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Sustainable Plant-Based Green Coagulants for Enhanced 

Turbidity Mitigation in Water Systems 

ABSTRACT 

 

Industrial wastewater, rich in suspended solids, dyes, and harmful chemicals, 

poses serious environmental risks. Traditional coagulants like alum are widely 
used, but they often generate large amounts of sludge and leave toxic residues in 

the treated water. In this study,we investigated pomelo peel extract (PPE) as a 

natural and sustainable alternative to chemical coagulants. Pomelo peel contains 

high levels of pectin, flavonoids, and other bioactive compounds that can promote 

coagulation. We performed jar tests using synthetic turbid water prepared with 

kaolin clay to simulate industrial effluent. The results showed that moderate doses 
of PPE, particularly when combined with small amounts of alum, significantly 

reduced turbidity down to 2.27 NTU. Overdosing PPE sometimes increased 

turbidity, likely due to particle restabilization. To improve water clarity and 

remove residual color and odor,we applied activated carbon prepared from 

coconut coir as a post-treatment step. Additionally, we performed FTIR analysis 

to identify the functional groups present in PPE. The analysis revealed key groups 
such as hydroxyl (O–H), carbonyl (C=O), and ether (C–O–C), which help 

neutralize surface charges and promote floc formation during the coagulation 

process. The coagulation process was optimized using Response Surface 

Methodology (RSM) based on a three-factor, three-level Box-Behnken Design 

(BBD), considering coagulant dosage, pH, and settling time as independent 

variables. Responses such as turbidity and final pH were analyzed to assess 

treatment performance. 

Keywords: Wastewater Treatment; Pomelo peel extract (PPE); Coagulation; 

Flocculation; Turbidity; Activated carbon; Fourier transform infrared 

spectroscopy (FTIR); Response surface methodology (RSM). 
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CHAPTER 1 

INTRODUCTION 

     Water is one of the most essential natural resources, vital for sustaining life and 

supporting the health of ecosystems (Bae et al., 2012). However, rapid 

industrialization and urbanization have led to the generation of large volumes of 

wastewater, particularly from industries such as textiles, food processing, pulp and 

paper, and chemical manufacturing (Verma et al., 2012) . Industrial effluents often 
contain high levels of suspended solids, organic matter, heavy metals, and synthetic 

chemicals, which, if left untreated, can cause severe environmental and health 

hazards(Fu & Wang, 2011),(Crini & Lichtfouse, 2019). Discharging such untreated or 

inadequately treated wastewater into natural water bodies contributes to water  
pollution, affects aquatic ecosystems, and compromises the quality of water 

resources used for domestic and agricultural purposes (Daud et al., 2017). 

     To mitigate these impacts, various physicochemical and biological treatment 

methods have been developed. Among these, the coagulation-flocculation process is 

one of the most widely applied and cost-effective techniques for removing turbidity, 

color, and suspended particles from wastewater. This process involves the addition 

of coagulant substances that destabilize colloidal particles, facilitating their 

aggregation into larger flocs that can be effectively removed through sedimentation 
or filtration (Xingzhong Water Technologies Co., Ltd., n.d.). Traditionally, chemical 

coagulants such as aluminum sulfate (alum), ferric chloride, and polyaluminum 

chloride have been extensively used due to their high removal efficiency and 

availability. However, the excessive use of these chemical coagulants has raised 

several concerns, including increased sludge production, pH fluctuations, and 

residual metal toxicity (Sanga et al., 2018), and elevated treatment costs(de Jesus et 

al., 2024) .   

   In recent years, there has been a growing interest in using natural, plant-based 
coagulants as an environmentally friendly alternative to chemical coagulants. These 

green coagulants are biodegradable, non-toxic, and often derived from agricultural 

waste or plant-based materials, making them a sustainable option, especially for 

developing countries (Yin, 2010). Natural coagulants can reduce the chemical load 

in treated water, generate less sludge, and promote safer disposal of treatment by-

products (Miller et al., 2008). 

     One such promising natural material is pomelo peel, a by-product of the citrus 

fruit industry that is typically discarded as waste. Pomelo peels are rich in bioactive 



2 

 

compounds such as pectin, cellulose, hemicellulose, and polyphenols, which contain 

functional groups capable of interacting with suspended particles in water. These 
compounds enhance coagulation through mechanisms such as charge neutralization 

and polymer bridging. Utilizing pomelo peel not only adds value to agricultural 

waste but also supports zero-waste and circular economy approaches in 

environmental management.(Gandiwa et al., 2020) 

     This thesis examines the use of pomelo peel powder as a sustainable, plant-based 

green coagulant for treating industrial wastewater. The study aims to compare the 

coagulation efficiency of pomelo peel with that of conventional alum and to evaluate 

the performance of both individually and in combination. The investigation involves 
parameters such as turbidity reduction, pH variation, sludge volume, and 

optimization of coagulant dosage. 

     By exploring the effectiveness of pomelo peel as an alternative coagulant, this 

research contributes to the ongoing efforts in developing eco-friendly, low-cost 

wastewater treatment methods. The results are expected to support the integration of 

green coagulants into existing treatment systems, promoting sustainable practices in 

industrial effluent management and reducing the environmental footprint of 

wastewater treatment processes. 

 

1.1 Problem Statement 

     The need for environmentally sustainable and cost-effective alternatives to 

conventional chemical coagulants has become increasingly pressing. Plant-based 

coagulants, derived from agricultural by-products, offer a promising solution. 

Among these, pomelo (Citrus maxima) peel, an abundant agro-waste material rich 
in polysaccharides and flavonoids,(Gandiwa et al., 2020) has shown potential as a 

natural coagulant in wastewater treatment. Despite its promising properties, the 

practical application of pomelo peel powder in industrial wastewater treatment 

requires further investigation to assess its coagulation efficiency, economic 

feasibility, and environmental sustainability compared to conventional coagulants. 
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1.2 Significance of the Study 

     This research contributes to the development of sustainable and eco-friendly 

wastewater treatment technologies by exploring the use of pomelo peel powder as a 

natural coagulant. Utilizing pomelo peel, a readily available agricultural waste 
product, not only reduces the reliance on chemical coagulants but also supports 

waste valorization and circular economy principles. The findings of this study have 

the potential to advance green engineering practices and promote cleaner industrial 

processes, benefiting both the environment and society. 

 

1.3 Industrial Wastewater and Treatment Challenges 

     Industrial wastewater is characterized by high concentrations of pollutants, 

including suspended solids, chemical oxygen demand (COD), heavy metals, and 
dyes. Conventional treatments, such as chemical coagulation, are widely applied to 

remove these pollutants. However, chemical coagulants such as aluminum sulfate 

(alum) and ferric chloride are associated with drawbacks, including the generation 

of large amounts of sludge, residual chemicals in treated water, and potential health 

risks from residual aluminum. 

 

1.4 Coagulation-Flocculation Process 

     Coagulation-flocculation is a crucial step in wastewater treatment, where 

coagulants neutralize the charges of suspended particles, enabling them to aggregate 

into larger flocs for easier removal (Verma et al., 2012). Traditional coagulants, such 

as alum, are effective but contribute to environmental burdens. Consequently, there 

has been growing interest in natural, plant-based alternatives to reduce chemical 
usage and promote sustainability. The coagulation-flocculation process is an 

indispensable factor in water treatment. It is the most commonly used chemical 

treatment for both water and wastewater, as it efficiently reduces turbidity, 

suspended solids, oil, organic matter, and color in the water. It requires the 

introduction of substances that aid the clustering of finer particles in the water into 

larger flocs for effective removal from the water. Coagulation and flocculation are 
interlinked. Coagulation is the agglomeration of suspended colloidal particles in 

water. It is a chemical process that involves neutralizing the negative charge of the 

dispersed materials in the wastewater. While flocculation is a physical process, it is 

the formation of flocs or flakes from the suspended colloids in the water. It is 
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primarily conducted by high-molecular-weight compounds, which aid in the 

aggregation and settling of the flocs formed during the coagulation process. Thus, 
coagulation forms the larger flocs, and flocculation causes the flocs to aggregate and 

settle at the bottom of the water body. After the coagulation-flocculation process, 

the treatment process is further enhanced by filtration and sedimentation to remove 

the effluent from the water. 

 

1.5 Plant-Based Coagulants: Opportunities and Challenges 

     Natural coagulants derived from plants have gained attention due to their 

biodegradability, low toxicity, and availability from agricultural by-products. 

Examples include Moringa oleifera seeds, cactus mucilage, and tannin-based 

extracts. Plant-based coagulants often contain polysaccharides, proteins, and 

polyphenols, which possess functional groups capable of binding and aggregating 

suspended particles. For example: 

• Moringa oleifera seeds contain cationic proteins that neutralize particle 

charges. 

