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ABSTRACT

Microplastics (MP) have emerged as persistent pollutants in aquatic environments, often coexisting with 
other contaminants in domestic wastewater. Conventional coagulants such as alum are effective but present 
environmental drawbacks, including harmful sludge generation. This study investigates soybean pulp extract (SPE), a 
plant-based and protein-rich byproduct of soymilk production, as a natural coagulant for MP removal from municipal 
wastewater. SPE was prepared using ethanol extraction with and without sodium chloride (NaCl) 
supplementation, and its protein content, zeta potential, and coagulation performance were evaluated. Jar tests 
were conducted with varying SPE and alum dosages (10–50 mg/L) in wastewater spiked with 500 mg/L polyethylene 
(PE) microplastics. The concentration of microplastics used was higher than that normally found in domestic 
wastewater, and exposure to this concentration was lethal to microorganisms. Results showed that ethanol extraction 
alone was sufficient for protein recovery, while NaCl addition offered no significant advantage and introduced 
further negative charge to the extract. The optimum SPE dosage was identified at 30 mg/L, achieving 557.67± 50 
mg/L of floc sediments, comparable to alum at the same dosage. FTIR confirmed the removal of PE microplastics, 
with peaks observed at 2915–2917 cm–¹. SPE achieved up to 96.22% turbidity removal and 59.58% total suspended 
solids (TSS) removal, which is nearly comparable to alum, although alum was more effective at lower dosages. 
These findings demonstrate the potential of SPE as an eco-friendly alternative coagulant, capable of microplastic 
and pollutant removal under real wastewater conditions.
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INTRODUCTION

Microplastics (MP) are synthetic plastic with 1–5 mm size. 
MP occur in various forms such as fibers, fragments, 
spheres, granules, films, flakes, pellets, and foams, 
depending on the source plastic, surface degradation, and 
environmental exposure time. Common polymers in MP 
and nanoplastics include polyester (PCT), polypropylene 
(PP), polyvinyl chloride (PVC), polystyrene (PS), 
polyethylene (PE), polyethylene terephthalate (PET), 
styrene–acrylonitrile resin (SAN), and poly(n-butyl 
methacrylate) (PBMA) (Urrutia-Pereira et al. 2025). Plastic 
wastes such as bottles, bags, storage containers, and fishing 

nets are major contributors to MP pollution in an aquatic 
environment. Over time, larger plastics undergo 
fragmentation through UV radiation and physical abrasion, 
breaking down into MP that disperse more easily in the 
water. MP can also originate directly from industrial 
abrasives, domestic products like facial cleansers, and other 
consumer goods, which release particles into sewage 
systems and natural ecosystems (Ardestani, 2022).

MP pose significant risks to aquatic life when ingested. 
They can bioaccumulate within organisms and induce 
particle- or chemical-mediated toxicity, leading to 
disruptions in metabolism, feeding behavior, growth, and 
reproduction. Fish are particularly vulnerable, as MPs can 
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enter directly through the gills or indirectly via the digestive 
tract, including trophic transfer from prey, thereby 
increasing body burdens and intensifying toxic effects (Li 
et al. 2025). Exposure to polystyrene has been shown to 
reduce chlorophyll content in algae, while Daphnia magna 
exhibited impaired reproductive performance (Issac and 
Kandasubramanian, 2021). The hazards of MPs are further 
compounded by their physicochemical properties, which 
include their large surface area, surface charge, and reactive 
functional groups that enable them to adsorb various 
environmental pollutants. Heavy metals, when coupled 
with MP are especially concerning due to their high 
toxicity, persistence, and bioaccumulation potential (Shen 
et al. 2025; Benhadji et al. 2025; Motlagh et al. 2025). 

