely studied. The objective of this systematic review is to
critically evaluate the potential of ecoenzymes as biocatalysts in
improving wastewater treatment, addressing identified knowledge gaps
by integrating ecological and practical perspectives on enzymes, thereby
providing a comprehensive understanding that supports the scalable and
sustainable use of ecoenzymes in wastewater treatment.

2. METHODS

This study employs a structured literature review. Search terms were used
in combination to systematically search titles, abstracts and keywords
‘Ecoenzyme’, “Biocatalyst”, and ‘wastewater treatment’. There are 3.151
articles extracted through Publish or Perish from CrossCef, PubMed,
OpenAlex, and Google Scholar. However, after eliminating the duplicate
and anonymous articles, there were 1.898 articles left. The next step was
to analyze the data using bibliometric methods to know trends and
clusters of the study during 2015-2025. The map constructed by VOS-
viewer software is represented by nodes, and their size is proportional to
the number of documents they represent. The nodes are connected to each
other through links, shorter distance between nodes means a closer
relationship between the quality of the documents analyzed. The authors
screened titles and abstracts by reviewing the full text of articles that were
or possibly relevant to the research topic. Eligibility of full-text articles,
whether clearly relevant or not, were discussed by all authors, and
decisions on inclusion were made by consensus. Article selected for
further review is based on its relevance to the topics of “the potential of
ecoenzymes as biocatalysts” and “ecoenzymes usage in wastewater
treatment”. At this stage, it was found that most of the articles were not
relevant to the topic, only 24 articles were selected for data analysis. This
review presents in the form of descriptive statistics, first on the
application of ecoenzymes in wastewater treatment, grouped by sample
and test parameter. Second, on Active Compounds, Enzymatic
Composition and Characteristics related to their preference as
biocatalysts. We report on the outcomes for each study and the percentage
of studies that fulfilled each criterion.
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Figure 1 : PRISMA flow diagram of the byocatalist potention of
ecoenzyme in wastewater treatment included in this review

3. RESULT AND DISCUSSION

3.1 Trends in Publication on Ecoenzyme in Wastewater Treatment
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Figure 2 : Trend of ecoenzyme study 2015-2025

Referring to the research development period described through color
categories, research related to the use of ecoenzymes has been widely
published since 2020, while research related to waste treatment,
biofiltration, and biocatalysts has been published since 2019. Meanwhile,
density visualization analysis shows the most frequently discussed
‘keywords’ in the literature, divided into four clusters: cluster 1 (green)
displays the use of biocatalysts in various sectors, which becomes a
popular keyword marked by the largest dot, cluster 2 (blue) is wastewater
treatment Methods, nitrogen removal, quality standar), and cluster 3
(yellow) displays ecoenzymes (use, raw materials, characteristics, active
compounds, enzyme potential). Based on the analysis of line thickness and
dot size in Figure 1, it is evident that studies on ecoenzymes are still
limited, especially concerning their potential as biocatalysts. However,
this potential exists when considering previous research, such as studies
related to the rich levels of lipase, amylase, and protease enzymes in
ecoenzymes. In addition, the active ingredient lactic acid has the potential
to inhibit bacteria.

3.2 Importance of Ecoenzymes in Sustainable Wastewater Treatment

Ecoenzymes have the capability to increases chemical reaction rate, it is a
class of biocatalysts derived predominantly from the fermentation of
organic waste like fruit peels and vegetable residues as substrate with
palm sugar and water (Gu et al., 2021 ; Basri et al.,, 2022). This process
results in a brownish solution with a distinct sour aroma, indicating the
presence of bioactive catalytic components. These naturally sourced
mixtures consist of a complex array of organic acids, enzymes including
hydrolytic enzymes such as amylase, lipase, and protease and various
microbial metabolites facilitate the degradation of organic substrates, this
enzymes play an important role in breaking down complex biomolecules
into glucose, amino acids, and fatty acids (Benny et al,, 2023 ; Anggraini,
2025 ; Pasalari, 2024).

The enzymatic components of ecoenzymes includes various hydrolytic
and oxidative enzymes such as lipases, amylases, and proteases, alongside
organic acids like acetic acid, which collectively contribute to their
catalytic and antimicrobial properties (Patel et al, 2022). Indigenous
microbial consortia, present naturally within the organic waste and
fermentation environment, drive the biodegradation and enzymatic
activities (Vidalia et al., 2023). These microbial populations often include
bacteria such as Bacillus and fungi like Trichoderma. Overall, ecoenzymes
represent a synergistic biocatalytic system formed from complex
interactions between enzymes and microbial metabolites produced
during fermentation, which can become valuable in wastewater treatment
with the help of natural microbial consortia (Low Chin Wen et al.,, 2021).