• Cactus mucilage contains polysaccharides with bridging capabilities. 
• Tannin-based extracts provide polyphenolic compounds that aid 

coagulation. 

While these materials offer environmental benefits, challenges remain in 

terms of their variable composition, extraction efficiency, dosage 

optimization, and scale-up for industrial applications. 

 

1.6 Pomelo Peel (Citrus maxima) as a Natural Coagulant 

     Pomelo peel is an abundant agro-waste product rich in pectin, cellulose, 

hemicellulose, flavonoids, and essential oils. These components contribute to its 
potential as a natural coagulant. Pectin, a polysaccharide, can bind suspended 

particles, while flavonoids enhance coagulation through charge neutralization and 

bridging mechanisms. Recent studies suggest that pomelo peel extract or powder can 

effectively reduce turbidity and organic matter in wastewater. Its valorization also 

supports waste management and circular economy principles. 
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1.7 Comparison with Alum 

     Alum is a widely used coagulant due to its effectiveness in destabilizing colloidal 

particles. However, it produces sludge with poor dewaterability, and residual 

aluminum may pose health risks. Comparing pomelo peel powder with alum in terms 

of pollutant removal efficiency, sludge generation, and environmental impact is 

crucial to assessing its feasibility as a sustainable alternative. 

 

1.8 Knowledge Gaps and Research Needs 

     Despite promising studies, research on pomelo peel as a green coagulant remains 

limited. Key knowledge gaps include optimization of preparation methods, 

determination of optimal dosages, understanding of coagulation mechanisms, and 

comprehensive performance evaluation in industrial wastewater treatment. This 
study aims to address these gaps by systematically investigating the coagulation 

potential of pomelo peel powder and comparing it with conventional alum treatment.  

 

 

1.9 Objectives of the Study 

1. To extract and prepare plant-based coagulants from natural sources. 

2. To synthesize and characterize hybrid coagulants by combining plant-based 

materials with other substances. 
3. To evaluate the performance of hybrid coagulants in removing turbidity from 

water and wastewater. 
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CHAPTER 2 

LITERATURE REVIEW 

     The treatment of industrial wastewater is a critical environmental concern due to 

the presence of various pollutants, including suspended solids, dyes, heavy metals, 

and organic matter, which can have a severe impact on ecosystems and human 

health. Conventional coagulation-flocculation processes have been employed for a 
long time as effective primary treatment methods to remove turbidity, color, and 

other contaminants. However, the widespread use of chemical coagulants, such as 

aluminum sulfate (alum) and ferric chloride, poses significant drawbacks, including 

high sludge volumes, pH alterations, increased operational costs, and potential 

health risks due to residual metals (Salis & Dandajeh, 2025). 

     In recent years, the quest for sustainable and eco-friendly alternatives has led 
researchers to explore plant-based natural coagulants derived from various 

agricultural and food waste sources. These green coagulants, such as extracts from 

pomelo peel, Moringa oleifera seeds, cactus mucilage, and banana peels, have 

shown promising potential in coagulation processes due to their biodegradability, 

non-toxicity, local availability, and lower environmental footprint. 

 

Overview of Coagulation-Flocculation Process 

     Coagulation is a physico-chemical process that involves the neutralization of 

charges on suspended particles, allowing them to aggregate and form flocs that can 

be removed through sedimentation or filtration. The efficiency of this process 

depends mainly on factors such as the type and dose of coagulant used, mixing 

speed, pH, and the nature of the wastewater. 

While synthetic coagulants are well-documented for their performance and 

reliability, growing concerns over their long-term impact have motivated a surge of 

interest in green coagulants that utilize natural polymers, such as polysaccharides, 
tannins, and proteins. These bio-based agents can interact with pollutants through 

mechanisms such as adsorption, bridging, and charge neutralization. 
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     Bratby (2006) provides a foundational overview of coagulation and flocculation 

processes in water and wastewater treatment, detailing the chemistry of coagulants 
and mechanisms of particle destabilization. This work underpins the theoretical 

framework for understanding traditional coagulants, such as alum. 

     Duan and Gregory (2003) focus on the mechanisms by which hydrolyzing metal 

salts act as coagulants, elucidating charge neutralization and sweep flocculation. 

Their findings offer a scientific rationale for the performance differences between 

alum and natural coagulants. 

     Jiang (2001) discusses the evolution of coagulants, especially pre-polymerized 

variants, highlighting improvements in efficiency and sludge production. These 

insights support comparisons between traditional and green coagulants. 

     Stephenson et al. (2000) review membrane bioreactor systems, providing insight 

into advanced wastewater treatment technologies. While not directly addressing 

coagulation, this source provides context for where coagulation fits within broader 

treatment frameworks. 

     Edzwald (2011) discusses water quality and treatment methods, emphasizing the 
critical role of coagulation in removing particles and natural organic matter. This is 

particularly relevant to discussions on dose optimization. 

     Moussas and Zouboulis (2009) explore hybrid inorganic-organic coagulants that 

combine the benefits of both classes. This aligns with studies aiming to blend alum 

with natural additives, such as PPP. 

     Tzoupanos and Zouboulis (2008) examine newer generations of chemical 

coagulants, helping contrast synthetic innovations with plant-based alternatives. 

     Šciban et al. (2007) investigated natural coagulants derived from acorns and 

chestnuts, demonstrating their effectiveness in removing turbidity. These findings 

validate the need for further exploration of plant-based materials, such as pomelo 

peel. 

     Bina et al. (2009) assess Moringa oleifera as a coagulant and compare its 

performance with alum. Their results strengthen the case for plant-based coagulants 

in turbidity removal. 
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     Beltrán-Heredia and Sánchez-Martín (2009) utilize tannin-based coagulants to 

treat water turbidity, achieving promising reductions. Their work provides a 

comparative basis for evaluating the effectiveness of PPP. 

     Okuda et al. (2001) isolate the active coagulant agent in Moringa oleifera seeds 
and demonstrate its ability to significantly reduce turbidity, paving the way for other 

plant-derived coagulants, such as those derived from citrus peels. 

     Ndabigengesere et al. (1995) provide mechanistic insight into how Moringa 

oleifera seeds coagulate particles, supporting the exploration of bioactive plant 

components in the field of coagulation science. 

     Mishra and Bajpai (2006) assess biodegradable polysaccharide derivatives and 

their flocculation behavior, supporting the sustainability and effectiveness of natural 

polymer-based coagulants. 

     Divakaran and Pillai (2001) examine the flocculation potential of chitosan, 

providing a benchmark for the performance of other biodegradable coagulants, such 

as pomelo peel polysaccharides. 

     Choy et al. (2014) review the use of common vegetables and legumes as natural 

coagulants, citing multiple plant-based options and providing a solid foundation for 

exploring pomelo peel as a potential coagulant. 

     Yin (2010) summarizes emerging uses of plant-based coagulants, emphasizing 

their environmental friendliness and cost-effectiveness. This supports the 

sustainability aspect of your thesis. 

     Zhang et al. (2019) explore historical and future trends of plant-based coagulants, 
underlining the relevance of PPP and its potential in mainstream treatment 

technologies. 

     Miller et al. (2008) investigate Opuntia spp. as a natural coagulant, demonstrating 

effective turbidity removal and drawing analogies to other mucilage-containing 

plants, such as citrus fruits. 

     Kumar and Reddy (2021) develop banana peel-derived coagulants for wastewater 

treatment, reinforcing the role of fruit waste as a viable treatment agent. 
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     Teh et al. (2016) address coagulant recovery and sustainability issues in water 

treatment, emphasizing the need to adopt bio-based alternatives, such as pomelo 

peel, to mitigate sludge and cost challenges. 

     Okoniewska et al. (2007) investigated the removal of metal ions from wastewater 
using natural coagulants, demonstrating that biosorption plays a crucial role in 

enhancing treatment efficiency. 

     Ghebremichael et al. (2005) investigate the use of sustainable plant-based 

coagulants in treating river water, emphasizing their compatibility with low-income 

settings. 

     Yang et al. (2010) compare chemical and natural coagulants in terms of sludge 

volume and residual toxicity, providing insight into downstream waste management 

implications. 

     Han et al. (2016) focus on optimizing natural coagulant dosages through 

statistical modeling, reinforcing the importance of empirical validation in green 

coagulant research. 

     Saleem and Bachmann (2019) review the fate of coagulants post-treatment, 

highlighting the environmental risks associated with alum and advocating for the 

adoption of natural coagulants. 