Aluminum sulfate (alum) is a hydrolyzing mineral salt 
that has been widely used in coagulation processes to 
remove impurities from water. It is the primary reagent 
responsible for eliminating natural organic matter (NOM) 
and other contaminants in potable water treatment. Alum 
has long been recognized as one of the most effective 
coagulants in water and wastewater treatment, with its 
separation and purification typically achieved through 
methods SO4/Ba²+ deposition–replacement, ethanol–
acetone precipitation, ultrafiltration, and column 
chromatography (Jagaba et al. 2018). However, the use of 
chemical coagulants like alum poses several drawbacks, 
including the production of harmful and voluminous 
sludge. Consequently, efforts have been directed toward 
developing plant-based alternatives, known as natural 
coagulants. These natural coagulants are safe, eco-friendly, 
and derived from plants, microorganisms, or animals. 
Certain plants are particularly effective because they can 
neutralize the charges of colloidal particles and promote 
polymer bridging, thereby facilitating floc formation and 
sedimentation.

Natural coagulants can be divided into two categories: 
those isolated from plants, referred to as plant-based 
coagulants, and those obtained from other natural sources, 
known as non-plant-based coagulants. Examples of plant-
based coagulants include Nirmali seeds, Moringa oleifera, 
tannins, and cactus. Nirmali seeds are a source of anionic 
polyelectrolytes, and their extracts contain carboxylic (–
COOH) and hydroxyl (–OH) groups, which enhance 
coagulation efficiency (Nath et al. 2021). There are also 
reports on the combination of alum and cassava peel starch, 
where findings demonstrated that the dual coagulant system 
(Alum:CPS) achieved improved turbidity removal 
compared to cassava peel starch alone (Kamala et al. 2025). 
An example of a non-plant-based coagulant is eggshells. 
Eggshell-derived coagulants have shown high potential as 
alternatives to conventional alum in water and wastewater 
treatment. Their addition promotes rapid particle 
aggregation and the formation of larger flocs, thereby 

improving flocculation and sedimentation performance 
(Precious Sibiya et al. 2021). Another example is natural 
bentonite that able to coagulate and remove heavy metals 
without the need for additional chemicals (Khairuddin et 
al. 2024)

Soybean pulp, or okara, is a natural by-product of 
soybean processing. Fresh and untreated okara typically 
has a neutral to slightly negative surface charge. It consists 
of approximately 50% dietary fiber, 25% protein, 10% fat, 
and other nutrients. The weak electrostatic repulsion 
between its particles allows them to aggregate easily within 
the structure. Under microscopy, soybean pulp exhibits a 
porous structure, which can enhance its potential as a 
natural adsorbent. The function of soybean pulp as a 
coagulant is considered promising, as its surface charge 
can vary depending on the pH of the medium (Meng et al. 
2024).

The study aims to use soybean pulp extract as the 
coagulant to remove microplastics. In Malaysia, soymilk 
consumption averages 9 L per day (Starling, 2011), and 
for every kilogram of soybeans processed into soymilk, 
approximately 1.1 kg of soybean pulp is produced. The 
use of soybean pulp extract as a coagulant is novel. This 
study examines its effectiveness in removing microplastics 
from domestic wastewater rather than microplastics alone, 
providing clearer insight into its functionality under real-
world conditions where microplastics coexist with other 
wastes and pollutants. Negatively charged microplastics 
are expected to enhance the coagulation-flocculation 
mechanism when treated with soybean pulp extract.

METHODOLOGY

MATERIALS

Samples of soybean pulp are procured from homemade 
soymilk to mimic the properties of actual soymilk waste. 
Ethanol and Sodium chloride (NaCl) for polypeptide 
extraction were purchased from Sigma Aldrich. Bradford 
reagent was also purchased from Sigma-Aldrich, and 
Bovine Serum Albumin (BSA) was purchased from Sigma 
Chemical Co. Lastly, municipal wastewater was obtained 
from Indah Water Konsortium Sdn. Bhd. (IWK, Kuala 
Lumpur).