The significance of ecoenzymes in the context of sustainable wastewater
management has gained considerable attention due to their eco-friendly
and multifunctionality as biocatalysts. Ecoenzymes are a strategic
approach to utilization of organic waste because they can be used to
improve water quality, support the restoration of aquatic ecosystems, and
treating various types of wastewaters (Amadea et al,, 2025). Ecoenzymes
directly or indirectly degrade pollutants by modifying the chemical and
physical properties of waste, it is served as alternatives to conventional
chemical treatments employed in wastewater remediation, addressing
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both environmental pollution and resource recovery objectives. Further,
ecoenzyme utilization contributes to sustainable development goals by
facilitating low-cost wastewater treatment solutions that can be adapted
for either communal or household scale implementation. The
environmental friendliness coupled with cost-effectiveness positions
ecoenzymes as alternative for enhancing wastewater treatment processes
(Sahil Salvi et al., 2024). Studies on the use of ecoenzymes have been
widely conducted in wastewater treatment (Basri et al., 2022 ; Galintin et
al,, 2021 ; Santosa et al., 2023), natural fertilisers (Amadea et al.,, 2025),
and cleaning agents. Ecoenzymes are already being used due to domestic
wastewater (Bharvi S. Patel et al.,, 2021) and even industrial wastewater
(Zhu etal,, 2025 ; Werner et al., 2016). Trends of studies on the application
of ecoenzymes invarious wastewater treatment processes are presented
in table 1.

Table 1 : Trends of Ecoenzymes Application in Various Wastewater

Treatment
References Treatment/Sampel Result
electroplating 10% of ecoenzymes Fe
(NatZt (f;(S‘;t al, industry (99.19%), P (63.02%), As
Wastewater (98.72%), S (60.79%)
20% ecoenzyme reduce
(Sahil Salvi et Domestic BOD (94.20%), COD
al.,, 2024) Wastewater (86.34%), total coliform
(96.96%)
(Das etal,, textile wastewater Reduce BOD (80-85%),
2023) treatment COD (81-85%), TDS (35
37%), TSS (55-60%)
L effectively reduce TSS,
(Gallznglznl)et al, aquaculture sludge VOC, COD, Ammonia,
Phosporus
ecoenzyme at a
(Suliestyah S Liquid waste concentration of 20% can
etal, 2022) kill E. coli (99.95%) and P.
aeruginosa (99.90%)
mixing ecoenzymen with
sample (1:1000) capable of
(Shivalik Y et Domestic removing COD, BOD,
al.,, 2022) Wastewater ammoniacal nitrogen,
nitrate nitrogen, and nitrite
nitrogen
6% of econzyme
(Amadea et al,, dairy wastewater effectively reduce
2025) alkalinity, pH, COD, TDS,
TSS, oil & grase
(Kumar A et al, Domestic 15% ecoenzyme can
2020) Wastewater remove TDS, BODs,COD,
(Greywater) nitrogen and phosphate
Reduce BOD (70), TS
(Pachaiappan (32.5%), TDS (39.5%) and
Retal,2022) | Mmetalbasedeffluen TSS (33.0%) after 10
weeks aplications

3.3 Enzyme-based biocatalysts potential in wastewater treatment

The production process of ecoenzyme typically involves a batch
fermentation approach, wherein organic wastes are fermented with a
carbohydrate source such as brown sugar/molasses and water mostly in
ratio of 1:3:10 (Hemalatha and Visantini, 2020 ; Varshini and Gayathri,
2023). The carbohydrate source may affect the quality of the ecoenzyme;
brown sugar is recommended (Phanama et al.,, 2024). The sucrose content
in palm sugar tends to be higher than that in granulated sugar, leading it.
to become a better energy source to bacteria in the ecoenzyme
fermentation process (Laela and Titik, 2025). The fermentation process
usually extends over a period of 90 days to allow for enzymatic activity
development and metabolite maturation (Rukmini and Astuti Herawati,
2023 ; Karimah and Lusiani, 2024), this duration proposed to achieve the
highest antioxidant activity (Putri et al.,, 2024) and had strong inhibition
against Staphylococcus aureus dan Escherichia coli (Tallei et al., 2023).

