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 Background: Household organic waste in Indonesia, which accounts 

for over 40% of total solid waste, creates major environmental, 

economic, and health challenges, especially in semi-urban areas with 

limited waste management systems and low community 

participation. This study explores the potential of eco-enzymes as a 

community-based innovation to reduce organic waste while 

promoting ecological literacy and environmental citizenship. 

Methods: A qualitative case study was conducted in Lebak Regency 

(September 2024–January 2025) involving households, schools, 

women’s groups, youth organizations, farmers, and the local 

environmental agency. Data were collected through observation, 

interviews, focus group discussions, and document analysis, and 

were analysed thematically following the Miles and Huberman 

framework. 

Results: The findings show that eco-enzyme training led to high 

adoption among participants, resulting in a noticeable reduction of 

household organic waste and methane emissions, while also 

strengthening community networks. Schools demonstrated higher 

levels of participation compared to households, indicating a gap 

between institutional practices and daily behaviour.  

Contribution: This study contributes an integrative and replicable 

model that combines technical innovation with community 

empowerment. 

Conclusion: Eco-enzyme interventions enhanced ecological literacy, 

encouraged pro-environmental behaviour, and supported local 

socio-economic activities, aligning with SDG 11.6 and 12.3. These 

findings highlight the importance of cross-sector collaboration 

linking schools, households, and communities for sustainable waste 

management. 
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1. Introduction 

Waste management continues to pose a critical global challenge, affecting public health, 

ecosystem integrity, economic stability, and climate regulation [1]. Approximately 2.24 billion 

tons of municipal solid waste are generated annually worldwide, with nearly 50% originating 

from Asia; without targeted interventions, this volume is projected to increase by 70% by 2050 

[2]. Rapid urbanization, population growth, and increasing per capita consumption are major 

drivers of this trend. Improper waste handling contributes not only to soil, water, and air 

pollution but also to greenhouse gas emissions, particularly methane from landfills, which is 

approximately 28 times more potent than CO₂, thereby exacerbating climate change and 

imposing substantial economic and public health burdens globally [3]–[6]. Despite these well-

documented impacts, global waste management strategies remain fragmented and 

insufficiently integrated, underscoring the urgent need for innovative, scalable, and 

community-engaged solutions. 

In Indonesia, municipal solid waste generation is projected to reach 22.5 million tons in 

2024, predominantly organic, with food waste alone accounting for 40.9%, equivalent to 

approximately 184 kg per capita per year [1], [7]. This positions Indonesia among the world’s 

top waste-producing nations, highlighting a critical environmental and public health 

challenge. Historical trends indicate a steady annual increase of 3–4% in urban waste 

generation over the past decade, suggesting that without strategic interventions, volumes may 

double by 2050. Current waste management infrastructure, including landfills and processing 

facilities, operates at limited capacity, with many sites exceeding safe operational thresholds. 

Consequently, the gap between waste generation and management capacity not only strains 

infrastructure but also undermines progress toward Sustainable Development Goals, 

particularly SDG 11.6, which targets effective urban waste management, and SDG 12.3, 

emphasizing the reduction of food waste and promotion of sustainable consumption [2], [8]. 

At the household level, limited ecological literacy, inadequate environmental education, and 

low participation in waste segregation exacerbate waste accumulation, reflecting that the 

challenge is not only technical but also socio-cultural in nature. This nationwide challenge is 

also evident at the regency level, where local governments face acute waste management 

pressures that mirror and, in some cases, intensify the broader national problem. 

At the regency level, Lebak faces critical waste management pressures, with daily waste 

accumulation reaching approximately 10 tons. Key final disposal sites, including Dengung and 

Cihara, reportedly operate beyond their designed capacities, heightening the risk of 

environmental degradation and public health hazards [7]. Field observations indicate multiple 

environmental and health concerns, including methane emissions, groundwater 

contamination, localized flooding, and increased incidence of environment-related diseases 

such as diarrhea, respiratory infections, and dengue fever [9]–[11]. These impacts are further 

reinforced by technical limitations, including inadequate collection fleets, outdated processing 

technologies, and insufficient recycling facilities, which entrench reliance on landfilling and 

undermine circular economy principles as well as sustainable waste management objectives 
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[12]–[14]. This combination of systemic and technical constraints highlights the urgent need 

for integrated interventions that address capacity deficits while leveraging low-cost 

technological innovations. 