PREPARATION OF SOYBEAN PULP EXTRACT

The soybean pulp extract preparation followed as described 
in Bodlund et al. 2013. The soybean pulp was firstly 
blended and ground to fine paste using a stone pestle and 
mortar. Then the soybean pulp was stirred in 95% v/v 
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ethanol (1:10 dilution) for 30 minutes with a magnetic 
stirrer. After ethanol evaporation, the crude extract was 
prepared using two approaches. In the first method, the 
extracted soybean pulp was mixed with different 
concentrations of NaCl (0 M, 0.1 M, 0.25 M, 0.5 M, 1.0 
M) and stirred for 10 minutes using a magnetic stirrer, 
followed by centrifugation at 3,000 rpm for 10 minutes to 
obtain the supernatant (crude extract). In the second 
method, the extracted soybean pulp was mixed with 
distilled water, stirred under the same conditions, and 
centrifuged similarly to collect the crude extract. 

QUANTIFICATION OF PROTEIN EXTRACT

The Bradford Assay is used to determine protein extract 
from soybean pulp. All centrifugal tubes received 3 mL of 
Bradford reagent and 0.06 protein extract from soybean 
pulp, and the mixture was left for 10 minutes at room 
temperature for colour change observation before 
measurement. The absorbance at 595 nm was measured.

ZETA POTENTIAL

The zeta potential measurement was carried out by using 
the Malvern Zetasizer Nano ZS by applying the dynamic 
light scattering method (DLS) according to Ramli et al. 
(2022). Sample concentration is 1:10 of soybean pulp 
extract (SPE) samples in distilled water. The samples were 
transferred to a zeta cell (DTS1060C, Malvern Instruments) 
and measured at room temperature with a measurement 
position of 2 mm.

PREPARATION OF WASTEWATER

Polyethylene (PE) particles was mechanically disintegrated 
from common plastic bags and sieved in meshes with 
different particle diameter, < 5 mm to mimic microplastics 
in water bodies (Ma et al. 2019). These microplastic was 
then added to the municipal wastewater taken from Indah 
Water Consortium (IWK) in Kuala Lumpur.

COAGULATION PROCESS

Different concentrations of SPE and alum were applied at 
dosages of 10, 20, 30, 40, and 50 mg/L. A jar test was 
conducted to evaluate the effects of varying coagulant 
concentrations on MP removal. The test was performed 
using a five-paddle stirrer and five beakers, each containing 
100 mL of wastewater and 50 mg of PE microplastics. 500 
mg/L or 0.5 g/kg MP is reported to be lethal to 

microorganisms (Yang et al. 2023), and thus this 
concentration was chosen. At the beginning, the stirring 
speed was set to 65 rpm for 3 minutes immediately after 
adding SPE into each beaker to achieve thorough 
dispersion. Then, the stirring speed was reduced to 45 rpm 
for another 20 minutes to promote flocculation. After that, 
the suspensions in all beakers were allowed to settle, and 
the settling time was recorded to ensure that the formed 
flocs settled properly. The clarified water was then left 
undisturbed for 6 hours, after which the supernatant was 
collected for analysis. The analysis was done in triplicate 
to obtain the average reading. Turbidity and total suspended 
solids (TSS) were measured using a turbidimeter (HI 9829, 
Hanna Instruments) and calculated based on Equation (1), 
respectively, before and after the coagulation process.

(1)

where W2 = weight of residue and filter (mg), W1= weight 
of filter (mg), and V= volume of sample (mL).