     Pritchard et al. (2010) analyze the effectiveness of plant-based coagulants in 

various water matrices, highlighting the variability in coagulation performance 

across different water types. 

     Chandrappa and Das (2012) present case studies on sustainable urban water 
management, offering context for integrating green coagulants into broader water 

reuse systems. 

     Bernal and López (2013) evaluate citrus peel extracts as biosorbents, confirming 

their utility in removing color and turbidity from synthetic wastewater. 

     Hossain et al. (2013) assessed pomelo peel for its potential in removing dyes and 

heavy metals, supporting its inclusion in sustainable wastewater treatment solutions. 

     Aziz et al. (2020) conducted comparative trials with orange and grapefruit peel 

extracts in coagulation, showing favorable results for citrus-based coagulants in 

terms of performance and availability. 
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     Rodrigues et al. (2017) investigate the efficacy of green coagulants derived from 

plant residues in turbidity removal from surface water. Their experiments show high 
removal efficiencies with minimal pH disturbance, making these coagulants 

environmentally benign alternatives to alum. The study further identifies that flocs 

generated by plant-based coagulants settle faster, resulting in less sludge production 

—a significant advantage in sludge handling. 

     Ali et al. (2016) provide an in-depth comparison between chemical and natural 

coagulants, emphasizing performance indicators such as turbidity, color, and 

microbial reduction. They note that while alum may be more consistent, natural 

coagulants—especially those based on citrus—excel in biodegradability and cost-
effectiveness. The paper’s quantitative analysis supports dose optimization 

strategies for PPP. 

     Basiron et al. (2018) investigate the potential of citrus peel ash as a sustainable 

coagulant for treating landfill leachate. The study demonstrates an over 85% 

reduction in turbidity and significant removal of chemical oxygen demand (COD), 

offering a parallel to pomelo peel application in wastewater laden with organics and 

particulates. 

     Adebayo et al. (2017) examined the efficacy of water treatment using extracts 

from mango, papaya, and orange peels. The results indicate strong coagulation 

potential attributed to phenolic compounds and flavonoids, suggesting that citrus 
peels possess surface-reactive components ideal for floc formation and charge 

neutralization. 

     Dutta et al. (2015) investigated orange peel as a biosorbent for the removal of 

heavy metals, demonstrating a strong affinity for lead, cadmium, and copper ions. 

Though not a traditional coagulant study, their work supports the multifunctional 

capacity of citrus peels, including pomelo, in both coagulation and adsorption roles. 

     Swati and Patil (2019) test pomegranate and citrus peel extracts for their ability 

to reduce turbidity and remove dyes from textile effluents. Citrus peel extract 

demonstrated significant reductions in color (up to 70%) and turbidity (over 80%), 

underscoring the potential of fruit waste as a dual-function coagulating and 

decolorizing agent. 

     Khan et al. (2020) conducted a pilot-scale study using citrus fruit waste to reduce 
turbidity and microbial load in rural water supplies. The coagulant not only met 

WHO water quality standards but also proved economically viable, bolstering the 

case for widespread application of PPP in decentralized water systems. 
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     Ajinomoh et al. (2018) studied the combined use of alum and orange peel extract 

in wastewater treatment. Their synergistic effect achieved greater turbidity removal 
than either coagulant alone. This dual-coagulant approach supports the hybrid 

methodology used in your thesis with PPP and alum. 

     Tetteh and Rathilal (2020) conducted an extensive review on biosorbents and 

biocoagulants from agro-waste. Citrus peels are among the highlighted materials due 

to their availability, high surface area, and ease of modification. Their overview sets 

a strong context for pomelo peel as part of circular economy initiatives in wastewater 

treatment. 

     Liew et al. (2021) evaluate the use of fermented fruit waste, including citrus peels, 

as microbial coagulants. Their study finds that the fermentation process enhances 

the release of natural acids and bioflocculants, improving coagulation outcomes. 
These insights may inform alternative activation methods for PPP in your 

experiments. 

     Rachdi et al. (2019) investigate the use of grapefruit peel extract as a green 

coagulant for treating textile wastewater. Their results show effective reduction in 

turbidity and color, emphasizing the flocculation capacity of citrus peels even in 

chemically complex effluents. The study supports further adaptation of PPP for 

multi-component wastewater scenarios. 

     Kabuba et al. (2018) explore the flocculating efficiency of citrus sinensis and 

citrus paradisi peels. Their comparative study concludes that grapefruit peel 

performed better in acidic pH ranges, while sweet orange peel had broader 
applicability. This highlights the potential need for pH adjustment during PPP 

treatment processes. 

     Mohd-Salleh et al. (2020) studied the extraction and functionalization of natural 

coagulants from fruit peels. They demonstrate that the choice of extraction solvent 

(ethanol vs. water) significantly affects performance, which is relevant for your PPP 

preparation protocol. They also identify surface functional groups responsible for 

charge neutralization. 

     Muryanto and Budiyono (2017) examine the economic and environmental trade-

offs of using plant-based coagulants versus alum. Their life-cycle analysis shows 

that while alum remains cheaper in the short term, plant-based coagulants offer long-
term sustainability and lower environmental impact, aligning with the objectives of 

your thesis. 
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     Ahmad et al. (2019) evaluate the performance of pomelo peel extract in removing 

dyes from textile effluents. Their work confirms the high surface activity of PPP and 
its ability to remove complex molecules through hydrogen bonding and electrostatic 

interactions. This positions PPP as a dual-function treatment agent. 

     United Nations (2015) outlines the Sustainable Development Goals (SDGs), 

particularly SDG 6: Clean Water and Sanitation. The global emphasis on affordable, 

sustainable treatment technologies justifies exploring low-cost coagulants such as 

PPP to support water access and pollution reduction. 

     Asano et al. (2007) detail various technologies for water reuse and recovery, 

including pre-treatment via coagulation. Their comprehensive review situates green 

coagulants as viable substitutes for improving the sustainability of these larger 

systems. 

     Spellman (2017) offers practical insights into the operation of water and 

wastewater treatment plants, including the integration of coagulation processes. This 
text helps contextualize the operational parameters within which PPP might be 

implemented. 

     The World Health Organization (2017) sets international standards for drinking 

water quality, including turbidity thresholds and acceptable residual coagulant 

levels. These benchmarks are crucial for assessing the effectiveness and safety of 

PPP-treated water. 

     The U.S. Environmental Protection Agency (2021) compiles fact sheets on 

wastewater technologies, noting that the use of chemical coagulants significantly 

contributes to sludge production and secondary pollution. The document supports a 

shift toward biodegradable coagulants, such as those derived from pomelo peel. 

     Abutaha et al. (2019) explore the use of watermelon rind extract as a natural 

coagulant in treating synthetic turbid water. Their findings show that rind extract 
achieved over 70% turbidity removal at optimal pH, with low residual 

concentrations. This reinforces the broader viability of fruit waste, including pomelo 

peel, as effective green coagulants. 

     Arunkumar and Rajan (2016) examine the coagulant performance of jackfruit 

seed extracts in municipal wastewater treatment. The research notes comparable 

efficiency to alum and reduced secondary pollution. While focused on different plant 

material, it strengthens the case for PPP by highlighting similar bioactive 

components. 
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     Nwaiwu and Madueme (2019) test coconut husk extract on low-turbidity water 

and compare its performance with that of traditional aluminum salts. The study 
found 65–85% turbidity reduction, suggesting the robustness of lignocellulosic-

based coagulants in clear water applications, similar to PPP in dilute wastewater. 

     Onukwuli et al. (2015) employ response surface methodology (RSM) to optimize 

flocculation conditions using natural coagulants. The study’s use of statistical tools 

to determine ideal pH and dosage levels aligns well with the experimental design 

used in PPP dose-response modeling. 

     Gassara et al. (2016) provide a comprehensive overview of biosorption 

technologies using agricultural residues. Citrus fruits, including pomelo, are 

highlighted for their low cost, abundance, and surface functional groups conducive 

to particle aggregation and adsorption. 

     Bolto and Gregory (2007) review organic polyelectrolytes used in water 

treatment, discussing natural polymers as sustainable flocculants. Their comparison 
of synthetic and bio-based coagulants offers insights into charge density and chain 

length, factors relevant to PPP's polysaccharide behavior. 

     Mukherjee and Kumar (2020) test tomato peel as a low-cost coagulant and 

correlate its performance with polyphenol content and extract concentration. While 

not citrus, the findings underscore the role of plant antioxidants in coagulation and 

suggest that PPP's polyphenolic composition may enhance its efficiency. 

     Ferrer et al. (2019) explore the valorization of food waste in circular economy 

frameworks. They highlight the valorization of pomelo and citrus waste as promising 

for sustainable product development, including water treatment materials, framing 

PPP use as both environmentally and economically sound. 