Community-based interventions that combine citizen empowerment and environmental 

character education have consistently demonstrated greater effectiveness in promoting pro-

environmental behaviors than technical solutions alone [15], [16]. One of the most promising 

community-based solutions is eco-enzyme, a fermented product derived from household food 

waste. Eco-enzyme works through a simple fermentation process, combining fruit or vegetable 

residues with sugar and water to produce enzymes and bioactive compounds capable of 

reducing organic waste and methane emissions, while minimizing reliance on synthetic 

chemicals and mitigating water pollution [9], [17]. Among these innovative approaches, eco-

enzyme, a fermented product derived from household food waste, has emerged as a 

promising, cost-effective, and environmentally sustainable solution. Eco-enzyme can function 

as a biofertilizer, natural cleaner, organic pesticide, and disinfectant, directly supporting 

circular economy principles [18]–[21]. 

The fermentation process is straightforward, typically combining fruit or vegetable 

residues with sugar and water, producing enzymes and bioactive compounds capable of 

reducing organic waste and methane emissions, while minimizing reliance on synthetic 

chemicals and mitigating water pollution [9], [20]. Preliminary field studies in semi-urban 

contexts report reductions in household organic waste of approximately 35% over three 

months, indicating both environmental and socio-economic potential [22], [23]. School- and 

community-based applications enhance ecological literacy and environmental citizenship [8], 

[17]. However, effectiveness is influenced by factors such as raw material composition, 

fermentation conditions, and household engagement, highlighting the importance of 

integrating eco-enzyme application with environmental education and community 

participation strategies. Such integration not only enhances ecological literacy but also 

reinforces sustainable waste management behaviors, suggesting that eco-enzyme deployment 

is most successful when implemented alongside structured community empowerment 

initiatives. 

Despite its demonstrated benefits, eco-enzyme adoption remains critically low and 

uneven across communities. Multiple interrelated barriers constrain uptake, variability in raw 

materials and fermentation uncertainties reduce reliability; low ecological literacy, coupled 

with perceptions that waste management is primarily a governmental responsibility, 

diminishes household engagement; and insufficient policy support limits scalability and 

sustainability [1], [24]–[26]. Consequently, household participation in community-based waste 

management initiatives often remains far below effective thresholds (~<15%), undermining 

potential reductions in organic waste and associated methane emissions. Comparative studies 

in Vietnam and China further emphasize that active social participation, combined with 

capacity-building interventions, is a decisive factor for successful waste reduction programs 

[27], [28]. Yet, despite these insights, no existing study has systematically examined a model 
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that integrates eco-enzyme innovation with educational and community-based dimensions, 

leaving a significant research gap that this study seeks to address. These findings underscore 

the urgent need for integrative approaches that simultaneously address technical, educational, 

and institutional barriers, particularly in semi-urban contexts such as Lebak Regency, where 

socio-cultural norms, limited infrastructure, and variable community engagement present 

unique implementation challenges. However, no existing study has systematically examined 

a model that integrates eco-enzyme innovation with educational and community-based 

dimensions, leaving a significant research gap. 

Despite growing interest in community-based waste management, no study has 

systematically examined a model that simultaneously integrates (i) technical innovation via 

eco-enzyme, (ii) environmental character education to enhance ecological literacy, and (iii) 

multi-level community empowerment strategies encompassing households, schools, women’s 

groups, youth associations, and farmers, particularly in semi-urban contexts such as Lebak 

Regency. Existing interventions tend to focus on single components, limiting both behavioral 

adoption and measurable environmental outcomes. Building upon this identified gap, the 

present study develops and evaluates a comprehensive community-based eco-enzyme model 

with dual contributions. 

Addressing this gap, the present study develops and evaluates a comprehensive 

community-based eco-enzyme model with dual contributions. Theoretically, it advances the 

integration of environmental character education frameworks, community empowerment 

theory, and circular economy principles, providing a structured approach to translate 

individual ecological awareness into collective action. Empirically, it generates robust field 

evidence on the model’s effectiveness in: (1) reducing household organic waste through eco-

enzyme application; (2) improving ecological literacy and fostering environmental citizenship; 

and (3) enhancing sustained active participation among diverse community actors. 

