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ABSTRACT: The chocolate processing industry generated wastewater containing high 

concentrations of organic pollutants that could pose significant environmental risks if not 

properly treated. This study aimed to analyze the characteristics of wastewater generated from 

the chocolate-based food industry and to evaluate the effectiveness of a Wastewater Treatment 

Plant (WWTP) employing an activated sludge system. The research was conducted through 

field observations and laboratory analyses of 33 physical, chemical, and biological parameters 

at the WWTP inlet and outlet points. Sampling was performed using the grab sampling method 

in accordance with SNI 6989.59:2008, with a total of 33 samples collected during the period 

from October 2025 to April 2026. The results indicated that the main pollutant parameters at 

the WWTP inlet were Biochemical Oxygen Demand (BOD) at 1524 mg/l, Chemical Oxygen 

Demand (COD) at 6470 mg/l, and Total Coliform at 19,000 MPN/100 ml, all of which 

exceeded the environmental quality standards. Following the treatment process, the 

concentrations decreased to 12.94 mg/l for BOD, 54.70 mg/l for COD, and 560 MPN/100 ml 

for Total Coliform. The removal efficiencies achieved were 99.15% for BOD, 99.15% for 

COD, and 97.05% for Total Coliform. These findings demonstrated that the combination of 

chemical treatment and activated sludge processes was effective in reducing organic and 

microbiological pollutant loads to comply with the environmental quality standards stipulated 

in the Indonesian Ministry of Environment and Forestry Regulation No. 5 of 2014. Optimal 

wastewater treatment not only contributed to environmental protection but also supported 

social responsibility and industrial sustainability. 

KEYWORDS: Chocolate industry wastewater; activated sludge; BOD; COD; Total Coliform; 

WWTP. 

1. Introduction 

The chocolate processing industry is one of the fastest-growing sectors within the global food 

and beverage industry, driven by increasing consumer demand for chocolate-based products. 

The production process involves various stages, including cocoa bean cleaning, roasting, 
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grinding, mixing, conching, and packaging [1]. These operations require substantial amounts 

of water for processing activities, equipment washing, and facility sanitation. Consequently, 

chocolate manufacturing facilities generate considerable volumes of wastewater containing 

dissolved and suspended organic matter derived from cocoa solids, sugar residues, fats, 

proteins, and other food-processing by-products. Wastewater generated from the chocolate 

industry generally originates from raw material mixing, refining, conching, molding, and 

equipment cleaning processes, resulting in effluents with relatively high concentrations of 

BOD and COD [2, 3]. If not properly treated, such wastewater may cause deterioration of water 

quality, including depletion of dissolved oxygen, eutrophication, and disruption of aquatic 

ecosystems [4, 5]. Therefore, wastewater treatment through a WWTP is an essential measure 

for pollution control. In Indonesia, industrial wastewater quality standards are regulated under 

the Ministry of Environment and Forestry Regulation No. 5 of 2014, which establishes the 

maximum allowable pollutant concentrations before discharge into the environment. 

 The characteristics and volume of wastewater generated by the food processing industry 

varied depending on the type of product and production methods employed [6]. Wastewater 

generated from the chocolate processing industry generally contained very high concentrations 

of organic matter, as reflected by significant levels of BOD and COD. BOD concentrations in 

chocolate industry wastewater were reported to range from 5,000–12,000 mg/L, while COD 

concentrations ranged between 10,000–20,000 mg/L. These elevated BOD and COD values 

indicated high concentrations of dissolved and suspended organic substances, such as sugars, 

cocoa fats, proteins, and polyphenolic compounds originating from chocolate production 

processes. This condition was consistent with findings indicating that chocolate industry 

wastewater possessed high biodegradability characteristics, as demonstrated by a relatively 

high BOD/COD ratio [7]. Recent studies also demonstrated that pH control was a key factor in 

improving BOD and COD removal efficiencies in food industry wastewater treatment systems 

[8]. 

 Wastewater containing high pollutant concentrations requires proper treatment before 

being discharged into the environment. To determine appropriate wastewater treatment 

technologies and predict potential environmental impacts, it is necessary to identify wastewater 

characteristics according to their specific sources [9]. Although numerous studies have 

investigated wastewater treatment in the food-processing sector, research specifically 

addressing chocolate-processing wastewater remains limited. Existing studies have primarily 

focused on anaerobic treatment technologies, operational temperature effects, and bioenergy 

recovery using pilot-scale UASB reactors, whereas evaluations of full-scale WWTP 

performance through inlet–outlet assessments under actual industrial operating conditions are 

still scarce, particularly in developing countries such as Indonesia [10]. In this study, the 

identified wastewater characteristics were obtained from a chocolate-based food processing 

industry. The objective of this research was to analyze the characteristics of wastewater 

generated by the industry and evaluate potential technologies for reducing wastewater pollutant 

parameters. This study analyzed the results of 33 wastewater quality parameters measured 

during a seven month monitoring period in order to identify the dominant wastewater 

parameters generated by the chocolate industry. 
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 Unlike previous studies that mainly focused on general food industry wastewater 

characteristics, this study provided a comprehensive long-term evaluation of wastewater 

treatment performance in a chocolate-processing industry using a combined physicochemical 

and activated sludge system under actual industrial operating conditions in Indonesia. The 

study not only evaluated pollutant removal efficiency but also analyzed biodegradability 

characteristics, environmental compliance, and the sustainability implications of wastewater 

treatment performance. This integrated approach provided a more comprehensive 

understanding of the effectiveness and operational stability of industrial wastewater treatment 

systems in the food-processing sector. 

2. Materials and Methods 

2.1. Research location. 

This study was conducted at a chocolate processing industry located in Tangerang Regency, 

Indonesia, which is equipped with a WWTP facility for treating industrial wastewater prior to 

its discharge into the receiving water body. The chocolate processing industry is categorized 

as one of the food industries that generates wastewater with relatively high organic pollutant 

content, primarily originating from equipment washing processes, raw material mixing, 

cooking, cooling, and production area sanitation activities. The organic load is generally 

characterized by elevated concentrations of BOD, COD, total coliform, which may adversely 

affect environmental quality if not treated properly and optimally. The selection of the research 

location was based on the consideration that the industry has implemented an integrated 

wastewater treatment system, thereby enabling the evaluation of wastewater characteristics 

under both pre-treatment and post-treatment conditions. According to [11], food industry 

wastewater generally contains high concentrations of organic matter that require integrated 

treatment systems to prevent environmental pollution and to maintain the quality of receiving 

water bodies. The study was conducted over the period from October 2025 to April 2026. The 

relatively long research period was intended to obtain wastewater quality data that are more 

representative of variations in industrial production operations. 