Ecoenzymes comprise a broad spectrum of biochemical constituents,
predominantly organic acids, hydrolytic enzymes, and mineral nutrients.
Acetic acid is frequently identified as a major organic acid responsible for

antimicrobial properties, Meanwhile, the hydrolytic enzymes amylase,
protease, and lipase serve to mediate the breakdown of carbohydrates,
proteins, and lipids (Galintin et al., 2021 ; Arun and Sivashanmugam,
2015). These enzymes act synergistically as catalysts in the degradation of
organic pollutants in wastewater, thereby increasing treatment efficiency
(Feng et al, 2025). Ecoenzyme production processess and attribute
potential as enzyme-based biocatalysts in wastewater treatment

illustrated in figure 3.
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Figure 3 : Enzyme-based biocatalysts potential in wastewater treatment

Ecoenzymes contribute to wastewater treatment through enzymatic
biodegradation of organic pollutants, hydrolytic enzymes break down
complex molecules into simpler and more biodegradable forms. Amylases
convert starches into simpler sugars, proteases degrade proteins into
amino acids, and lipases hydrolyze fats into fatty acids and glycerol (Benny
et al, 2023 ; Pandey et al, 2000). In the case of organic compounds,
converted to simple inorganic molecules such as carbon dioxide and water
through catabolism. Their broad substrate specificity enables the break
down a variety of organic contaminants in domestic and industrial
wastewater (Gumilar, 2023a). Ecoenzymes have an essential role in
biochemical processes that occur in nature, including the decomposition
of organic matter, nutrient cycling, and detoxification of dangerous
substances. Ecoenzymes act in concert with native microbial consortia and
enhance biodegradation efficiency through synergistic interactions. The
presence of diverse enzymes and organic acids creates a conducive
microenvironment that stimulates microbial metabolism and pollutant
breakdown (Pasalari, 2024). The fermentation process not only generates
a spectrum of enzymes but also enriches the solution with beneficial
microorganisms including bacteria, fungi, yeast, and microalgae
(Abdelfattah et al, 2023). Numerous microalgae species, including
Scenedesmus, Chlorella, Ankistrodesmus, Chlamydomonas, Ecoenzymes also
contain bioactive compounds and organic acids, which contribute to their
antimicrobial activity. The presence of organic acids such as acetic acid
and hydrolytic enzymes further enhances their ability to inhibit or kill
pathogens. In the past few years, ecological enzymes have become
increasingly popular due to their dual benefits in waste management and
as natural antimicrobial agents in various fields of health, agriculture, and
the environment. Ecological enzymes are rich in bioactive compounds
such as flavonoids, tannins, and saponins, which contribute to their
antimicrobial properties (Vidalia et al, 2023). Antimicrobial assays
demonstrated that ecoenzymes effectively inhibit various pathogenic
bacteria, especially by disrupting cell structure and inhibiting nucleic acid
synthesis or interfering genetic and protein synthesis (Rachwat and
Gustaw, 2025 ; Wan Mohd Zain et al,, 2025). A few studies report that
ecoenzymes effectively inhibit a range of pathogenic bacteria e.g,
Staphylococcus aureus, Streptococcus mutans, Enterococcus faecalis and
gram negative e.g., Escherichia coli (Sai et al, 2023). Ecoenzyme from
pineapple, orange, banana stem, noni and quinine waste showed
inhibition against both types of bacteria Staphylococcus aureus and
Escherichia coli (Lubis etal., 2025). Ecoenzymes hold real promise as cost-
effective, natural antimicrobial agents for health care, food preservation,
agriculture, environmental management, and household sanitation (Basso
and Serban, 2019). Evidance based enzymatic hydrolysis and
antimicrobial Phormidium, Chlamydomonas, Spirulina and Botryococcus
have demonstrated excellent capabilities for the bioremediation of
nutrients, emerging pollutants and pathogens in wastewater treatment,
this process helps to prevent eutrophication (Ahmad et al., 2021). These
microbial consortium further contribute to the decomposition of organic
matter through their metabolic activities and might secrete additional
enzymes, enhancing the overall biodegradation process (Singh and Jain,
2024a; Xia et al,, 2025). This synergism enables the removal of persistent
organic compounds that are often resistant in conventional treatment
properties of ecoenzyme (Farma et al., 2023) illustrated in table 2.
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Table 2 : Enzymatic Hydrolysis and Antimicrobial Properties of Ecoenzyme
References FeanJf:ttiz:l)t;on Ecoenzyme Materials Active Compounds/ Enzymatic Composition
. octadecanoic acid, hexadecanoic acid,
(Viona S etal,, 2025) 3 months pomelo peels octadecenoic acid, and neophytadiene
(Ismail AY et al., 2024) 3 months Mixture fruit peels and mixture vegetables acetic acid, lactic acid, citric acid, oxalic acid
(Das etal., 2023) 3 months banana, pineapple, and orange fruit peels protease, amylase, and lipase
pH 3.9-4.1
(Karimah and Lusiani, 3 months oranee and melon peels TDS 1.339-1405 ppm
2024) g p Acetic acid 0.81-1.08 % w/w
Colour bright yellow
. . . Amylases enzymes
(Joshi, V.B etal,, 2022) 3 months garlic peels and onion peels and husks Alcohol 6.9+0.04 %
pH 3.1-3.4
Papaya, mango, spinach and Chinese cabbage Alcohol 4.1-4.8%
(Santosa et al,, 2023) 3 months paya, mango, sp ot & TDS 1.339-1405 ppm
Acetic acid 0.81-1.08 % w/w
Colour bright yellow
(Galintin et al., 2021) 3 moths tsilséltn ?12?15;111222;3 protease, amylase, and lipase
(Suliestyah S et al., 2022) 3 moths papaya, dragon fruit, and orange peels amylase and cellulase enzymes
(Hemalathzaoe;r(l)(; Visantini, 3 moths Citrus fruit peels Antimicrobial
(Vama L and Cherekar M flavonoids, alkaloids, quinones, cardenolides,
2020) § 3 moths Citrus fruit peels and saponins
protease, amylase, and lipase activity
(GuSetal, 2021) 3 moths Honeylocust Fruits protease, amylase, lipase, cellulase
(Rahayu et al, 2021) 8-10 davs rambutan fruit skin, corn cobs, chayote skin + the longer f err;z/ehr;;?:tzloin dfal;zz'a ‘;:;ho, increased,
y N v frangipani sandalwood extract Anlt,ibacterial ’
(Rasit N"Ai:r; Ole;r;d Ghani 3 moths orange, pineapple, tomato, and mango dregs possessed amylase, protease, and lipase activity
(Arun and Sivashanmugam, . . protease, amylase, lipase respectively 56.409,
2015) 3 Days pineapple and citrus peels 44.039,74.990 U/ml