This study further offers practical, actionable insights for local governments, schools, and 

community organizations, highlighting strategies to achieve SDG targets 11.6 and 12.3 while 

demonstrating scalable solutions for semi-urban waste management challenges [29]. By 

explicitly combining technical, educational, and social interventions, this research provides a 

novel, evidence-based approach with both theoretical rigor and measurable local impact. The 

objectives of this study are to: 1) Develop a community-based eco-enzyme model that 

integrates technical innovation, environmental character education, and community 

empowerment strategies; 2) Assess the model’s effectiveness in reducing household organic 

waste and associated methane emissions; and 3) Evaluate changes in ecological literacy, 

environmental citizenship, and community participation resulting from the intervention. 

Thus, this study fills a critical gap by systematically integrating eco-enzyme innovation, 

environmental character education, and community empowerment into a single 

comprehensive model. Unlike previous studies that addressed these aspects in isolation, the 

present research emphasizes their interconnection, offering both theoretical advancement and 

practical applicability. Theoretically, the study contributes to the development of an integrated 



 SPEKTA Vol. 6. No 2, December 2025 pp. 230-245  

234                                                                                               https://doi.org/10.12928/spekta.v6i2.14387 

framework that extends current environmental education and sustainability discourses. 

Practically, it provides actionable insights for semi-urban communities facing mounting waste 

management challenges, highlighting scalable strategies that align with the circular economy 

and community-based sustainability principles. This dual contribution underscores the 

novelty of the research and strengthens its relevance for academic, policy, and community 

stakeholders. 

 

2. Method 

2.1.  Research Design 

This study employed a qualitative exploratory case study to investigate household organic 

waste management using eco-enzyme in Lebak Regency, Banten, Indonesia. The study 

examined multi-stakeholder practices, perceptions, and social interactions to assess the role of 

eco-enzyme in community empowerment and environmental character education. Data were 

collected through participant observation, semi-structured interviews, focus group 

discussions (FGDs), and document analysis. Thematic analysis, guided by Miles, Huberman, 

and Saldaña [30] [31] [32], was applied to identify patterns and develop a community-based 

eco-enzyme model for semi-urban contexts. 

2.2.  Location and Duration 

Research was conducted in Lebak Regency from September 2024 to January 2025, 

corresponding with a three-month eco-enzyme fermentation cycle. Sites were purposively 

selected based on high organic waste generation (40–45%), low waste segregation rates (>70% 

mixed), limited community engagement (<15% active participants in waste banks), and semi-

urban infrastructural challenges [27] [28]. 

2.3.  Participants and Sampling 

Participants were purposively selected to represent multiple stakeholders involved in eco-

enzyme household waste management [32]. The sample included 30 household heads (active, 

passive, non-users), 10 PKK facilitators, teachers, and youth representatives, 3 local DLH 

officials, and 7 environmental activists (N≈50), adjusted for data saturation. Triangulation 

across methods ensured diverse perspectives and validity. 

2.4.  Data Collection 

Data were collected using complementary methods to enhance validity. Participant 

observation documented household waste-sorting practices, eco-enzyme production, and 

community interactions [33]. Semi-structured interviews explored perceptions, motivations, 

barriers, and impacts of eco-enzyme activities; all interviews were transcribed verbatim [34], 

[35]. FGDs (three sessions, 10 participants each) included stakeholders from urban, semi-

urban, and rural areas to discuss challenges, empowerment, and educational outcomes. 

Document analysis covered local policies, waste-bank reports, training archives, and media 
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coverage, contextualizing findings. To ensure validity, interview transcripts were returned to 

participants for member checking, FGD findings were cross-verified among participants, and 

observational records were triangulated with policy documents, training reports, and waste-

bank archives. This iterative validation process enhanced the accuracy and credibility of the 

dataset prior to thematic analysis. 

2.5.  Procedure and Data Analysis 

As seen in Figure 1, following Miles, Huberman, and Saldana [31], data analysis proceeded 

in four systematic steps: (1) data reduction: transcribed interviews, FGD notes, and 

observations were condensed and coded using NVivo software; (2) data display: coded data 

were organized into matrices and diagrams to identify relationships; (3) conclusion drawing 

and verification: emerging patterns were interpreted thematically; (4) validation: credibility 

was ensured through member checking, peer debriefing, and audit trails. In the coding 

process, descriptive and in vivo coding were first applied (first-cycle coding) to capture 

participants’ own expressions, followed by pattern coding (second-cycle coding) to cluster 

categories into broader concepts. These categories were then refined through axial coding to 

construct overarching themes aligned with the eco-enzyme community model [31]. Three main 

themes were identified: (a) technical aspects (fermentation process, product quality, utility), 

(b) community empowerment (PKK, schools, youth, DLH), and (c) environmental character 

education (responsibility, care, sustainability). 