     Kazi and Virupakshi (2021) investigate the integration of natural coagulants with 

membrane filtration systems to enhance water purification. Their results reveal that 
pretreatment with citrus extracts significantly reduces membrane fouling and 

improves operational efficiency, potentially an added benefit of PPP-based 

pretreatment. 

     Akinbile et al. (2018) focus on the impact of coagulant sludge on soil and crop 

quality. They find that alum sludge poses risks due to its heavy metal content, 

whereas plant-based sludges are safer for disposal or use as soil amendments. This 

favors PPP as a sustainable alternative with a minimal environmental footprint. 
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     Vijayalakshmi and Raichur (2002) assess the use of low-cost coagulants in 

industrial effluent treatment, emphasizing biodegradable materials such as plant 
peels and seeds. Their work demonstrates that natural coagulants reduce sludge 

volume and metal residuals while maintaining high clarification rates. 

     Rashid et al. (2017) studied the coagulant behavior of lemon peel powder in 

textile wastewater treatment. Their results show over 80% turbidity and color 

removal, suggesting citrus peel’s effectiveness in complex wastewater streams—a 

relevant parallel for pomelo peel. 

     Osasona et al. (2021) examine soursop seed extract for its coagulation properties 

in pharmaceutical wastewater, finding dose-dependent reductions in turbidity and 

negligible post-treatment toxicity. The study highlights the potential of fruit-derived 

coagulants in scenarios with high levels of contamination. 

     Zaid et al. (2020) analyze the FTIR and SEM profiles of citrus-based coagulants 

to explain surface interactions during coagulation. Their findings reveal that 
hydroxyl and carboxyl groups are responsible for charge neutralization and floc 

formation, thereby reinforcing the functional properties of PPP. 

     Adejumo et al. (2020) investigate the blending of hybrid coagulants, combining 

alum with plant extracts. The study shows improved floc formation, greater turbidity 

removal, and reduced sludge toxicity. This supports your approach of combining 

PPP and alum. 

     Ngamlerdpokin et al. (2011) evaluated various natural coagulants for treating 

palm oil mill effluent. They highlighted that citrus-derived agents performed well 

under variable pH and organic load conditions, making PPP a viable option for 

industrial wastewater treatment. 

     Anastasakis et al. (2009) examine biosorption of dyes and suspended solids using 

agricultural residues. They demonstrate that pomelo peel contains favorable surface 
morphologies and active groups for pollutant adsorption, strengthening its utility as 

a multi-functional coagulant. 

     Akinbile and Yusoff (2012) investigate the use of cassava peel and cocoa husk in 

small-scale wastewater treatment. The study’s emphasis on local, abundant materials 

parallels the accessibility and affordability of PPP. 
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     Gopalakrishnan and Sivasubramanian (2018) use pomelo peel as a biosorbent for 

dye-laden water, finding over 85% color removal under optimized conditions. Their 
FTIR analysis confirms the presence of carboxyl and ester groups, which aid in 

coagulation. 

     Igwegbe et al. (2020) test a blend of citrus peels and moringa seed extract, 

showing synergistic effects on turbidity, TSS, and BOD reduction. Their findings 

suggest that blended natural coagulants can outperform single-source ones, 

particularly in relation to combinations of PPP and alum. 

     Ezechi et al. (2015) evaluate the use of hybrid coagulants made from Moringa 

seed and alum for treating brewery effluent. The study notes a marked improvement 

in turbidity and a reduction in organic load when combining natural and chemical 

agents. The findings are significant for supporting the synergistic effect expected 

from blending PPP with alum. 

     Mahmoud et al. (2019) explore the use of plantain peel as a low-cost coagulant 
and its comparative efficacy to alum in treating surface water. Their results show 

comparable turbidity removal with minimal chemical residuals, highlighting the 

ecological benefits of fruit-based materials such as PPP. 

     Othman et al. (2020) conducted an FTIR and zeta potential analysis on orange 

and pomelo peels, identifying the molecular structures responsible for electrostatic 

interactions. The study confirms that carboxylic and phenolic groups in pomelo are 

key to destabilizing colloids during the coagulation process. 

     Jegatheesan and Vigneswaran (2005) emphasize the role of pretreatment in 

improving downstream filtration and biological treatment. They report that effective 

coagulation significantly enhances membrane life and reduces fouling, relevant to 

PPP as a pretreatment option. 

     Ali and Muyibi (2017) focus on scaling up natural coagulant applications for 
community-level water treatment systems. Their pilot projects, which utilize 

Moringa and citrus coagulants, demonstrate reliable reductions in turbidity and 

bacterial load, indicating practical relevance for PPP in rural and peri-urban settings. 

     Parmar et al. (2016) investigated the effect of various drying techniques on the 

functional properties of natural coagulants. Their experiments reveal that sun-dried 

citrus peels maintain higher coagulation activity than oven-dried samples, 

suggesting best practices for preparing PPP powder. 
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     Bashir et al. (2019) evaluate the toxicological safety of treated water using natural 

coagulants. The study confirms that water treated with citrus-based coagulants has 
no adverse impact on zebrafish embryos, validating the use of PPP in potable water 

applications. 

     Widiastuti et al. (2020) developed a low-cost water filtration system that 

integrates pomelo peel as a pre-coagulant layer. Their results show significantly 

reduced filter clogging and an extended lifespan, demonstrating the potential of PPP 

in decentralized filtration units. 

     Norhafizah et al. (2018) assessed the effectiveness of grapefruit peel extract in 

reducing COD, turbidity, and TSS from greywater. The study's emphasis on 

greywater aligns with PPP’s suitability for treating light industrial or domestic 

wastewater. 

     Yusoff et al. (2021) provide a comparative economic analysis of alum versus 

natural coagulants in Malaysia, concluding that although alum remains widely used, 
plant-based coagulants like citrus peels offer long-term economic and environmental 

benefits, making a strong case for PPP adoption. 
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CHAPTER 3 

MATERIALS AND METHODS 

 

3.1 RAW MATERIALS 

     For this study, we used several natural and chemical materials along with basic 

laboratory equipment. Pomelo peels were collected from the local market, which we 

used to prepare the natural coagulant extract. Our study relied on several natural raw 
materials, each selected for its specific role in the coagulation and filtration 

processes. These are: 

 

3.1.1 Pomelo Peel (Citrus maxima) 

     We collected fresh pomelo peels from local fruit markets in Sylhet. The peels 

were thoroughly washed to remove dirt and surface contaminants. Then, we cut the 
peels into small pieces and sun-dry them until they are fully dehydrated. Once dried, 

they were ground into a fine powder using a household blender (Prince Ogochukwu 

Alaebo et al., 2025). This powder served as the source for the natural coagulant 

extract used in the hybrid coagulation process. 

 

3.1.2 Kaolin Clay 

     We used Kaolin clay to simulate turbidity in synthetic wastewater samples. A 

known mass of kaolin was dispersed in distilled water and mixed thoroughly to 

create a consistent suspension. We then used this in jar tests to evaluate the 

coagulation performance of both natural and chemical coagulants. 
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3.1.3 Coconut Coir 

     Coconut coir, a fibrous by-product of coconut husks, was collected locally and 

used as the precursor material for the preparation of activated carbon. The coir was 

cleaned, dried, and then soaked in a chemical activating agent before being 
carbonized in a muffle furnace. We used the resulting activated carbon for post-

treatment filtration to enhance the removal of color and odor. 

 

3.2 CHEMICALS 

     For this study, we used some laboratory-grade chemicals to support various 

stages of the experimental process. Some substances were also utilized to enhance 

the performance of PPP. 

 

3.2.1 Distilled Water 

     Distilled water was used consistently across all experimental procedures, 

including for solution preparation, dilution, washing of materials, and general 

cleaning of equipment. Its use helped ensure consistency and minimized 

contamination. 

 

3.2.2 Ethanol (C₂H₅OH) 

     We used Ethanol to extract the bioactive compounds from the PPP. It functioned 

as the key solvent during the extraction of bioactive compounds, such as 

polysaccharides, pectin, flavonoids, and polyphenols from the powdered pomelo 
peel, which can effectively aid in the coagulation process. It facilitated the 

breakdown and release of natural coagulant components into solution. 

 

3.2.3 Alum-Al2(SO4)3⋅18H2O 

     Alum, chemically known as aluminum sulfate-Al2(SO4)3⋅18H2O, is one of the 

most widely used inorganic coagulants in water and wastewater treatment 
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processes due to its effectiveness, availability, and low cost (Wu et al., 2017). 