4., CHALLENGES AND LIMITATIONS OF ECOENZYME BASED
TREATMENTS

4.1 Variability in Result

Numerous studies have demonstrated the success of applying eco-
enzymes in reducing organic pollutants in wastewater, but there are also
studies showing that this evidence is inconsistent. Conventional
wastewater treatment plants face challenges in removing contaminants
such as CECs, HMs, and E. coli due to their small size and resistance,
suggesting that ecoenzymes may also face similar limitations in their
effectiveness (Matesun et al.,, 2024). In addition, extreme conditions in
liquid waste can hinder effective treatment, thereby limiting the
biodegradation of micropollutants.

4.2 Dosage Regulation

An evidence base exists to support the Ecoenzymes that are effective in
liquid waste treatment. However, determining the best raw material
variations and the appropriate dosage is still limited. Further research is
needed to set the dosage of ecoenzymes carefully to balance the benefits
with potential ecological impacts, noting that despite their effectiveness,
challenges include ensuring optimal application to avoid adverse
environmental impacts during liquid waste treatment (Yatma et al.,, 2024).

4.3 Physicochemical Properties and Stability

Ecoenzymes can lose their catalytic activity over time, particularly under
varying environmental conditions as temperature, pH and complexity of
wastewater compositions, which can limit their effectiveness in
wastewater treatment (Ekeoma et al, 2023 ; Upadhyay et al, 2024).
Enzymatic activities, especially those of amylase, lipase, and protease,
exhibit specific optimum pH value, around 5 - 8, with peak activity
reported in neutral to slightly alkaline conditions. Optimum activity of the
amylase at pH 6.5, while the lowest was at pH 3.07, which indicated that
the amylase activity was deficient at acidic condition and optimum pH
(Galintin et al,, 2021). The lowest amylase activity when tested at pH 5.88,
enzyme activity has a maximum contained in a specific pH, deviations of
this optimum pH may lead a decrease enzyme activity, at extreme pH
levels, enzymes can be denatured, which changes their structure and
impairs their ability to bind with substrates (Sharif, 2024). The rate of
degradation decreases dramatically when the pH level is strongly acidic or
alkaline (Al-Maqdi et al, 2021). Immobilisation of free enzymes is a
promising approach to overcome these weaknesses (Gaur et al.,, 2025).