2.2.Research method. 

The research method employed in this study was a quantitative descriptive approach through 

the collection of primary data obtained from field observations and laboratory testing results. 

The descriptive method was applied to describe the actual conditions of wastewater 

characteristics generated by the chocolate processing industry based on physical, chemical, and 

biological parameters. Meanwhile, the quantitative approach was used to analyze the 

concentrations of pollutant parameters contained in the wastewater. Field observations were 

conducted directly at the WWTP area to understand the wastewater treatment process flow, the 

operational conditions of the treatment units, as well as potential pollution sources that may 

affect wastewater quality. The observations included preliminary treatment units (pre-

treatment), biological treatment processes, sedimentation units, and the final treatment stage 

prior to wastewater discharge into the environment. 
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This study also aimed to evaluate the effectiveness of the wastewater treatment system 

in reducing pollutant concentrations through a comparison of wastewater quality at the inlet 

and outlet of the WWTP. The evaluation was conducted by analyzing changes in the values of 

key parameters such as BOD, COD, TSS, oil and grease, as well as other pollutant parameters 

commonly found in chocolate-based food industry wastewater. This research approach was 

considered appropriate because it was able to provide a scientific description of the 

characteristics of wastewater generated by the chocolate processing industry while 

simultaneously evaluating the performance level of the WWTP based on actual laboratory 

testing results. According to [1], explained that a quantitative descriptive approach is effective 

for evaluating the performance of food industry wastewater treatment systems through the 

identification of major pollutant parameters and treatment efficiency analysis. In addition, [12] 

stated that WWTP operational observations combined with laboratory analyses are capable of 

providing a comprehensive evaluation of the stability of biological processes in the treatment 

of food industry wastewater containing high organic carbon concentrations. 

2.3. Sampling technique. 

Wastewater sampling was conducted using the grab sampling method, which refers to the 

collection of samples at a specific point and time considered representative of the wastewater 

condition during the observation period. The grab sampling method is widely applied in 

industrial wastewater quality studies because it is capable of representing the actual condition 

of wastewater at a specific time. According to, [13] reported that wastewater sampling at the 

inlet and outlet points of a WWTP is effective for evaluating the stability of industrial 

wastewater treatment processes as well as the removal efficiency of organic pollutant loads. 

Sampling at these two locations was intended to determine the reduction level of pollutant 

parameter concentrations as an indicator of the effectiveness of the wastewater treatment 

process. 

 The sampling procedure referred to SNI 6989.59:2008 concerning wastewater sampling 

methods. This standard was applied to ensure that the processes of sampling, preservation, and 

sample transportation were carried out in accordance with standardized procedures, thereby 

ensuring high accuracy and validity of laboratory test results. The collected samples were 

placed in sterile containers, labeled for identification, and stored under specific conditions to 

prevent changes in their characteristics prior to laboratory analysis. A total of 33 samples were 

analyzed, consisting of inlet and outlet samples collected over the study period. Sampling was 

conducted every six months from October 2025 to April 2026. Periodic sampling was carried 

out to obtain data capable of representing variations in wastewater quality due to changes in 

industrial operations and WWTP treatment conditions. 

2.4.Wastewater testing parameters. 

Wastewater quality testing was carried out in an accredited laboratory to ensure that the 

analytical results met the required standards of precision, accuracy, and reliability for 

environmental testing. The analyzed parameters included physical, chemical, and biological 

indicators selected based on the general characteristics of food industry wastewater, 

particularly from the chocolate processing industry. 
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2.4.1. Physical parameters. 

The physical parameters analyzed included temperature, TDS, and TSS. Temperature 

measurements were conducted to determine the thermal condition of the wastewater, as 

temperature can influence microbial activity in biological treatment processes as well as 

dissolved oxygen levels in water. TDS was used to quantify the amount of dissolved solids in 

the wastewater, while TSS was used to determine the concentration of suspended particulate 

matter that may contribute to turbidity and sedimentation in the receiving water body. High 

TSS levels in food industry wastewater are generally derived from raw material residues, 

chocolate particles, and production process waste. According to [14], high suspended solids in 

WWTP influent can affect the efficiency of biological processes and increase the load on 

sedimentation units. The study also explained that temperature has a significant influence on 

microbial activity in biological treatment systems. 

2.4.2. Chemical parameters. 

Chemical parameters include pH, dissolved iron (Fe), dissolved manganese (Mn), barium (Ba), 

copper (Cu), zinc (Zn), hexavalent chromium (Cr⁶⁺), total chromium (Cr), cadmium (Cd), 

mercury (Hg), lead (Pb), stannous (Sn), arsenic (As), selenium (Se), nickel (Ni), cobalt (Co), 

cyanide (CN), sulfide (H₂S), fluoride (F), free chlorine (Cl₂), ammonia-nitrogen (NH₃-N), 

nitrate (NO₃-N), nitrite (NO₂-N), total nitrogen, BOD, COD, active methylene blue 

compounds, phenol, oil & fat. BOD and COD were the primary parameters in this study, as 

they represent the organic pollutant load in wastewater. BOD indicates the amount of oxygen 

required by microorganisms to biologically decompose organic matter, whereas COD 

represents the oxygen demand needed to chemically oxidize organic compounds [15]. High 

BOD and COD values in chocolate industry wastewater are generally attributed to the presence 

of sugars, fats, proteins, and other organic residues from production processes [2 , 3]. 

According to [3], reported that food industry wastewater contains high levels of COD and oil 

and grease due to the accumulation of complex organic compounds from production processes. 

Meanwhile, [5] stated that BOD and COD are key indicators for evaluating biological treatment 

performance because they are directly related to the organic load in food industry wastewater. 

2.4.3. Biological parameters. 

The biological parameter analyzed in this study was total coliform. Total coliform testing was 

conducted to determine the potential microbial contamination in wastewater originating from 

sanitation activities and domestic waste within the industrial area. The presence of coliform 

bacteria serves as an indicator of biological pollution and reflects the level of hygiene in the 

wastewater treatment system [16]. The analysis of biological parameters is important because 

food industry wastewater not only contains organic and chemical pollutants but may also 

harbor microorganisms that can affect environmental quality if not properly treated. According 

to [17], the control of biological parameters in food industry wastewater is essential to maintain 

the quality of final effluent and to enhance the efficiency of biological processes in WWTP 

systems. 
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2.5.Data analysis methods. 