 

 

 

 

 

 

 

 

Figure 1. Research Stages 

2.6.  Trustworthiness 

Trustworthiness followed Lincoln and Guba’s criteria [36]. Credibility was ensured via 

prolonged engagement, triangulation of sources and methods, and member checking. 

Transferability was achieved through thick description of social and environmental contexts. 

Dependability relied on audit trails and peer debriefing, while confirmability was maintained 

through reflexive documentation. Ethical approval was obtained from the Research Ethics 

Committee of STAI Latansa Mashiro, Indonesia (Approval No: 124/KEPK/IX/2024), and 

written informed consent was secured from all participants before data collection. In addition 

to these measures, data validation was embedded throughout the collection process via 

member checking, participant cross-validation, and source triangulation, ensuring that 

interpretations remained faithful to participants’ perspectives and contextual realities. These 
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integrated procedures not only strengthened credibility, dependability, transferability, and 

confirmability but also enhanced the overall validity of the dataset and interpretations. 

3. Results and Discussion 

3.1.  School as a Driver of Ecological Character Formation 

Observations at MAN 1 Lebak show high institutionalization of environmental character 

education through routine clean-up activities, organic–inorganic waste separation, and 

student participation (~90%). As seen in Table 1, teacher interviews emphasize the importance 

of sustained habits. However, household surveys indicate only ~25% of families consistently 

separate waste, constrained by a lack of facilities (55% without separate bins) and perceived 

ineffectiveness (20% consider separation futile due to final mixing at TPS). This highlights a 

school–home gap, mirroring the value–action gap where pro-environmental knowledge is not 

automatically practiced at home [27], [28]. Facilities and structured programs improve school-

level engagement, with average organic waste separation reaching 120 kg/week. The Theory 

of Planned Behavior suggests that high participation may enhance internalization of ecological 

values [14], [15]. 

Table 1. Pretest–Posttest School–Home Gap 

Indicator 
Pretest 

School (%) 

Pretest 

Home (%) 

Gap 

(%) 

Posttest 

School (%) 

Posttest 

Home (%) 

Gap 

(%) 

Waste Separation 90 25 65 92 60 32 
Participation in Clean-up 85 30 55 87 55 32 
Ecological Value Understanding 95 50 45 96 75 21 

 

The largest gap was observed in waste separation practices. This suggests that while 

schools provide structured routines and peer-driven accountability, households often lack the 

infrastructure and social reinforcement necessary to sustain these behaviors. Limited access to 

proper waste bins, irregular collection systems, and insufficient local monitoring contribute to 

lower participation at the household level [1]. As seen in Figure 2, such structural limitations 

explain why technical practices that are easily institutionalized in schools become harder to 

replicate at home. Previous studies also emphasize that household environments are decisive 

in shaping sustainable waste behavior, where interventions and community empowerment 

significantly influence the adoption of waste segregation [9]–[11]. 

3.2.  Community-Based Eco-Enzyme Training 

As seen in Table 2, in Desa Sumur Bandung, 40 participants (10 students, 10 youth, 20 

mothers) underwent eco-enzyme training covering concept, fermentation, recipes, and 

benefits. Post-training results indicate 80% successfully produced eco-enzyme meeting 

standards (pH < 4, fresh aroma, clear solution). FGD identified motivation (waste reduction, 

fertilizer production), barriers (difficulty in measuring ingredients), and replication strategies 

(small batches, weekly pH monitoring). 
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Figure 2. School Environmental Activities 

 

Table 2. Community-Based Eco-Enzyme Training Outcomes 

Indicator Pre Post Change (%) Notes 

Active Participants 0 30 - ≥80% session attendance 

Fermentation Success (%) 0 90 +90 3 batches failed 

Organic Waste Sorting Frequency 1 4 +300 At participant homes 

Knowledge Score (0–10) 2 8 +300 Post-test 

Pro-environmental Attitude (0–5) 2 4 +100 Self-report 

 

Simulations suggest 20 households could process -100 kg of organic waste/week, reducing 

methane emissions by -50 kg/week [1], [3]. Key constraints include ingredient variation, 

fermentation precision, and monitoring. The eco-enzyme program reduced organic waste 

volume by approximately 80–90%. While this outcome demonstrates technical effectiveness, 

the wider implication lies in how experiential practices stimulate sustained behavioral change. 