However, detailed studies on long-term enzyme stability under variable
operational conditions remain limited. Understanding these aspects is
imperative for developing robust ecoenzyme formulations that retain
catalytic performance during storage and application

4.4 Scale-Up and Integration with Established Systems

The application of ecoenzymes in wastewater treatment faces limitations
due to studies being primarily conducted under laboratory conditions
rather than in real environmental settings, this requires a permanent
solutions to effectively address wastewater pollution challenges are at risk
of inefficiency in varying environmental conditions, require specific
substrates, and pose challenges in scaling up applications, which may
hinder widespread adoption (Rath et al, 2024 ; Caloglu et al.,, 2024).
Furthermore, the economic viability of large-scale enzyme production and
its application have remained a concern (Swarupa et al, 2024).
Overcoming these challenges is crucial to improving the efficiency and
practicality of enzyme-based biotechnology approaches in wastewater
treatment. Furthermore, the long-term ecological impact of integrating
these bio-enzymes into existing treatment systems needs to be analyzed.

4.5 Strain-Specific Limitations

The limitations of ecological enzymes can vary significantly between
different strains, which affects their effectiveness in bioremediation and
other applications. Specific variations in enzyme production, activity, and
adaptability to environmental conditions are critical factors that influence
the overall effectiveness of these enzymes. In fact, not all ecological
enzyme formulations are equally effective against all pathogens.
Eucalyptus-based enzymes do not show inhibitory effects against
Pseudomonas aeruginosa, indicating that effectiveness may depend on the
raw materials, fermentation process, and target organism (Taqiyyuddin et
al, 2024).

Strain-specific limitations may hinder the effectiveness of ecological
enzymes, these limitations also provide opportunities for targeted
biotechnology applications. Understanding these boundaries can lead to
the further elaboration of an efficient bioremediation strategy tailored to
specific environmental conditions and pollutant types.

5. INTEGRATION WITH ADVANCED BIOTECHNOLOGICAL

APPROACHES

The emerging trends and future perspectives of ecoenzymes highlight
their potential as sustainable solutions for waste management and
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industrial applications, include exploring their efficacy and effectiveness
in waste management and product development (Winarsih et al,, 2023).
There is a growing body of research focused on the efficacy and
effectiveness of it, with bibliometric analyses indicating a rise in
publications on this topic. Bioenzyme immobilization as a key trend to
enhancing stability and reusability (Padrosa et al., 2022). The combination
of raw materials with exceptional selectivity and catalytic properties in
ecoenzymes produce must keep going to find a best quality of it. While
ecoenzymes offer promising solutions for sustainable development,
challenges remain in scaling up production and integrating them into
existing industrial processes. Continued research and collaboration across
scientific disciplines are essential to overcome these barriers and fully
realize the potential of it in promoting environmental sustainability and
economic growth.

6. CONCLUSION

This study conducted a bibliometric analysis to investigate the potential
ecoenzyme as biocatalyst in wastewater treatment. In total, 1.898 articles
obtained from CrossCef, PubMed, OpenAlex, and Google Scholar database
were examined, using bibliometric analysis methods. This study found
that ecoenzymes have promising potential as biocatalysts in wastewater.
This potential stems from the content of enzymes such as lipase, amylase,
and cellulase, which play an important role in accelerating the degradation
of complex organic materials into simpler and more easily degradable
forms. In addition, the content of various organic acids and the presence
of lactic acid bacteria isolated from various ecoenzyme samples can
enhance their antimicrobial attributes. Numerous studies have
demonstrated the success of applying eco-enzymes in reducing organic
pollutants in wastewater which highlights the ability of ecoenzymes to
reduce BOD, COD, oil and grease. Although their effectiveness can vary
based on wastewater conditions and dose usage. However, behind this
success lie obstacles that must be overcome to maximize the use of
ecoenzymes in wastewater treatment. The application of ecoenzymes in
wastewater treatment faces limitations due to studies being primarily
conducted under laboratory conditions rather than in real environmental
settings. Concerns in field applications lie in enzyme stability and the
activity under operational conditions such as temperature and pH. Future
research trends tend to be directed towards efforts to utilize bioenzymes
in broader applications, efforts to increase enzyme stability are important
to support the scale up application.

There are limitations in the studies we reviewed, including the studies
focus on short treatment durations, limiting understanding of the long-
term performance and stability of it in field applications. In addition, there
is a lack of comprehensive analysis of the long-term impact of their
application on various types and conditions of domestic wastewater. The
limited scope of current research calls for further investigation into the
long-term effectiveness and wider environmental impact of their
application. In addition, further research is needed to optimize its
production process and explore their application in various wastewater
treatment systems, including biofilters, constructed wetlands, and
combinations with phytoremediation.
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