Data analysis was conducted using a quantitative descriptive method to describe the 

characteristics of wastewater at the WWTP inlet and outlet based on laboratory testing results. 

The collected data were processed to determine the mean, maximum, and minimum values of 

each tested parameter. Descriptive statistical analysis was used to provide an overview of 

pollutant concentration fluctuations during the study period. The mean value was used to 

represent the general characteristics of the wastewater, while the maximum and minimum 

values were used to identify variations in parameter concentrations due to changes in 

production activities and WWTP operational conditions. Wastewater quality evaluation was 

carried out by comparing the analytical results with the wastewater quality standards stipulated 

in the Regulation of the Minister of Environment and Forestry of the Republic of Indonesia 

No. 5 of 2014, Appendix XLVII Class II. This comparison aimed to determine the level of 

compliance of wastewater quality with applicable environmental standards. Treatment 

efficiency indicates the capability of the WWTP system to reduce pollutant concentrations, 

thereby producing wastewater that is safer for discharge into the environment. The higher the 

removal efficiency value, the better the performance of the wastewater treatment units in 

reducing pollutant loads. According to [18], the analysis of pollutant removal efficiency in 

WWTP systems is a key approach for evaluating the performance of industrial wastewater 

treatment processes. In addition, [19] pos stated that the evaluation of influent and effluent 

quality is essential to determine treatment effectiveness and compliance with environmental 

quality standards. In addition to descriptive statistical analysis, standard deviation analysis was 

applied to evaluate fluctuations in wastewater quality parameters during the observation period. 

Correlation analysis between BOD and COD concentrations was also conducted to evaluate 

the relationship between biodegradable organic matter and total organic pollutant load in the 

wastewater treatment process. 

3. Results and Discussion 

3.1.Influent WWTP test results (before processing). 

The variability in influent characteristics is generally influenced by fluctuations in production 

activities, wastewater flow rates, and raw material composition within the industrial process. 

Industrial wastewater is typically characterized by unstable organic loads and significant 

temporal variations, which can directly affect the operational stability of biological treatment 

systems. Industrial wastewater may significantly increase the hydraulic and organic loading 

rate, thereby influencing microbial activity and overall treatment performance in activated 

sludge systems [20]. Based on Table 1, the laboratory test results of WWTP influent, 

representing the average values from 33 samples, indicate that the wastewater characteristics 

of the chocolate industry can be comprehensively evaluated from physical, chemical, and 

biological aspects. The physical parameters show that temperature (29.8 °C), TDS (974 mg/l), 

and TSS (64 mg/l) are still below the applicable regulatory standards. This indicates that, in 

terms of dissolved and suspended solids, the wastewater does not yet exhibit an extreme 

pollutant load at the influent stage, further treatment is still required. The physical parameters 

show that temperature (29.8 °C), TDS (974 mg/l), and TSS (64 mg/l) are still below the 
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applicable standards. This suggests that the wastewater does not yet present an extreme 

pollutant load in terms of dissolved and suspended solids at the influent stage, although further 

treatment remains necessary. 

Table 1. Laboratory test results of WWTP influent chocolate industry. 

No. Parameter Unit Quality Standard Analysis Result 

1 Temperature °C 40 29.8 

2 TDS mg/l 4000 974 

3 TSS mg/l 400 64 

4 pH - 6–9 6.86 

5 Dissolved Iron (Fe) mg/l 10 0.500 

6 Dissolved Manganese (Mn) mg/l 5 0.300 

7 Barium (Ba) mg/l 3 0.500 

8 Copper (Cu) mg/l 3 0.400 

9 Zinc (Zn) mg/l 10 0.500 

10 Hexavalent Chromium (Cr⁶⁺) mg/l 0.5 <0.10 

11 Total Chromium (Cr) mg/l 1 <0.10 

12 Cadmium (Cd) mg/l 0.1 <0.040 

13 Mercury (Hg) mg/l 0.005 <0.0010 

14 Lead (Pb) mg/l 1 <0.10 

15 Tin (Sn) mg/l 3 <2.0 

16 Arsenic (As) mg/l 0.5 <0.002 

17 Selenium (Se) mg/l 0.5 <0.002 

18 Nickel (Ni) mg/l 0.2 <0.10 

19 Cobalt (Co) mg/l 0.6 <0.10 

20 Cyanide (CN⁻) mg/l 0.5 <0.004 

21 Sulfide (H₂S) mg/l 1 <0.06 

22 Fluoride (F⁻) mg/l 3 1.50 

23 Free Chlorine (Cl₂) mg/l 2 <0.03 

24 Ammonia Nitrogen (NH₃-N) mg/l 10 0.54 

25 Nitrate (NO₃-N) mg/l 30 1.34 

26 Nitrite (NO₂-N) mg/l 3 <0.010 

27 Total Nitrogen mg/l 60 24 

28 BOD mg/l 150 1524 

29 COD mg/l 300 6470 

30 MBAS mg/L 10 1.84 

31 Phenol mg/L 1 <0.20 

32 Oil and Grease mg/L 20 <5 

33 Total Coliform MPN/100 ml 10,000 19,000 

The data source is processed from laboratory test results from October 2025 to April 2026. Regulation of the 

Minister of Environmental Quality Standards No. 5 of 2014, Appendix XLVII Class II. 

For chemical parameters, most heavy metals such as Fe, Mn, Ba, Cu, Zn, Cr, Cd, Hg, Pb, 

and other trace elements were found to be far below the applicable wastewater quality 

standards. The pH value of 6.86 was also within the neutral range (6.0–9.0), indicating that the 

wastewater was relatively stable in terms of chemical characteristics. Nutrient-related 

parameters, including ammonia (0.54 mg/l), nitrate (1.34 mg/l), nitrite (<0.010 mg/l), and total 

nitrogen (24 mg/l), also complied with the regulatory standards. These nutrients still possess 

the potential to contribute to eutrophication in receiving water bodies if wastewater is 

discharged without adequate treatment. Key parameters indicated a high organic pollutant load 
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typically associated with chocolate-processing wastewater. BOD concentration (1524 mg/l) 

exceeded the permissible limit of (150 mg/l), while COD concentration (6470 mg/l) surpassed 

the quality standard of (300 mg/l). From a biological perspective, the total coliform 

concentration (19000 MPN/100 mL) also exceeded the allowable standard of 10000 MPN/100 

mL. Under these conditions, further analysis is required to determine an effective and efficient 

treatment method capable of reducing pollutant concentrations to comply with the established 

environmental quality standards and ensure safe discharge into receiving water bodies. 