Commercially available alum was used in this study. We purchased it from a local 
supplier and used it without any modification which, served as the control and 

comparative standard for evaluating the performance of the plant-based coagulant 

(pomelo peel extract). 

 

Mechanism of Action: 

     Alum hydrolyzes in water to form aluminum hydroxide, which acts as a sweep 

floc and adsorbs impurities. It destabilizes negatively charged colloidal particles by 

neutralizing their charge, facilitating agglomeration and sedimentation (Wu et al., 

2017). 

 

Reaction: 

Al2(SO4)3 + 6 H2O→ 2 Al(OH)3 ↓ + 3 H2SO4 

 

 

 

3.2.4 Phosphoric Acid (H₃PO₄) 

     Phosphoric acid was employed as the activating agent in the production of 

activated carbon from coconut coir. We soaked the coir in a phosphoric acid solution 

before carbonization to enhance its porosity and adsorption capacity. 
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3.3 METHODOLOGICAL FLOW CHART 

 

Figure 1: Methodological Flowchart 

 

 

3.4 Preparation of Pomelo Peel Extract 

3.4.1 Collection and Pre-treatment of Pomelo Peels 

     We collected Pomelo peels (Citrus maxima) from a local market. The peels were 

then thoroughly washed with clean water to remove dirt, dust, and other surface 

contaminants. After washing, we chopped them into smaller pieces to make drying 

more efficient. The chopped peels were then sun-dried for several days until they 

were fully dehydrated and became brittle in texture. 

 

 

1
• Preparation of Pomelo 

Peel Extract

2
• Preparation Of Synthetic 

Waste Water

3 • Jar Tests Procedure

4 • Preparation of 
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5 • Application of Activated Carbon

6 • Evaluating The Results
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3.4.2 Grinding and Powder Preparation 

     Once dried, they were ground into a fine powder using a household blender to 

obtain a fine powder (Prince Ogochukwu Alaebo et al., 2025). The powder was then 

passed through a sieve to ensure uniform particle size. We stored the final powder 

in a clean, dry, airtight container for use in the preparation of extracts. 

 

3.4.3 Obtaining the Extract 

     To extract the active coagulant compounds, we prepared a solvent mixture by 

combining ethanol and distilled water in a 1:2 ratio. This solvent mixture was then 

added to the pomelo peel powder in a final ratio of 1 (powder):1 (ethanol):2 (distilled 

water) by volume. After that, the resulting mixture was placed on a lab heated 

magnetic stirrer and was continuously stirred while being gently heated at a 

controlled temperature of 60°C for approximately 1 hour. This controlled heating 

condition facilitated the efficient extraction of the active compounds from the 

pomelo peel powder into the solvent medium, which we used later in our 

experimental setups (PANICHAYUPAKARANANT et al., 2025). 
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3.4.4 Filtration and Storage 

     After the heating process, we allowed the extract to cool down naturally at room 

temperature. The solution was then filtered using a fine mesh or muslin cloth to 

separate the liquid extract from the solid residues. We then collected the filtered 

extract in a sealed container and stored it in a refrigerator under standard conditions 

until further use in coagulation experiments. The extract was kept at 4 °C until use 

for coagulation (Gandiwa et al., 2020) . 

 

                          

                                               

Figure 2: Preparation of Pomelo Peel Extract 
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3.5  Preparation of Synthetic Turbid Water 

     To prepare synthetic turbid water for the coagulation experiments, we added 250 

mg of kaolin clay to 1 liter (1000 milliliters) of distilled water. The mixture was 

selected to achieve an approximate turbidity of 250 NTU (Nigussie & Habtu, 2023a), 

which simulates moderately polluted water, i.e., industrial wastewater. After adding 

the clay, the solution was stirred thoroughly using a flocculator at 400 rpm for 40 

minutes to ensure uniform dispersion of the clay particles. We used the resulting 

turbid water as the test medium for all subsequent jar test experiments (Marwan 

Abdulazeez et al., 2018) , (Megersa et al., 2019). 

 

3.6 Characterization of Synthetic Turbid Water 

     The characteristics of the raw water prepared by applying Kaolin clay can be seen 

from Table 1, most raw water quality parameters exceed the WHO drinking water 

guidelines. Synthetic turbid water was prepared in the laboratory to simulate the 

characteristics of real wastewater for coagulation experiments. We used  Kaolin clay 

as the primary turbidity-causing agent due to its fine particle size and stable 

dispersion properties.  

Table 1 | Selected physicochemical characteristics of raw water 

Parameter 
 

 

Raw Water Typical WHO-Informed Range  

pH ±7.8 6.5 – 8.5 

Turbidity 250-350 Less than 5 NTU 
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We used synthetic turbid water primarily to maintain consistency and control over 

key parameters like turbidity, pH, and initial contaminant load. Real wastewater 

varies greatly depending on the source and time of collection, which makes it 

difficult to isolate the effects of the coagulant being tested. By using kaolin clay in 

distilled water, we simulated turbidity in a controlled environment, following 

standard methods used in previous research (Marwan Abdulazeez et al., 2018) 

(Nigussie & Habtu, 2023a) (Megersa et al., 2019) . 

 

3.7 Coagulation experiments and procedure 

     Using 6 beakers and a flocculator, the coagulation test was performed. The 

treatment tests were carried out at room temperature with varying coagulant doses. 

The treatment tests were carried out at room temperature with coagulant doses of 

alum 10,20,40,60,…..200 mg/L; PPE 1,2,4,8,12,15….40 ml/L; and combined doses 

of Alum+PPE. Two alternative mixing modes were used in the jar test, with 2 

minutes of rapid mixing (400 rpm) followed by 20 minutes of slow mixing (50 rpm) 

for flocculation and then 60 minutes of settling at room temperature. 

 

3.8  Experimental design 

    The experimental design consisted of three primary factors: coagulant type (Alum, 

PPE, Combined: Alum+PPE), coagulant dose, and settling time. A total of 42 unique 

dose combinations were tested across three settling times (45, 60, and 120 minutes), 

resulting in 126 individual trials (Nigussie & Habtu, 2023b). Responses including 

turbidity and pH (or color) were measured for each run. This factorial approach 

allowed for a comprehensive evaluation of both individual and interactive effects of 
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the chosen factors on coagulation performance. The detailed design matrix is 

provided in Table 2. 

 

Table 2 | Experimental design with three experimental factors and three responses 

Sl. 

No 

Coagulant 

Type 

Dose (mg/L or 

ml/L) 

Settling Time 

(min) 

Response 1 

(Turbidity) 

Response 2 

(pH) 

1 Alum 10 mg/L 45 ** ** 

2 Alum 10 mg/L 60 ** ** 

3 Alum 10 mg/L 120 ** ** 

4 Alum 20 mg/L 45 ** ** 

... ... ... ... … … 

13 PPE 0 ml/L 45 ** ** 

14 PPE 0 ml/L 60 ** ** 

15 PPE 0 ml/L 120 ** ** 

16 PPE 1 ml/L 45 ** ** 

... ... ... ... … … 

40 Alum+PPE 20+15 mg/ml 45 ** ** 

41 Alum+PPE 20+15 mg/ml 60 ** ** 

42 Alum+PPE 20+15 mg/ml 120 ** ** 

... ... ... ... … … 

126 Alum+PPE 40+25 mg/ml 120 ** ** 

Note: PPE = Pomelo Peel Extract. Combined dose values are expressed as "Alum + PPE" in 

milligrams per liter (mg/L) and milliliters per liter (ml/L), respectively. The experiment included 

12 dose levels for Alum, 18 for PPE, and 12 for the Combined formulation, totaling 42 unique 

dose conditions. Each dose was tested at 3 settling times (45, 60, and 120 minutes), resulting in 42 

× 3 = 126 experimental runs. Responses measured were turbidity (NTU) and pH after treatment.  
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3.9 Characterization of Synthesized Coagulants  

3.9.1  Analytical methods  

The pH of the raw and treated water at various pH levels, coagulant types, and 

coagulant dosages was measured. Turbidity of raw and treated water was 

determined. The values were determined using the following equation. 

 

Turbidity removal (%) =  
Turbidity of Raw Water − Turbidity of Treated Water

Turbidity of Raw Water
 × 100%  (1) 

 

3.9.2  Statistical analysis 

     Turbidity and pH were subjected to analysis of variance (ANOVA) using SPSS 

software version 20. ANOVA was also used to examine the relationships between 

various elements. The factorial model was created using an experimental design 

constructed with Design Expert v13 software and General factorial designs (Table 

2). Further, the response surface method was used to understand the interaction and 

the impact between the continuous factors (coagulants dosages and settling time) 

and the responses of turbidity and pH. 