Previous studies highlight that community-based waste management interventions can 

significantly strengthen participation and environmental responsibility when individuals 

directly observe the benefits of their actions [15], [16]. As seen in Figure 3 and Figure 4, this 

finding suggests that eco-enzyme practices not only reduced waste but also fostered a sense of 

environmental ownership, which is essential for sustaining long-term community 

participation in line with global recommendations for integrated waste management [1]. 

 

 

 

 

Figure 3. Development of Environmental 

Character at MAN Lebak 

Figure 4. Documentation of the Eco-Enzyme 

Training 
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3.3.  Eco-Enzyme Utilization for Natural Cleaning Products 

Eco-enzyme is produced via anaerobic–semi-aerobic fermentation of organic waste, 

generating bioactive compounds with antibacterial and lipid-emulsifying properties. Standard 

quality: pH < 4, clear solution, fresh fermentation aroma. Produced eco-enzyme served as base 

for floor soap, dish soap, body soap, and laundry detergent. Formulations incorporate 

surfactants (MES) or natural alternatives (coco-glucoside, saponin), maintaining effectiveness 

while improving biodegradability. 

Table 3. Eco-Enzyme-Based Household Cleaning Products 

Product 

Eco-

Enzyme 

(ml/1000 

ml) 

MES 

(ml) 
pH 

Oil 

Removal 

(%) 

Antibacterial 

(%) 

Biodegradability 

(%) 

Dish Soap 300 50 3.8 82 12 mm E. coli 

zone 

70 

Body Soap 300 40 3.9 75 10 mm 72 

Laundry 

Detergent 

300 45 3.7 80 11 mm 68 

Floor Soap 300 30 3.7 78 9 mm 75 

 

As seen in Table 3, variability in fermentation (25–40%), batches below standard) reflects 

differences in substrate ratios, process consistency, and SOP compliance, highlighting the need 

for structured community support. Documentation indicated strong student engagement in 

eco-enzyme projects. Beyond enthusiasm, this reflects the pedagogical role of experiential 

learning in shaping environmental literacy. Direct involvement enabled students to internalize 

abstract sustainability concepts through tangible practices, as also demonstrated in 

participatory eco-enzyme learning activities that enhance students’ scientific understanding 

and responsibility [18]–[21]. As seen in Figure 5, this explains why eco-enzyme activities were 

not only well-received but also translated into deeper cognitive and affective learning 

outcomes, reinforcing previous findings that eco-enzyme projects significantly contribute to 

early environmental literacy and community-based sustainability education [37], [38]. 

 

 

 

 

 

Figure 5. Example of Eco-Enzyme Storage Container 
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Figure 6. Stages of Eco-Enzyme Production 

 

In Lebak, <30% of households have regular TPA access; >70% still burn mixed waste, 

emitting methane (~28× CO₂ global warming potential). As seen in Figure 6, eco-enzyme 

adoption can mitigate emissions: a household processing 3 kg/week could reduce ~12 

kg/month of organic waste; scaling to 500 households could reduce 6 tons/month and ~0.84 

tons CH₄/month. Products also provide economic incentives [37], [38]. BUMDes' involvement 

consolidates production, SOP/QC, marketing, and regulation compliance, closing the school–

home gap and promoting circular economy benefits.  

The findings demonstrate that schools serve as effective drivers of ecological character 

formation; however, the transfer of values from schools to households remains limited, 

reflecting a persistent value–action gap widely reported in semi-urban Asia [27], [28]. This 

study uniquely integrates school-based environmental education with community-driven eco-

enzyme practices, bridging the school–home gap while promoting circular economy initiatives 

in a semi-urban area. Despite high student engagement in school-based waste separation 

(90%), household adoption remains low (25%), highlighting a persistent value action gap. The 

disparity suggests that institutional support alone does not guarantee behavior transfer, 

consistent with TPB, which emphasizes the role of perceived behavioral control and enabling 

conditions [15], [16]. This supports the Theory of Planned Behavior, which posits that 

knowledge and attitudes do not automatically translate into consistent behavior without 

enabling conditions and perceived behavioral control [14]. The novelty of this study lies in 

demonstrating how structured school programs and eco-enzyme training can significantly 

enhance environmental literacy and technical practices, while simultaneously exposing 

systemic barriers such as inadequate facilities, inconsistent infrastructure, and limited 

perceived benefits [39]. These findings confirm that knowledge internalization alone is 

insufficient without institutional and community support [15]. 