3.2.Characteristics of main parameters of chocolate industry wastewater. 

Based on the laboratory analysis of WWTP influent wastewater, several key parameters 

indicate a high level of pollution, particularly BOD, COD, and Total Coliform. These three 

parameters are primary indicators used to evaluate the organic and biological pollutant load in 

industrial wastewater, including the chocolate industry. Figure 1 shows characteristics of major 

pollutant parameters in chocolate industry WWTP influent. 

 

Figure 1. Characteristics of major pollutant parameters in chocolate industry WWTP influent: (a) BOD 

concentration compared with the quality standard; (b) monthly variation of COD concentration from October 

2025 to April 2026; (c) COD concentration compared with the quality standard; (d) monthly fluctuation of COD 

concentration; (e) total coliform concentration compared with the quality standard; and (f) monthly variation of 

total coliform concentration. 

3.2.1. BOD. 

Based on Figure 1a, the concentration of BOD in the influent was 1524 mg/l, which is higher 

than the applicable regulatory standard of 150 mg/l. This indicates that the incoming 
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wastewater still contains a relatively high organic load. The elevated BOD value at the influent 

stage suggests that the organic burden in the wastewater remains significant and has the 

potential to reduce dissolved oxygen levels in the receiving water body. This condition 

highlights the need to optimize the treatment process to improve BOD removal efficiency and 

ensure compliance with environmental standards. The high BOD level in chocolate industry 

wastewater is generally attributed to the presence of sugars, cocoa fats, proteins, and other 

organic compounds derived from production processes [2, 3].  

Previous studies have shown that wastewater generated from chocolate and 

confectionery industries is characterized by high concentrations of readily biodegradable 

organic compounds, reflected by elevated COD and BOD levels as well as high 

biodegradability indices [2]. Elevated BOD levels in wastewater may accelerate oxygen 

depletion in aquatic environments, resulting in hypoxic conditions that adversely affect aquatic 

biota and overall ecosystem health [4]. On the other hand, the relatively high BOD/COD ratio 

indicates that the wastewater is biodegradable, making biological treatment processes such as 

the activated sludge system an effective method for reducing the pollutant load [15]. 

The monthly trend of  BOD oncentration at the WWTP influent demonstrated 

fluctuations throughout the monitoring period from October 2025 to April 2026 (Figure 1b). 

Influent BOD concentrations ranged from 1.380 mg/l to 1.580 mg/l, indicating consistently 

high biodegradable organic loads originating from chocolate-processing industrial activities. 

The observed increase in BOD concentration during several monitoring periods was likely 

associated with fluctuations in production capacity, raw material utilization, equipment 

cleaning processes, and variations in wastewater discharge volume. High BOD concentrations 

in food-processing wastewater generally indicate the presence of large quantities of 

biodegradable organic substances such as carbohydrates, proteins, fats, and residual cocoa 

materials generated during production activities.  

 Despite the fluctuations, the overall BOD trend remained relatively stable, suggesting 

that the wastewater characteristics were consistently dominated by biodegradable organic 

compounds. The stability of influent organic loading is an important factor supporting the 

effectiveness of activated sludge treatment systems because microbial populations can adapt 

more efficiently under relatively consistent substrate conditions [21]. The consistently elevated 

BOD concentrations observed in this study further emphasize the importance of maintaining 

stable operational conditions within the activated sludge reactor, including dissolved oxygen 

availability, hydraulic retention time, and microbial biomass activity, to ensure optimal 

biodegradation performance and compliance with environmental quality standards. 

 

 

 

3.2.2. Chemical Oxygen Demand (COD). 

Based on Figure 1c, the Chemical Oxygen Demand (COD) concentration in the influent 

wastewater was compared with the applicable wastewater quality standard. The influent COD 
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concentration reached 6470 mg/l, significantly exceeding the regulatory limit of 300 mg/l, as 

indicated by the dashed line in the figure. The elevated influent COD concentration reflects the 

high organic pollutant load present in the wastewater. Such conditions may adversely affect 

the quality of receiving water bodies if the wastewater is discharged without adequate 

treatment. Therefore, an effective treatment process is required to reduce the COD 

concentration to comply with the established environmental standards. The difference between 

COD and BOD values also provides insight into the fraction of organic compounds that are not 

readily biodegradable, which in some cases may require additional treatment processes such as 

chemical oxidation or advanced oxidation processes (AOPs) [15]. High COD concentrations 

indicate an increased oxygen demand in aquatic environments, potentially leading to dissolved 

oxygen depletion, deterioration of water quality, and disruption of ecosystem balance if the 

wastewater is not properly treated prior to discharge [22]. 

The monthly trend of COD concentration at the WWTP influent showed fluctuations 

during the observation period from October 2025 to April 2026 (Figure 1d). The COD 

concentrations ranged from 6.120 mg/l to 6.710 mg/l, indicating relatively high organic 

pollutant loading originating from chocolate-processing activities. The observed fluctuations 

were influenced by variations in production intensity, raw material composition, cleaning 

activities, and wastewater discharge volume during the operational process. Despite the 

fluctuations, the COD concentrations consistently exceeded the applicable wastewater quality 

standard of 300 mg/l, confirming that the wastewater generated by the chocolate-processing 

industry contained substantial amounts of organic matter requiring intensive treatment prior to 

environmental discharge. High COD concentrations in food industry wastewater are commonly 

associated with the presence of sugars, fats, proteins, and other biodegradable organic 

compounds derived from production residues. The relatively stable trend pattern also indicates 

that the wastewater characteristics remained consistently high-strength throughout the 

monitoring period, thereby emphasizing the importance of maintaining operational stability in 

the activated sludge treatment system to ensure optimal pollutant removal performance. 

3.2.3. Total coliform. 

Based on Figure 1e presents the Total Coliform concentration in the influent wastewater 

compared with the applicable wastewater quality standard. The influent Total Coliform 

concentration reached 19,000 MPN/100 mL, exceeding the regulatory limit of 10,000 

MPN/100 mL, as indicated by the dashed line in the figure. This condition indicates a potential 

environmental health risk if the wastewater is discharged into receiving water bodies without 

adequate treatment. Therefore, an effective treatment process, particularly disinfection, is 

required to reduce microbial concentrations to comply with the established standards. In the 

context of the food industry, including chocolate processing industries, the high organic content 

in wastewater can support microbial growth, thereby significantly increasing coliform 

concentrations. The presence of these microorganisms may not only deteriorate water quality 

but also pose public health risks if the wastewater is directly discharged into the environment 

without proper disinfection treatment. 