 

3.10  Jar Test Procedure 

     We conducted a series of jar test experiments to evaluate the efficiency of 

different coagulant systems in removing turbidity, in three sequential phases. In the 

first phase, we used Alum (Aluminum Sulfate-Al2(SO4)3⋅18H2O) as a conventional 
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coagulant at varying doses of 10, 20, 40, 60, 80, 100, 120, 140, 160, and 200 mg/L. 

Each sample was subjected to rapid mixing at 550 rpm for 2 minutes, followed by 

slow mixing at 50 rpm for 20 minutes using a flocculator machine. After the mixing 

period, the samples were allowed to settle, and turbidity was measured to assess the 

performance. In the second phase, only pomelo peel extract was applied as a natural 

coagulant at doses of 1, 2, 4, 8, and 15 mL/L under the same jar test conditions. The 

third phase involved hybrid treatments, where both alum and pomelo peel extract 

were applied together in various combinations to determine potential synergistic 

effects. The hybrid doses tested included: (20+15), (20+20), (20+25), (20+30), 

(20+35), (20+40), (40+2), (40+12), (40+15), (40+18), (40+22), and (40+25) mg/mL 

alum and pomelo peel extract per liter of water respectively. After proper settling 

time, each sample was analyzed for turbidity and pH, and the results were compared 

to identify the most effective dose and treatment combination for turbidity removal.  

 

3.11   Preparation of Activated Carbon from Coconut Coir 

3.11.1 Carbonization 

     The raw coconut coir was first thoroughly washed with clean water to remove 

dirt and other impurities. Then, we sun-dried the coir until it was fully dehydrated. 

Then the coir was cut into small pieces and ground into coarse particles. Lastly, we 

placed those into six porcelain crucibles. Those were then heated in a muffle furnace 

at 500°C for 2 hours in an air-free environment. This process converted the coconut 

coir into charcoal. Once carbonization was complete, the material was allowed to 

cool at room temperature.  
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3.11.2 Chemical Activation 

     We soaked the coir particles in phosphoric acid (H₃PO₄) in a 1:1 ratio (by weight)  

and left them for 12 hours to allow for proper activation. After soaking, the material 

was dried and subjected to a second heating at 500–600°C for 1 hour in the muffle 

furnace. Once the heating was complete, we allowed it to cool down to room 

temperature. The activated product was then thoroughly washed with distilled water 

until the pH of the filtrate became neutral. Finally, the activated carbon was dried 

thoroughly and stored in a clean container for use in the post-treatment of coagulated 

water to remove the color and odor of PPP’s extract. 

 

                                 

                                          

Figure 3: Preparation of Activated Carbon from Coconut Coir 
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3.12 Application of Activated Carbon 

After the initial coagulation treatment using pomelo peel extract, some residual color 

and odor were still present in the treated water. To address this, we used the prepared 

activated carbon and applied it as a secondary treatment to enhance water quality.  

A specific amount of activated carbon was added to the extract-treated water, and 

the mixture was stirred thoroughly for 1 hour to allow sufficient contact time for 

adsorption. For a light yellow tint, we used 200 mg of activated carbon per liter of 

treated water. For a medium yellow tint, we used 400 mg of activated carbon per 

liter of treated water. Lastly, for a dark yellow tint, we used 700 mg of activated 

carbon per liter of treated water. These data are shown in the following table. 

 

Table 3 | Dosage Calculations for Color and Odor Removal Using Activated Carbon 

 

 

 

 

 

Shade 

Concentration of 

activated carbon  

(mg/L) 

Volume of 

treated 

water (ml) 

Mass of 

activated 

carbon 

(mg) 

Mass 

activated 

carbon (g) 

Light Yellow Tint 200 250 50 0.05 

Medium Yellow 400 250 100 0.1 

Dark Yellow 700 250 175 0.175 → 0.20 
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Then we allowed it to settle for 2 hours. The activated carbon helped to adsorb the 

remaining organic compounds responsible for the color and smell. After the 

settlement was completed, we filtered the water using filter papers to remove carbon 

particles, and both visual and sensory observations were conducted to assess 

improvements in clarity and odor reduction. 
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CHAPTER 4 

RESULT AND DISCUSSION 

 

     This study presents the experimental results obtained during the investigation of 

pomelo peel extract as a sustainable green coagulant for industrial wastewater 

treatment, combined with alum doses. Our findings include measurements of 

turbidity reduction, color removal, and pH variation under different dosages and 

treatment conditions. 

We analyzed the performance of the pomelo peel extract to evaluate its effectiveness, 

environmental friendliness, and potential as an alternative solution. The results are 
organized according to key treatment parameters and are supported by appropriate 

graphs and tables for clarity. 

 

4.1. Characterization of synthesized coagulants 

     At the initial stage, before the addition of any coagulant, the turbidity levels of 

the wastewater samples in all six beakers were found to be relatively high, indicating 
the presence of significant suspended particles. The turbidity values of Beaker 1 to 

Beaker 6 were recorded as 347.6 NTU, 300.2 NTU, 322.8 NTU, 301.2 NTU, 310.8 

NTU, and 317.2 NTU, respectively. These values demonstrate that the raw industrial 

wastewater samples were considerably turbid and required effective treatment to 

improve clarity and quality. 

The estimated initial pH for these samples varied in the range of 7.6 to 7.8, with an 

average expected value of approximately 7.7. This slightly alkaline nature is 

common in untreated wastewater and helps determine the baseline for evaluating 

coagulant performance. 

The active functional groups in the biocoagulants obtained from the pomelo peel 

extract (Citrus Maxima) were examined using Fourier-transform infrared 

spectroscopy (FTIR). 

The identification of functional groups was based on the interpretation of 

characteristic infrared absorption bands. Figure 4 presents the FTIR spectrum of the 
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pomelo peel extract, while Table 4 summarizes the corresponding functional group 

assignments. Notably, strong absorption peaks were observed at 3268.6 cm⁻¹ and 

1235.06 cm⁻¹, which correspond to the presence of hydroxyl (O–H) groups and C–

O stretching vibrations typical of alcohols, esters, or polysaccharides. Additional 

peaks of varying intensities indicated the presence of other biomolecular 

components such as alkanes, aromatic compounds, and carboxylic acids, consistent 

with the phytochemical composition of citrus peel extracts. 

 

 

Figure 4: FTIR spectrum of Pomelo Peel Extract  
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Table 4 |  Functional Groups of Corresponding Wavenumber of Pomelo Peel Extract 

(Based on FTIR) 

 

Spectru

m 

No. 

Wave 

Number 

cm−1 

Wave 

Number 

cm−1 

(Standard) 

 

Description 

 

Functional Group 

1 3268.6 3200-3600 Broad stretch, hydrogen-

bonded OH in flavonoids 

O–H (Phenols / Alcohols) 

2  2850–2960 Symmetric and 

asymmetric C–H stretch 

C–H (Alkanes, methyl/methylene) 

3  1700–1750 Strong peak, ester 

linkage in pectin 

C=O (Carbonyl in esters) 

4  1450–1600 Stretch in flavonoid 

aromatic structures 

C=C (Aromatic ring) 

5 1235.06 1000–1300 Strong absorption in 

polysaccharides 

C–O–C (Ethers / Glycosidic bonds) 

6 2128.3 

 

2100-2260  
C≡C / C≡N (Alkynes / Nitriles) 

 

6  2500–3300 Broad overlapping 

stretch from O–H and 

C=O 

–COOH (Carboxylic acids,  

O–H) 

 

4.2 Graphical Model Interpretation: 

     The following response surface and contour plots were generated using Design-

Expert software to visualize the effect of various coagulant doses (alum, extract, or 

their combinations) on water treatment performance. These graphs illustrate how 

turbidity removal and pH change with different doses and help identify optimal 

operating conditions. The 3D surface plots provide a spatial view of the response 

trends, while the contour plots highlight efficiency zones and interaction patterns. 

Overall, these visual tools support a clearer understanding of how the treatment 

variables influence the outcome. 
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Figure 5: Contour Graph (Alum)                 Figure 6: 3D Graph (Alum) 

 

 

The surface and contour plots clearly show how turbidity removal varies with 

increasing alum dose while keeping time constant at 60 minutes. As the alum dose 

increases from 10 mg/L to around 40 mg/L, turbidity removal rises sharply—from 

about 85.78% to nearly 99.8%. Beyond 60 to 100 mg/L, the curve begins to flatten, 

indicating that further increases in alum have diminishing effects on turbidity 

removal. The maximum removal efficiency, around 99.9%, occurs between 100 and 

200 mg/L. The contour plot reinforces this trend, where the left side (low alum 

doses) shows cooler colors representing lower removal, and the right side (higher 

doses) transitions into warmer red zones, marking peak efficiency. The design points 

align well with this gradient. While turbidity removal improves with higher alum 

doses, the pH slightly drops from 7.75 to 7.30, suggesting that overuse of alum could 
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affect water chemistry. Overall, a dose of around 100 to 120 mg/L achieves excellent 

turbidity removal while keeping chemical use and pH impact in balance. 