RESULTS AND DISCUSSION

SOYBEAN PULP EXTRACT COAGULANT 
CHARGE 

Coagulant functions most effectively when carrying a 
positive charge, as coagulation process requires 
neutralization of the negatively charged colloidal particles 
in pollutants, thereby destabilizing them and enabling 
polymer bridging to form larger flocs that settle more 
readily. In this experiment, the soybean pulp extract (SPE) 
was prepared using 95% ethanol, yielding a protein-based 
extract. To enhance protein recovery, sodium chloride 
(NaCl) was incorporated, as it is widely reported in the 
literature to facilitate protein extraction. For example, NaCl 
has been employed in the extraction of proteins from 
Moringa oleifera seeds, where it improves solubility and 
structural stability (Du et al, 2022), as well as in the 
extraction of Oleosin, where it promotes subunit 
dissociation and unfolding, thereby increasing yield 
compared to traditional methods (Sun et al. 2022). 
Similarly, in meat products, NaCl not only imparts the 
characteristic salty flavor but also extracts myofibrillar 
proteins, which are crucial for gel formation, water-holding 
capacity, emulsification, and the development of desirable 
texture (Zhang et al. 2022).
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FIGURE 1. Effect of sodium chloride (NaCl) concentration on 
protein adsorption and zeta potential

As shown in Figure 1, different NaCl concentrations 
resulted in varying protein concentrations, as indicated by 
protein adsorption readings. The amount of protein 
extracted with NaCl was not significantly higher compared 
to the extraction without NaCl. Protein production was 
better after ethanol extraction alone, and the addition of 
NaCl provided no increment. From this perspective, the 
use of NaCl is unnecessary, as ethanol alone is sufficient 
to extract protein from soybean pulp. Moreover, adding 
NaCl during the extraction process introduces additional 
negative charge to the extract, whereas an effective 
coagulant should ideally possess a positive charge. From 
Figure 1, the extract without NaCl exhibited a charge of 
–4.9, while the addition of 0.1 M NaCl reduced it slightly
to –4.2. Nevertheless, this reduction has minimal impact
on coagulation performance, since the overall protein yield
is lower when NaCl is included.

In the coagulation process, the coagulant needs to carry 
a positive charge so that it can attract negatively charged 
pollutants and allow them to settle. However, there are 
cases where negatively charged coagulants can also assist. 
For example, bentonite clay, which is negatively charged 
and used as a coagulant aid. It does not act as the main 
coagulant but enhances the process (El-Taweel 2023). Its 
negative charge attracts the positively charged hydrolysis 
products of alum or iron salts, forming a network that traps 
pollutants. It is possible that the slight negative charge of 
the SPE functions in a similar way.

Peng et al. (2016) reported that proteins in soymilk 
are negatively charged at neutral pH. Similarly, Ramli et 
al. (2022) obtained a zeta potential of −0.4 mV from protein 
extracted from rubber seed, which successfully coagulated 
and removed 46.7% of suspended solids and 76.5% of 
colour from landfill leachate at neutral pH. According to 
Honary & Zahir (2013), particles with zeta potentials 
greater than +30 mV or less than −30 mV are generally 
considered stable. This implies that the most effective zeta 
potentials for coagulants are those approaching zero, 
whether slightly positive or negative. At zeta potentials 
close to zero, particles have a larger diffusion layer 
compared to those with higher absolute values of zeta 

potential, due to their unstable configuration. This finding 
supports the potential effectiveness of negatively charged 
protein coagulants in destabilizing and coagulating 
negatively charged impurities.

 MICROPLASTIC COAGULATION

The coagulation process can be observed through sediment 
formation when a coagulant is added. The effectiveness of 
a coagulant is determined by its ability to attract particles 
and promote the formation of flocs or settling sediments. 
As shown in Figure 2, sediment was formed even without 
and with different dosages of SPE and aluminum sulfate 
added to 100 mL of wastewater containing 50 mg of PE.

FIGURE 2. Sedimentation from alum and soybean pulp extract 
(SPE) coagulation 

It can be observed that at higher coagulant 
concentrations, the amount of sediment produced increases, 
indicating the ability of both coagulants to remove 
impurities from wastewater containing microplastics. 
Gaikwad and Munavalli (2019) also reported that higher 
coagulant dosages generally enhance impurity removal, 
although the efficiency depends on the turbidity or impurity 
level of the water, as some conditions require more 
coagulant until the optimum dosage is reached. Nevertheless, 
the wastewater used in this study already exhibited a natural 
settling effect. As shown in Figure X, even without 
coagulant addition, sedimentation reached 416.67 mg/L, 
which was higher than that obtained with SPE dosages of 
10 mg/L and 20 mg/L (both below 400 mg/L). This 
behavior can be attributed to the presence of organic loads 
in the wastewater that form biogranules. Biogranules are 
amorphous clusters that, after a maturation phase, can 
develop into dense and irregular aggregates with larger 
size and higher settling velocity (Gomez et al. 2021).