The monthly trend of Total Coliform concentration at the WWTP influent demonstrated 

fluctuating microbiological contamination levels throughout the observation period from 
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October 2025 to April 2026 (Figure 1f). Influent Total Coliform concentrations ranged from 

16.500 to 19.400 MPN/100 mL, indicating substantial microbiological loads associated with 

chocolate-processing industrial wastewater. The fluctuations in Total Coliform concentrations 

were likely influenced by variations in raw material handling, sanitation practices, wastewater 

retention conditions, production activities, and organic matter accumulation during industrial 

operations. High concentrations of Total Coliform in food-processing wastewater commonly 

indicate the presence of microbial contamination originating from biodegradable organic 

residues and production-related wastewater streams. 

Despite the fluctuations, the overall trend pattern remained relatively stable and 

consistently exceeded the applicable environmental quality standards. These findings indicate 

that microbiological contamination represented one of the major environmental concerns 

associated with untreated wastewater generated by the chocolate-processing industry. The 

elevated Total Coliform concentrations further emphasize the importance of effective 

biological treatment and disinfection processes within the WWTP system. Proper operational 

control of activated sludge treatment, combined with adequate chlorination or disinfection 

processes, is essential to minimize pathogenic microorganism contamination prior to 

wastewater discharge into receiving water bodies. The reduction of Total Coliform 

concentrations after treatment also demonstrates the effectiveness of the integrated wastewater 

treatment system in improving environmental sanitation and reducing potential public health 

risks associated with industrial wastewater disposal. 

3.3. Biodegradability characteristics of wastewater. 

The obtained BOD/COD ratio of 0.24 indicates that the wastewater was moderately 

biodegradable. Wastewater with BOD/COD ratios above 0.3 is generally considered readily 

biodegradable, whereas lower ratios indicate the presence of slowly degradable or refractory 

organic compounds [15]. The relatively low ratio observed in this study suggests that the 

wastewater contained complex organic substances derived from cocoa fats, proteins, and 

polyphenolic compounds [2, 7], which may require combined physicochemical and biological 

treatment processes for optimal degradation. Nevertheless, the activated sludge system 

combined with coagulation–flocculation treatment demonstrated excellent performance in 

reducing both BOD and COD concentrations, indicating that the integrated treatment process 

was capable of effectively degrading biodegradable organic fractions while simultaneously 

reducing more resistant compounds. 

3.4.Effluent WWTP test results (after processing). 

Table 2 presents the wastewater quality analysis results at the outlet of the WWTP, evaluated 

based on physical and chemical parameters and compared with the applicable water quality 

standards (Class II). In general, the analytical results indicate that most parameters complied 

with the established quality standards, reflecting the effectiveness of the wastewater treatment 

process prior to discharge into receiving water bodies.  

Table 2. Laboratory test results of WWTP effluent from chocolate industry. 
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No Parameter Unit Quality Standard Analysis Results 

1 Temperature °C 40 29.8 

2 TDS mg/l 4000 452 

3 TSS mg/l 400 16 

4 pH – 6–9 7.19 

5 Dissolved Iron (Fe) mg/l 10 0.300 

6 Dissolved Manganese (Mn) mg/l 5 <0.040 

7 Barium (Ba) mg/l 3 <0.50 

8 Copper (Cu) mg/l 3 0.100 

9 Zinc (Zn) mg/l 10 0.200 

10 Hexavalent Chromium (Cr⁶⁺) mg/l 0.5 <0.10 

11 Total Chromium (Cr) mg/l 1 <0.10 

12 Cadmium (Cd) mg/l 0.1 <0.040 

13 Mercury (Hg) mg/l 0.005 <0.0010 

14 Lead (Pb) mg/l 1 <0.10 

15 Tin (Sn) mg/l 3 <2.0 

16 Arsenic (As) mg/l 0.5 <0.002 

17 Selenium (Se) mg/l 0.5 <0.002 

18 Nickel (Ni) mg/l 0.2 <0.10 

19 Cobalt (Co) mg/l 0.6 <0.10 

20 Cyanide (CN⁻) mg/l 0.5 <0.004 

21 Sulfide (H₂S) mg/l 1 <0.06 

22 Fluoride (F⁻) mg/l 3 0.40 

23 Free Chlorine (Cl₂) mg/l 2 <0.03 

24 Ammonia Nitrogen (NH₃-N) mg/l 10 0.40 

25 Nitrate (NO₃-N) mg/l 30 0.48 

26 Nitrite (NO₂-N) mg/l 3 <0.010 

27 Total Nitrogen mg/l 60 6 

28 BOD mg/l 150 12.94 

29 COD mg/l 300 54.70 

30 MBAS mg/l 10 0.36 

31 Phenol mg/l 1 <0.20 

32 Oil and Grease mg/l 20 <5 

33 Total Coliform MPN/100 ml 10000 560 

The data source is processed from laboratory test results from October 2025 to April 2026. Regulation of the 

Minister of Environmental Quality Standards No. 5 of 2014, Appendix XLVII Class II 

Physical parameters such as temperature (29.8°C), TDS = 452 mg/l, and TSS = 16 mg/l) 

were considerably below the permissible limits. These results indicate that the sedimentation 

and filtration processes within the WWTP operated effectively. TSS is widely used as a key 

indicator of sedimentation performance and wastewater treatment efficiency due to its close 

relationship with particulate pollution and water quality degradation [23]. The relatively low 

TSS concentration suggests that both primary and secondary treatment units performed 

efficiently. Regarding chemical parameters, the pH value of 7.19 was within the neutral range 

(6–9), indicating relatively stable wastewater conditions without extreme acidic or alkaline 

characteristics. Stable pH conditions are essential because they influence microbial activity 

during biological wastewater treatment processes. Heavy metal concentrations, including Fe, 

Mn, Cu, Zn, Cr, Cd, Hg, and Pb, were generally far below the regulatory standards, indicating 

that the treatment system effectively reduced the potential toxicity of the wastewater. Heavy 
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metals are considered critical pollutants due to their bioaccumulative properties and potential 

adverse effects on aquatic organisms and human health. In addition, nutrient-related parameters 

such as ammonia (0.40 mg/l), nitrate (0.48 mg/l), and total nitrogen (6 mg/l) were within 

acceptable limits. This is particularly important because excessive nutrient concentrations may 

trigger eutrophication in receiving water bodies. 