Community-based eco-enzyme training revealed strong potential for scaling waste 

reduction, as participants not only acquired technical competence but also began replicating 

practices at home. Community-based training not only enhanced technical competence 

(fermentation success 90%) but also fostered replicability at the household level, 

demonstrating participatory empowerment principles [37], [38]. Nevertheless, batch 
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variability (25–40%) indicates the need for standardized SOPs and ongoing technical support 

[19], [40]. This aligns with participatory empowerment theory, which emphasizes that hands-

on engagement enhances self-efficacy and motivation [37], [38]. Nonetheless, challenges in 

standardizing fermentation quality due to variations in resources highlight the need for precise 

standard operating procedures [19], [40]. While eco-enzymes offer advantages in terms of 

accessibility and affordability [29], [41], their limitations underscore the necessity of coupling 

community empowerment with technical support and monitoring systems [22]. 

The development of eco-enzyme–based cleaning products illustrates an innovative 

pathway toward circular economy practices, offering both ecological benefits and local 

economic opportunities [20], [42]. This aligns with the concept of waste valorization, whereby 

organic residues are transformed into marketable goods [17], [21]. The transformation of 

organic waste into cleaning products illustrates a circular economy approach, offering 

environmental mitigation and local income generation [20], [42]. Challenges in product 

consistency highlight the importance of institutional consolidation, e.g., BUMDes, to ensure 

quality, compliance, and scalability. However, dependence on surfactants, regulatory 

compliance, and quality consistency issues highlight the importance of institutional 

consolidation through village-owned enterprises (BUMDes) or similar entities [11] [43]. This 

consideration is particularly relevant for semi-urban areas with weak formal waste 

management services [9], [44], suggesting the potential generalizability of these findings to 

other Southeast Asian communities facing comparable infrastructure challenges. 

This study is limited by its short duration, small sample size (40 participants), and semi-

urban setting, which may restrict generalizability. Future research should consider 

longitudinal studies across multiple communities to assess sustained behavior and broader 

environmental impact. Overall, this study underscores that effective community 

empowerment requires the integration of school-based education, household engagement, and 

institutional support to overcome structural barriers. Eco-enzyme adoption demonstrates 

measurable environmental and socio-economic benefits, consistent with sustainable 

development principles [1], [45]. However, its long-term sustainability depends on technical 

standardization, governance, and continuous behavioral reinforcement. Multi-stakeholder 

collaboration linking schools, households, and local governance emerges as a replicable model 

for semi-urban communities seeking to bridge the school-home gap and foster a circular 

economy. 

This research contributes novel insights by integrating school-based environmental 

education with community-driven eco-enzyme innovation, bridging the school–home gap and 

promoting circular economy practices. The approach demonstrates measurable environmental 

benefits (waste reduction, methane mitigation) and socio-economic potential (product 

commercialization) [1]. These findings directly support the achievement of Sustainable 

Development Goals (SDGs), particularly Goal 12 (Responsible Consumption and Production) 

and Goal 13 (Climate Action), by highlighting methane emission mitigation through 

community-scale organic waste processing. 
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Limited technology and low household participation reflect a “double burden” in semi-

urban Asia [27] [28]. Eco-enzyme provides cost-effective, easy-to-apply solutions for organic 

waste management. School-based education significantly improves student understanding (25 

→ 75%), but household adoption remains ~35%, indicating a persistent implementation gap 

[30], [38]. Product derivatives (soap, detergent) present local economic potential, though 

regulation, quality, and surfactant choices must be managed [20]. 

 

4. Conclusion 

This study provides evidence that household-scale eco-enzyme production offers an 

innovative and practical circular solution for organic waste management in semi-urban 

communities. The novelty of this study lies in integrating eco-enzyme production with 

environmental character education across school family community ecosystems, creating 

synergistic environmental, social, and pedagogical outcomes beyond conventional waste 

management interventions. Field trials demonstrated significant waste reduction, high 

fermentation success, and stable products. 

For large-scale adoption, critical enabling conditions must be ensured, including 

standardized production protocols, community training, participatory monitoring systems, 

and local policy alignment. Future research should focus on longitudinal behavioral analyses, 

life-cycle and cost–benefit assessments, microbiological safety and agronomic efficacy testing, 

and experimental interventions to optimize family-centered environmental character 

education. This empirically validated, community-embedded model provides actionable 

pathways to replicate eco-enzyme-based waste management in semi-urban contexts, 

supporting SDG 11.6 and 12.3 while bridging technical innovation with sustainable social 

transformation.  
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