In this experiment, the optimum coagulant dosage for 
the SPE was determined to be around 50-40 mg/L, 
producing 557.67 mg/L of floc sediments, which was the 
total settled mass after separation from the supernatant. At 
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this dosage, the amount of sedimentation was higher than 
the amount obtained from alum coagulation at the dosage 
of 40 mg/L. This suggests that the SPE is nearly comparable 
to alum in terms of coagulation capability, and this was 
probably due to protein-mediated charge neutralisation and 
hydrophobic interactions (Tkaczewska 2022). However, 
the total sedimentation produced by alum at 50 mg/L was 
nearly four times higher than that of the SPE at the same 
dosage. Alum is a widely used chemical coagulant for 
removing large sedimented particles, primarily by 
destabilizing particle charges. Its positively charged ions 
neutralize the negatively charged suspended solids 
(pollutants) in the water, thereby promoting floc formation 
and sedimentation (Dhanasekar et al. 2022). 

Furthermore, a FTIR analysis was conducted to 
evaluate the effectiveness of SPE coagulant in removing 
microplastics (MP) . Figure 3  presents the FTIR spectra 
of sediments obtained at different SPE concentrations. All 
spectra exhibited peaks corresponding to bonds associated 
with the presence of MPs. According to the literature, 
polyethylene (PE) typically shows a strong absorption peak 
between 2800–2900 cm–¹, with low-density polyethylene 
(LDPE, commonly used in plastic bags) displaying a peak 
at 2915 cm–¹, attributed to C–H alkane stretching 
(D’Amelia et al. 2016; Suardy et al. 2020; Wicaksono et 
al. 2019). In this study, a distinct peak was observed at 
2915–2917 cm–¹ (Figure 3), confirming the presence of 
MPs, particularly PE. Thus, it can be concluded that SPE 
demonstrates coagulant activity for the removal of MPs.

FIGURE 3 FTIR Microplastic analysis sediments from Different Dosages of Crude Extract Soybean (a) Controlled, (b) 10 mg/L, 
(c) 20 mg/L, (d) 30 mg/L, (e) 40 mg/L, (f) 50 mg/L.
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Furthermore, Figure 3 shows that microplastic 
sediments without the SPE coagulant exhibit no peak 
around 3400 cm–¹. This peak is associated with the hydroxyl 
and amine functional groups of soybean. Tofu has been 
reported to display a broad absorption band at 3200–3500 
cm–¹, attributed to multimolecular binding and the O–H 
and N–H stretching vibrations (Meng et al. 2025).

TURBIDITY REMOVAL

Turbidity treatment with SPE was executed using a 
turbidimeter before and after treatment and compared with 
alum sulfate. According to Gaikwad & Munavalli (2019), 
some coagulants depend on the level of turbidity of 
effluents as coagulants react differently in low, medium, 
and high turbid water. The comparison is shown in Figure 
4. 

The competency of turbidity removal is nearly the 
same for both coagulants as it achieved more than 85% 
and 93% of removal for SPE and alum respectively. 
However, for alum coagulants the trend of removal 
gradually stabilized after treating the wastewater at 30 
mg/L with a 97.48 % removal, implying the optimum alum 
dosage for turbidity treatment. Meanwhile, SPE coagulant 
was able to remove 96.22% of turbidity at 50 mg/L, which 
is assumed to be the optimum concentration of coagulant. 
The trend of SPE in turbidity removal continues to increase 
so, there is a possibility for a higher dosage for optimum 
concentration. Even though both showed notable results, 
SPE needs at least twice the concentration of alum to have 
the same turbidity removal rate. 