Organic parameters, including BOD = 12.94 mg/l and COD = 54.70 mg/l, also showed 

relatively low concentrations compared with the applicable quality standards. BOD and COD 

are key indicators of organic pollution load in wastewater. Their low concentrations indicate 

that most organic matter had been effectively degraded during the biological treatment process. 

Previous studies have demonstrated that elevated BOD and COD levels are strongly associated 

with increased microbial activity required to decompose organic compounds; therefore, lower 

concentrations reflect a reduced pollution load. In untreated wastewater, however, BOD and 

COD concentrations are typically much higher and often exceed environmental quality 

standards. 

Microbiological parameters such as Total Coliform (560 MPN/100 mL) were also 

significantly below the regulatory limit, indicating that the disinfection process, such as 

chlorination, was effective in reducing pathogenic microorganisms. Overall, the analytical 

results demonstrate that the WWTP effluent complied with the applicable wastewater quality 

standards and was therefore relatively safe for environmental discharge. These findings are 

consistent with previous studies stating that the effectiveness of wastewater treatment systems 

can be evaluated based on the compliance of effluent parameters with environmental standards, 

where an optimized treatment system is capable of reducing most pollutant concentrations 

below the permissible thresholds. 

3.5.Wastewater treatment technology from the chocolate industry. 

The wastewater treatment system applied in the chocolate-processing industry in this study was 

designed using an integrated combination of physicochemical and biological processes, 

consisting of an equalization unit, chemical treatment, and an aerobic biological process 

employing activated sludge technology. This approach was selected because chocolate industry 

wastewater is generally characterized by a high concentration of biodegradable organic 

compounds and significant fluctuations in pollutant loading. 

The initial treatment stage was carried out in an equalization tank, which functions to 

stabilize wastewater flow rate and pollutant concentration, thereby preventing shock loading 

in subsequent treatment units. Equalization processes are essential to maintain stable influent 

characteristics, including pH, temperature, and organic loading fluctuations, thereby enhancing 

the stability and efficiency of biological wastewater treatment systems [24]. Subsequently, the 

wastewater was directed to the chemical treatment unit through a coagulation–flocculation 

process. At this stage, coagulants such as polyaluminum chloride (PAC) were added to 

neutralize the electrical charges of colloidal particles, allowing the formation of larger flocs 

that could be more easily settled [25, 26].  

 The WWTP flow diagram shown in Figure 2 illustrates an integrated wastewater 

treatment system that combines physical, chemical, and biological treatment processes to 

reduce pollutant concentrations before the treated effluent is discharged into the environment 
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or reused. Integrated wastewater treatment systems are widely recognized as effective 

approaches for controlling industrial wastewater pollution because they are capable of treating 

complex contaminants through sequential treatment stages. According to [27], integrated 

treatment systems are designed to optimize pollutant removal efficiency while maintaining 

operational stability in industrial wastewater treatment processes. 

 

Figure 2. WWTP flow chart. 

The treatment process begins at Equalization Tank 1, which receives wastewater from 

the production process (production inlet). This unit functions as an initial holding basin to 

stabilize flow rate, pollutant concentration, and the physical and chemical characteristics of the 

wastewater. Equalization is considered a crucial pretreatment stage because fluctuations in 

hydraulic and organic loading may reduce the efficiency of downstream biological processes. 

A study conducted by [28] reported that equalization tanks significantly improve process 

stability and reduce shock loading in industrial wastewater treatment systems. In addition, 

homogenization within the equalization tank minimizes sudden variations in pH, temperature, 

and organic matter concentration. 

The wastewater is subsequently directed to the Chemical Treatment Process, which 

consists of the addition of chemicals such as base, coagulant, and flocculant. Chemical dosing 

is performed sequentially to optimize the coagulation–flocculation mechanism. The addition 

of alkaline substances aims to maintain optimum pH conditions, while coagulants destabilize 

suspended colloidal particles and flocculants promote larger floc formation for easier 

sedimentation. Previous studies have demonstrated the effectiveness of coagulation 

flocculation processes in reducing suspended solids and organic pollutants in industrial 

wastewater. [25] Reported that coagulation–flocculation treatment could remove more than 

80% of suspended solids and significantly reduce COD concentrations in industrial effluents. 

Similarly, research by [26] showed that the application of aluminum- and iron-based coagulants 

effectively improved wastewater clarity and reduced turbidity levels. 



Industrial and Domestic Waste Management 6(1), 2026, 181–203 

 

195 
 
 

The formed flocs are separated in the Chemical Clarifier through gravitational 

sedimentation. In this process, dense particles settle at the bottom of the clarifier, producing 

chemical sludge, while clarified supernatant flows toward biological treatment units. The 

efficiency of sedimentation depends on hydraulic retention time (HRT), settling velocity, and 

floc characteristics. According to [29], properly designed clarifiers can substantially improve 

suspended solids removal and reduce the pollutant load entering biological treatment systems. 

The wastewater then enters Equalization Tank 2, which also receives domestic 

wastewater inflow. The combination of industrial and domestic wastewater is intended to 

achieve a balanced nutrient composition of carbon, nitrogen, and phosphorus required for 

biological treatment processes. This unit serves to stabilize organic loading before the 

wastewater undergoes aerobic biological treatment in the aeration tank. Furthermore, the 

mixing system within the equalization tank prevents premature sedimentation and maintains 

homogeneous wastewater conditions. 

The core biological treatment process takes place in the Aeration Tank, where oxygen is 

supplied through blowers to support aerobic microbial activity. In activated sludge systems, 

microorganisms degrade dissolved and suspended organic matter into simpler and more stable 

compounds. Several previous studies have confirmed the high efficiency of aerobic biological 

treatment for reducing organic pollutants. Research by [30] reported that conventional 

activated sludge systems generally achieve COD removal efficiencies ranging from 75–85% 

under stable operating conditions. Explained that dissolved oxygen concentration, MLSS, 

sludge age, and Food to Microorganism (F/M) ratio are critical operational parameters 

influencing biological treatment performance. 

The mixture of treated water and activated sludge from the aeration tank is then 

transferred to the Biological Clarifier for biomass separation. In this unit, activated sludge 

settles by gravity, producing two main streams: clarified effluent at the upper section and 

settled sludge at the bottom. A portion of the sludge is recirculated back to the aeration tank as 

Return Activated Sludge (RAS) to maintain microbial populations, while excess sludge is 

directed to the sludge treatment system. 