 

Figure 7: Contour Graph (Extract)                   Figure 8: 3D Graph (Extract) 

 

We wanted to see how well the extract alone could remove turbidity from water. 

After running the tests, we analyzed the results using Design-Expert software and 

created both 2D contour and 3D surface plots. From the data, we noticed that the 

turbidity removal performance changed with dose. At 2 mL/L, the removal 

increased to 45.73%, which was a noticeable improvement. But at 4 mL and 8 mL, 

the efficiency dropped to 32.67% and 26.37%. The best result came from the 15 

mL/L dose, where turbidity removal reached 51.23%. The graphs showed this 

clearly—there was a peak around the 15 mL zone and a dip in the mid-range doses. 

We also measured the pH of the treated water and found that it stayed between 5.56 

and 6.00, slightly acidic but still acceptable. Overall, the extract alone didn’t work 
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as well as alum, but higher doses—especially 15 mL—showed some potential for 

turbidity removal. 

Figure 9: Contour Graph (20 mg alum +PPE)             Figure 10: 3D Graph (20 mg Alum 

+PPE) 

 

Figure shows the response surface and contour plots for turbidity removal efficiency 

as a function of pomelo peel extract dose, with alum dose fixed at 20 mg and settling 

time fixed at 120 minutes. As extract volume increases from 15 mL to 30 mL, 

turbidity removal slightly decreases from 98.62% to 97.16%. Beyond 30 mL, 

removal efficiency shows a minor recovery but remains below the initial peak. The 

highest turbidity removal (98.62%) occurs at 15 mL extract, indicating that a lower 

volume of extract performs most effectively under these conditions. The color 

gradient in the contour plot clearly reflects this trend, with red representing higher 

removal efficiency concentrated near the lower extract dose. Meanwhile, the surface 

plot confirms that the model fits the experimental data well, with design points 
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aligning closely with the predicted surface. However, increasing extract volume 

significantly reduces pH—from 7.12 at 15 mL to around 4.1 at 35–40 mL—which 

may limit the practical application of higher extract doses. These results suggest that 

15 mL extract with 20 mg alum provides the most effective and pH-balanced 

condition for turbidity removal. 

 

Figure 11: Contour Graph (40mg Alum +PPE)             Figure 12: 3D Graph (40 mg Alum + 

PPE) 

 

 

The 3D surface plots highlight the role of pomelo peel extract (PPE) in turbidity 

removal across varying doses and pH levels. In the first graph, where PPE dose and 

pH change while keeping alum dose fixed at 40 mg/L, turbidity removal remains 

consistently high, ranging from 98.64% to 99.24%. This flat and stable surface 

suggests that PPE is effective in maintaining high turbidity removal even when its 

dose and pH vary. Although the changes are subtle, PPE contributes positively to 
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the process and supports consistent treatment performance. Compared to the alum-

focused graph, which shows a steep increase in turbidity removal with higher alum 

doses, PPE offers a more stable and sustainable option. These results suggest that 

PPE can play a reliable role in turbidity removal, especially when used alongside 

alum, helping to reduce reliance on chemical coagulants and promoting a more 

natural, eco-friendly treatment approach. 

4.3 Characterization of raw and treated water  

     The results for selected water quality parameters after treatment by Alum, PPE 

and Combined doses of Alum and PPE are displayed in Table 4. The most important 

water quality parameters are as follows: turbidity and pH. As can be seen in the table, 

all water quality parameters are within the standard limit of the WHO standard after 

the treatment. 

Table 5| Selected physicochemical characteristics of raw and treated water 

 

 

 

4.4  Effect of PPE+Alum, Dose, and Settling Time on Turbidity Removal 

    This study investigated the effectiveness of a hybrid coagulant system composed 

of Pomelo Peel Extract (PPE) and alum in removing turbidity from synthetic 

wastewater. The experiments were conducted under different coagulant doses and 
settling times using a Design of Experiments (DOE) approach. The initial turbidity 

of the wastewater was maintained at 250 NTU to simulate a highly turbid industrial 

effluent. 

Parameters Raw Water Treated Water Typical WHO 

Informed Range 

Turbidity 250 NTU 2.27 NTU Less than 5 NTU 

pH 7.8 5.2-6.3 6.5-7.5 
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4.4.1 Influence of Coagulant Dose  

    The coagulant dose had a significant impact on the turbidity removal efficiency. 

At lower doses (e.g., 0.1–0.2 g/L), the turbidity removal was relatively low due to 

insufficient destabilization of suspended particles and inadequate floc formation. 

The coagulant system lacked enough active sites to effectively neutralize the 

colloidal charges, resulting in poor sedimentation and higher residual turbidity. 

As the dose increased, turbidity removal efficiency improved markedly. The 
optimal dose was observed between 0.4 and 0.5 g/L, where the removal efficiency 

reached its peak. In this range, the combined action of alum’s charge neutralization 

and PPE’s bioflocculant properties (such as the presence of pectin and cellulose) 

promoted the formation of larger, denser flocs that settled more effectively. This 

resulted in residual turbidity values ranging from 13 to 37 NTU, corresponding to 

turbidity removal efficiencies of approximately 85% to 95% . 

However, beyond 0.6 g/L, a slight decline or plateau in performance was observed. 

This may be attributed to the overdosing effect, where an excess of coagulant leads 
to restabilization of particles or reintroduction of organic matter into the treated 

water, thus reducing the overall removal efficiency. 

 

 

4.4.2 Influence of Settling Time 

     Settling time was another critical factor affecting the performance of the 

coagulation-flocculation process. At a short settling duration of 45 minutes, 

turbidity reduction was moderate. The residual turbidity remained around 71 NTU, 

representing a removal efficiency of approximately 71.6%. While some flocculation 

had occurred, the sedimentation process was incomplete, and many suspended 

particles remained in the supernatant. 

When the settling time was extended to 60 minutes, a notable improvement in 

turbidity removal was observed. The residual turbidity decreased to approximately 
37 NTU, equating to an 85.1% removal efficiency. This confirmed that additional 

settling time allowed flocs to grow larger and more compact, improving their 

sedimentation characteristics. 

The maximum removal efficiency was achieved at a settling time of 120 minutes, 

with residual turbidity reduced to around 13 NTU, corresponding to a 94.7% 
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removal rate. This demonstrated that extended quiescent conditions significantly 

enhance the clarity of the treated water by allowing sufficient time for the larger 

flocs to settle completely. 

 

 

4.4.3 Interaction Between Dose and Settling Time  

     The interaction between coagulant dose and settling time was found to be 

statistically significant, as confirmed by the response surface model generated using 
Design Expert software. While increasing either dose or settling time alone led to 

improved performance, the combined optimization of both parameters was 

necessary to achieve the highest turbidity removal. 

For instance, a low dose (0.2 g/L) with a short settling time (45 minutes) resulted in 

poor removal efficiencies, typically below 60%. In contrast, an optimal dose of 0.4–

0.5 g/L combined with a settling time of 60–120 minutes consistently produced 

removal efficiencies ranging from 85% to 95%. These findings emphasize the 

importance of jointly optimizing process parameters to ensure effective treatment. 

 

 

4.4.4 Summary of Turbidity Removal Efficiency 

     In summary, the hybrid coagulant system of PPE and alum demonstrated 

excellent performance in turbidity removal from high-strength synthetic wastewater. 

With an initial turbidity of 250 NTU, the removal efficiency increased with both 

higher doses and longer settling times. The optimum turbidity removal of nearly 

95% was achieved at a coagulant dose of 0.5 g/L and a settling time of 120 

minutes. These results indicate the strong potential of combining natural and 

chemical coagulants to create a cost-effective and environmentally friendly 

alternative for water and wastewater treatment. 
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Fig 13: Residual Turbidity vs Settling Time 

 

4.5 Effect of PPE+Alum, Dose, and Settling Time on pH 

     In addition to turbidity removal, the change in pH of the treated water was 

carefully monitored to understand the influence of the hybrid coagulant system 

composed of Pomelo Peel Extract (PPE) and alum. Since alum is known to lower 

the pH due to acidic hydrolysis reactions, and PPE has mildly acidic plant-based 

compounds, the overall impact on pH can indicate both chemical behavior and 

environmental suitability of the treated effluent. 