FIGURE 4. Turbidity removal by soybean pulp extract (SPE) 
and alum

TOTAL SUSPENDED SOLID REMOVAL 

Besides turbidity treatment, total suspended solid (TSS) 
removal in municipal wastewater was also investigated. 
The weight of TSS was taken 30 minutes before and after 
the coagulation process for both coagulants on surface 
water then calculated using equation (Equation 1). Figure 
5 shows the trend and difference of TSS removal from SPE 
and alum in municipal wastewater.  The trend of alum in 
TSS removal increases as the dosage of coagulant 
increases. Therefore, the optimum concentration of alum 
coagulant in TSS removal is at 50 mg/L removing 86.56% 
of TSS. Tetteh et al. (2017) used alum in treating industrial 
mineral oil wastewater and obtained an optimum coagulant 
concentration at 50 mg/L which achieved a 79 % of 
removal, proving the capability of alum in municipal 
wastewater treatment. Whereby for SPE, the removal of 
TSS at zero concentration (43.18 %) is higher than 10 mg/L 
(41.37 %), which may be due to the natural sediment 
gravity flow in which the sedimentation is supported by a 
few factors including turbidity current, grain flow and 
debris flow ( Dasgupta 2003). The addition of a coagulant 
may disturb the existing floc structure However, as the 
amount of SPE coagulant increased, the TSS also increased. 
At a concentration of 30 mg/L SPE, the removal rate began 
to stagnate, indicating possible re-stabilization of particles 
or overdosing of the coagulant which gives an optimum 
dosage of 30 mg/L for SPE in TSS removal at 59.58%. 
Both coagulant indicates an efficient agent for TSS 
removal, yet alum still surpasses SPE effectivity. 

As a conclusion to the findings, applying SPE at doses 
higher than 30 mg/L does not significantly improve its 
effectiveness in turbidity removal. However, large-scale 
application of SPE is feasible since it is a non-chemical 
material. Nevertheless, caution should be taken as it may 
pollute the water in other ways. This is supported by the 
sedimentation results mentioned in the earlier section, 
which show an increase with higher SPE concentrations. 
Furthermore, the relationship between TSS and turbidity 
observed in this study shows that as turbidity increases, 
TSS also increases. In the literature, the correlation between 
TSS and turbidity is reported as strong (R² = 0.916) (Santos 
et al. 2025). Although the turbidity removal (96.22%) was 
higher than the TSS removal (59.58%), the result is still 
consistent with the literature reporting a strong correlation 
between the two parameters. The difference in removal 
percentages may be attributed to the higher sensitivity of 
turbidity to fine colloidal particles, whereas TSS represents 
the total suspended mass.



4133

FIGURE 5. Total suspended removal by soybean pulp (SPE) 
and alum

CONCLUSION

This study demonstrated that soybean pulp extract (SPE) 
is a promising natural coagulant for domestic wastewater 
treatment, particularly for the removal of microplastics. It 
achieves the objectives of the study. Ethanol extraction 
effectively recovered protein without the need for NaCl 
supplementation. While alum achieved higher overall 
sedimentation and TSS removal, SPE produced comparable 
turbidity reduction and confirmed microplastic removal at 
an optimum dosage of 50 mg/L. SPE demonstrated 
effective coagulation performance, achieving up to 96.22% 
turbidity removal and 59.58% total suspended solids (TSS) 
removal at an optimum dosage of 50 mg/L. At this 
concentration, SPE produced 557.67 ± 50 mg/L of floc 
sediments, comparable to alum, which achieved 97.48% 
turbidity and 86.56% TSS removal. Given its abundance 
as a byproduct of soymilk production and its performance 
under realistic wastewater conditions, SPE offers a 
sustainable, low-cost, and environmentally friendly 
alternative to conventional chemical coagulants. Further 
optimization studies are recommended to enhance its 
efficiency and support large-scale application. 
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