The clarified effluent from the biological clarifier is subsequently collected in the Control 

Tank, which functions as a quality control and balancing unit prior to tertiary treatment. This 

tank also serves as a monitoring point to evaluate wastewater quality and ensure the optimal 

performance of previous treatment processes. 

Tertiary treatment is carried out using a Sand Filter and Carbon Filter. The sand filter 

removes fine suspended particles that may still remain after sedimentation, while the carbon 

filter adsorbs dissolved organic compounds, color, odor, and residual contaminants. The 

combination of these filtration units significantly improves the final effluent quality, resulting 

in clearer and more stable treated water. 

Following filtration, the treated wastewater passes through a Flow Meter to measure the 

effluent discharge rate. Flow monitoring is important for operational evaluation and regulatory 

compliance. The final treatment stage involves chlorination using a chlorinator. This 

disinfection process aims to reduce pathogenic microorganisms such as total coliform and fecal 

coliform before the treated wastewater is discharged into receiving water bodies or reused for 

applications such as landscape irrigation [16]. 
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The final treated effluent is then stored in the Effluent Tank prior to discharge or reuse. 

At this stage, the effluent quality is expected to comply with environmental discharge standards 

and applicable regulations. 

Meanwhile, sludge generated from both the chemical and biological clarification 

processes is transferred to the Sludge Holding Tank for temporary storage. The sludge is further 

processed in the Thickener Tank, where polymer addition enhances sludge thickening through 

particle aggregation. After reducing the water content, the sludge undergoes dewatering using 

a Filter Press to produce sludge cake. The dewatered sludge is subsequently transported to a 

licensed third party for further treatment or disposal in accordance with environmental 

regulations. Overall, the WWTP system presented in the diagram applies an integrated 

wastewater treatment approach by combining physical, chemical, and biological processes in 

sequential stages. The integration of these treatment units is designed to maximize pollutant 

removal efficiency, maintain operational stability, and ensure that the final effluent consistently 

meets environmental quality standards. 

3.6. Processing efficiency. 

BOD removal efficiency of 99.15% (Table 3) indicates that the biological treatment process in 

the WWTP was highly effective in reducing the biodegradable organic load. Microbial activity 

within the biological reactor (activated sludge system) plays a crucial role in decomposing 

organic matter into simpler compounds through aerobic biodegradation processes [21, 15]. The 

high removal efficiency suggests that operational conditions such as dissolved oxygen 

concentration, microbial activity, and hydraulic retention time were maintained under optimal 

conditions throughout the treatment process. Previous studies on biological treatment of high-

strength food industry wastewater reported BOD removal efficiencies of approximately 70–

85%, depending on operational conditions and organic loading rates [31]. The efficiency and 

stability of biological wastewater treatment processes are highly dependent on operational 

conditions, particularly the F/M ratio, dissolved oxygen availability, and hydraulic retention 

time, which regulate microbial metabolism and organic matter degradation performance [21]. 

 

Table 2. Efficiency of main parameters of treatment after treatment using activated sludge system. 

Parameter Inlet Outlet Removal 

BOD 1524 12.94 99.15 

COD 6470 54.70 99.15 

Total Coliform 19000 560 97.05 

 

COD removal efficiency of 99.15% (Table 3) indicates that most organic compounds, 

including fractions that are relatively resistant to biological degradation, were successfully 

reduced through the combined physicochemical and biological treatment processes. Food 

industry wastewater often contains complex organic compounds that contribute to elevated 

COD concentrations relative to BOD values due to the presence of refractory and slowly 

degradable organic substances [32]. The high COD removal observed in this study 

demonstrates the effectiveness of the integrated treatment system in reducing the overall 

organic pollution load. Conventional activated sludge systems are commonly reported to 
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achieve COD removal efficiencies of approximately 75–85% under stable operating 

conditions, suggesting that the higher removal efficiency observed in this study indicates 

optimal biological treatment performance [33]. 

Total Coliform removal efficiency of 97.05% (Table 3) also represents an excellent 

treatment performance and demonstrates the effectiveness of the disinfection process as well 

as the unfavorable environmental conditions for pathogenic bacterial growth within the 

treatment system. Significant reductions in coliform concentrations may occur through several 

mechanisms, including microbial competition, environmental fluctuations such as pH and 

temperature changes, sedimentation processes, and biological oxidation within wastewater 

treatment reactors [16]. Food industry WWTP have also reported coliform removal efficiencies 

exceeding 95% through the combination of biological treatment and chlorination disinfection 

processes. 

These findings indicate that the WWTP system applied in this study was effective not 

only in reducing organic pollutants but also in minimizing microbiological contamination prior 

to environmental discharge. The results presented in Table 3 confirm the high overall treatment 

performance, while Figure 3 illustrates the stability of pollutant removal trends and supporting 

operational conditions throughout the monitoring period. Furthermore, the substantial 

reduction in pollutant concentrations suggests that the treatment processes operated effectively 

in minimizing the potential adverse impacts of wastewater on aquatic ecosystems and overall 

environmental quality. The monthly removal efficiency trends demonstrated in Figure a show 

that the WWTP system consistently achieved excellent pollutant reduction performance 

throughout the monitoring period. The removal efficiencies of BOD and COD remained 

relatively stable and consistently exceeded 97%, while Total Coliform removal efficiencies 

remained above 95% during all observation periods. The BOD removal efficiency increased 

gradually from 98.4% in October 2025 to 99.15% in April 2026, indicating highly stable 

aerobic biodegradation performance within the activated sludge reactor. Similarly, COD 

removal efficiency improved from 97.8% to 99.15%, demonstrating the effectiveness of the 

combined physicochemical and biological treatment processes in reducing both biodegradable 

and more refractory organic compounds. 
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Figure 3. (A) Removal efficiency of TSS, BOD, and COD in WWTP effluent; (B) pH profile of WWTP nfluent 

and effluent compared with regulatory standards (October 2025–April 2026). 

The Total Coliform removal efficiency also showed stable performance, ranging from 

95.2% to 97.05% (Table 3 and Figure a). The high microbiological removal efficiency indicates 

that the biological treatment and disinfection processes operated effectively in reducing 

pathogenic contamination within the treated wastewater. The relatively stable trend patterns 

observed throughout the monitoring period (Figure a) indicate that the WWTP system 

maintained favorable operational conditions, including stable microbial activity, adequate 

dissolved oxygen availability, and effective sludge settling performance. Stable removal 

efficiency is an important indicator of operational reliability and treatment sustainability in 

industrial wastewater management systems. These findings further demonstrate that the 

integration of activated sludge technology with physicochemical treatment processes can 

provide highly effective and sustainable pollutant removal performance for high-strength 

wastewater generated by chocolate-processing industries. 