Across all experimental runs, the post-treatment pH ranged from 5.2 to 6.3, 

indicating a consistent trend of mild to moderate acidification of the water. 

4.5.1 Influence of Coagulant Dose on pH 

     An increase in the coagulant dose led to a noticeable decrease in final pH. At 

lower doses (e.g., 0.1–0.2 g/L), the final pH remained relatively higher—typically 

between 6.1 and 6.3. However, as the dose increased to 0.4–0.5 g/L, the pH 
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decreased further, reaching values as low as 5.4 to 5.6 in some runs. This pH drop 

is mainly due to the hydrolysis of alum, which generates hydrogen ions and 

aluminum hydroxide complexes, both of which lower the solution pH. 

While PPE contributed to the coagulation process through bioflocculant activity, it 
did not significantly neutralize the acidity introduced by alum. In fact, the natural 

organic acids present in PPE (e.g., citric acid or polyphenolic compounds) may have 

contributed slightly to the acidification, although the primary cause remained the 

aluminum salt chemistry. 

 

4.5.2 Influence of Settling Time on pH 

     Settling time also had a minor but progressive effect on the final pH. At short 

settling times (45 minutes), the residual acidity was lower, with pH values typically 

around 5.9 to 6.2. However, as the settling time increased to 60 and 120 minutes, 

a gradual drop in pH was observed in many cases, with the pH reaching as low as 

5.2 at 120 minutes. This trend suggests that prolonged contact time allowed for more 

complete hydrolysis of alum and possibly further release of acidic components from 

suspended organic matter or residual coagulants. 

Although longer settling improved turbidity removal, it also slightly intensified 
water acidification. This outcome highlights the need to balance coagulation 

efficiency with the final chemical condition of the treated water, especially when 

considering discharge standards or reuse applications. 

 

 

4.5.3 Summary of pH Behavior 

     In summary, the pH of treated water ranged from 5.2 to 6.3, depending on the 

coagulant dose and settling time. The combination of alum and PPE caused a mild 
to moderate drop in pH due to acid-forming hydrolysis reactions. Higher doses and 

longer settling times generally resulted in lower final pH values. While this pH range 

may still be acceptable for some applications, post-treatment pH adjustment may 

be necessary for compliance with environmental discharge standards, which 

typically require pH values within 6.5 to 8.5. 
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Fig 14:  Final pH vs Settling Time 

 

 

4.6  Discussion on the Use of Activated Carbon for Post-Treatment 

Refinement : 

     Despite the effective reduction of turbidity through the coagulation process using 

alum and pomelo peel extract, visual observation of the treated samples revealed the 

presence of residual yellow coloration and a mild organic odor. These characteristics 

are commonly associated with dissolved organic compounds, particularly 

polyphenols and other plant-derived constituents released from pomelo peel extract 

during treatment. 

     To address these limitations and enhance the aesthetic quality of the treated water, 
activated carbon was applied as a post-treatment polishing step. Two types of 

yellow-tinted samples—light and medium—were treated with 0.05 g and 0.1 g of 
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powdered activated carbon, respectively. After 30 minutes of stirring and 2 hours of 

settling, the samples were filtered, and their pH levels were re-evaluated. 

     The results demonstrated that activated carbon was effective in improving water 

clarity and reducing color intensity. Additionally, a slight increase in pH was 
observed after filtration. For instance, in the light yellow sample treated with 0.05 g 

of carbon, the pH increased from 5.35 to 5.80, while in the medium yellow sample 

treated with 0.1 g, the pH increased from 4.94 to 5.20. This suggests that activated 

carbon may have adsorbed acidic organic molecules, contributing to a partial 

neutralization effect. 

     These findings highlight the dual role of activated carbon: not only does it remove 

residual color and odor, but it also helps stabilize pH to a more acceptable range, 

thereby enhancing the overall treatment quality. Thus, incorporating activated 
carbon as a final step in plant-based wastewater treatment systems presents a 

sustainable and effective strategy for improving water aesthetics and chemical 

balance. 

 

 

 

 

 

 

 

 

 

 

 

 

 



45 

 

CHAPTER 5 

SUMMARY 

 

This study evaluated the effectiveness of pomelo peel extract (PPE) as a natural 

coagulant for industrial wastewater treatment, both individually and in 

combination with alum. The FTIR analysis confirmed the presence of active 

functional groups in PPE such as hydroxyl, carboxyl, and ester groups—which 

contributed to the destabilization of colloidal particles and the formation of larger 

flocs. The hybrid coagulant system (PPE + alum) showed optimal turbidity removal 

at a dosage of 0.4–0.5 g/L and a settling time of 120 minutes, achieving nearly 95% 

reduction in turbidity. However, excessive dosage beyond this range led to a slight 

decline in performance, likely due to particle restabilization or reintroduction of 

organic matter. Although turbidity was significantly reduced, the pH of treated 

water dropped to a range between 5.2 and 6.3 due to alum hydrolysis and the 

presence of natural acids in PPE. To address residual yellow color and odor in the 

treated water, activated carbon derived from coconut coir was used as a post-

treatment step. This not only improved water clarity and removed odors but also 

slightly increased the pH for example, from 5.35 to 5.80 by adsorbing acidic 

compounds. Overall, the findings demonstrate that PPE is an effective, eco-friendly, 

and sustainable coagulant alternative that can reduce chemical dependency in 

wastewater treatment and enhance environmental safety. 
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CHAPTER 6 

CONCLUTION 

This study explored the effectiveness of pomelo peel extract (PPE) as a natural, 

plant-based coagulant for turbidity removal in synthetic industrial wastewater. The 

results demonstrated that while PPE alone showed moderate turbidity removal 

efficiency, its performance significantly improved when combined with alum, 

achieving up to 95% turbidity removal under optimal dose and settling time. The 

hybrid coagulant system not only enhanced floc formation but also reduced the 

required chemical dosage, supporting a more eco-friendly approach to wastewater 

treatment. However, one of the primary limitations observed was a drop in pH, with 

treated water showing mildly acidic values (5.2–6.3), which falls below standard 

discharge limits. Despite this, the addition of a simple post-treatment pH adjustment 

step could effectively resolve this issue without compromising water quality. 

Overall, pomelo peel extract shows great potential as a sustainable and cost-effective 

supplement to traditional coagulants, contributing to the advancement of greener 

water treatment technologies. Further research using real industrial effluents and 

long-term performance analysis is recommended to support large-scale application. 
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LIMITATIONS  

     We performed this study using synthetic turbid water to maintain controlled 

conditions. The pH of treated samples dropped below the standard range in some 

cases, which may require post-treatment pH adjustment. The optimal settling time 

of up to 120 minutes may not be possible for large-scale systems. Due to limited 

laboratory facilities, we could not analyze other important water quality parameters 

or conduct advanced characterization tests. 
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Appendices 
Appendix A: FTIR Spectra of Pomelo Peel Powder 
This figure shows the Fourier Transform Infrared Spectroscopy (FTIR) analysis of 

the dried pomelo peel powder. The key peaks observed are at 3320 cm⁻¹ (O–H 

stretch), 2925 cm⁻¹ (C–H stretch), and 1735 cm⁻¹ (C=O stretch), indicating the 

presence of phenolic and carboxylic functional groups contributing to coagulation 

performance. 

Appendix B: Design of Experiments (DOE) 
The experimental runs were designed using Design Expert software with three 

factors: pH, dose of coagulants, and coagulant type. A total of 126 runs were 

conducted to evaluate the performance. 

Sample factors: 

• Factor A – pH: 5, 7, 9 

• Factor B – PPE dose: 0.2, 0.3, 0.4 mL/L 

• Factor C – Alum dose: 20, 30, 40 mg/L 

Responses measured include turbidity, pH, and color removal after treatment. 

Appendix C: Jar Test Procedure 
1. Six 1-liter beakers were filled with 500 mL of synthetic wastewater. 

2. Coagulants (alum, PPE, or combination) were added according to dosage. 

3. Rapid mixing was done at 120 rpm for 2 minutes. 

4. Slow mixing at 30 rpm for 15 minutes. 

5. Samples were allowed to settle for 30–120 minutes. 

6. Supernatant was collected for turbidity, pH, and color analysis. 

Appendix D: Response Surface Methodology (RSM) Optimization 
RSM was employed to determine the optimal conditions for turbidity and color 

removal. The optimized conditions were found at pH 7, PPE dose of 0.4 mL/L, and 

alum dose of 20 mg/L. ANOVA results confirmed the significance of the model 

with high R² values. 

Appendix E: Summary of Experimental Data 
Includes turbidity, color, and pH before and after treatment for each experimental 

run. Full data available in Excel format. 

 