The Total Coliform removal efficiency also showed stable performance, ranging from 

95.2% to 97.05%. The high microbiological removal efficiency indicates that the biological 

treatment and disinfection processes operated effectively in reducing pathogenic contamination 

within the treated wastewater. The relatively stable trend patterns observed throughout the 

monitoring period indicate that the WWTP system maintained favorable operational 

conditions, including stable microbial activity, adequate dissolved oxygen availability, and 

effective sludge settling performance. Stable removal efficiency is an important indicator of 

operational reliability and treatment sustainability in industrial wastewater management 

systems. These findings further demonstrate that the integration of activated sludge technology 

with physicochemical treatment processes can provide highly effective and sustainable 

pollutant removal performance for high-strength wastewater generated by chocolate-

processing industries. 
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3.7. Environmental, social, and economic aspects of wastewater treatment results. 

Based on the treatment efficiency results obtained, the WWTP system applied in the chocolate-

processing industry demonstrated excellent performance in reducing major pollutant 

parameters, namely BOD, COD, and Total Coliform. The successful reduction of these 

parameters not only improved wastewater quality but also provided positive impacts on 

environmental, social, and economic aspects in a sustainable manner. From an environmental 

perspective, the significant reduction in BOD, COD, and Total Coliform concentrations 

indicates that the treatment system effectively minimized the potential pollution load 

discharged into receiving water bodies. The reduction of BOD from 1,524 mg/l to 12.94 mg/l 

and COD from 6,470 mg/l to 54.70 mg/l demonstrates a substantial decrease in organic matter 

capable of consuming dissolved oxygen in aquatic environments. The reduction of organic 

pollutants is essential because untreated food industry wastewater with high organic and 

nutrient content may lead to dissolved oxygen depletion, eutrophication, and ecological 

imbalance in aquatic environments [5]. Total Coliform removal efficiency of 97.05% indicates 

that the treatment and disinfection processes were effective in minimizing the risk of 

pathogenic microorganism contamination in receiving waters. The reduction of 

microbiological contaminants in food industry wastewater directly contributes to improved 

environmental sanitation and the protection of aquatic biodiversity. 

From a social perspective, the implementation of an effective wastewater treatment 

system provides significant benefits to public health and the overall environmental quality 

surrounding the industrial area. Improperly treated wastewater may become a source of 

pollution that can lead to various public health problems, including waterborne diseases, skin 

irritation, and environmental sanitation issues. The reduction of Total Coliform concentrations 

to levels below the regulatory standard indicates that the risk of microbiological contamination 

affecting nearby communities can be substantially minimized. Effective wastewater 

management is essential to reduce environmental pollution and prevent the spread of 

waterborne and environmentally related diseases among populations living near industrial 

activities [34]. From an economic perspective, effective wastewater treatment provides long-

term benefits for the company. The reduction of organic pollutant loads through the activated 

sludge system demonstrates that the biological process operated efficiently, thereby reducing 

the need for more expensive advanced treatment technologies. The BOD and COD removal 

efficiencies, both reaching 99.15%, indicate that most organic compounds were successfully 

treated biologically without requiring high-cost advanced treatment processes. Previous studies 

demonstrated that optimizing biological treatment systems in wastewater management may 

reduce operational costs and carbon emissions while maintaining high pollutant removal 

efficiency, making them more sustainable than intensive chemical treatment processes [35]. 

Overall, the findings of this study demonstrate that the application of activated sludge 

technology combined with chemical treatment processes in the chocolate-processing industry 

was not only effective in reducing major pollutant parameters but also provided 

multidimensional environmental, social, and economic benefits. Optimal wastewater 

management therefore represents an essential component in supporting sustainable industrial 
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development, environmentally friendly production practices, and the implementation of green 

industry principles in the modern industrial era. 

3.8.Environmental compliance assessment. 

Based on the analytical results, all major effluent parameters complied with the wastewater 

quality standards stipulated under the Indonesian Ministry of Environment and Forestry 

Regulation No. 5 of 2014. Compliance with these standards indicates that the treated 

wastewater was environmentally acceptable for discharge into receiving water bodies. The 

achievement of regulatory compliance also reflects the operational reliability of the WWTP 

system in maintaining stable pollutant removal performance under varying industrial 

wastewater conditions. 

3.9.Study limitation and future research. 

This study was limited to wastewater characterization and treatment performance evaluation 

under existing operational conditions without detailed investigation of operational parameters 

such as sludge retention time (SRT), mixed liquor suspended solids (MLSS), dissolved oxygen 

(DO), and microbial community dynamics. Future studies are recommended to investigate 

kinetic modeling, operational optimization, sludge characteristics, energy efficiency, and 

advanced treatment integration to improve wastewater treatment sustainability in food-

processing industries. 

4. Conclusions 

This study demonstrated that wastewater generated from the chocolate-processing industry is 

predominantly characterized by high organic and microbiological pollutant loads, making 

effective treatment essential before environmental discharge. The influent wastewater was 

mainly dominated by biodegradable organic matter originating from production residues such 

as sugars, fats, proteins, and cocoa-derived compounds. The biodegradability assessment 

indicated that the wastewater contained both readily degradable and more complex organic 

fractions, highlighting the need for an integrated treatment approach capable of addressing 

diverse pollutant characteristics. These findings confirm that chocolate-processing wastewater 

represents a high-strength industrial effluent requiring comprehensive management to prevent 

adverse impacts on receiving water bodies. The combined physicochemical treatment and 

activated sludge system proved highly effective in reducing organic and microbiological 

contaminants, resulting in effluent quality that complied with the applicable wastewater 

discharge standards. The stable treatment performance observed throughout the monitoring 

period indicates that the WWTP operated reliably under actual industrial conditions. Beyond 

achieving regulatory compliance, the treatment system contributed to environmental 

protection, reduced potential public health risks, and supported sustainable industrial 

operations. Therefore, the integration of coagulation–flocculation and activated sludge 

processes can be considered a suitable and sustainable wastewater management strategy for 

chocolate-processing industries and other food-processing sectors with similar wastewater 

characteristics. 
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