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Abstract 

Conventional water treatment relies on chemical coagulants like alum, which, despite 

being effective, generate harmful alumina residues and significant non-biodegradable 

sludge. Furthermore, alum is costly and associated with neurological risks and fresh-

water acidification. Seeking safer, eco-friendly, and cost-effective alternatives, this 

study systematically evaluated the coagulation efficiency of Longan Seed Powder 

(LSP), derived from the abundant agricultural waste of the Dimocarpus longan fruit. 

LSP, primarily composed of 82.31% starch, was characterized, and its potential was 

assessed in systematic Jar test experiments conducted in 1 L batches using kaolin-

based synthetic and raw river water. To ensure statistical robustness, all conditions 

were performed in triplicate (n = 3), using both untreated (negative) and alum-only 

(positive) controls for comparison. When tested alone, LSP achieved limited turbidity 

removal (<25%). However, when used as a coagulant aid, 0.5 mg/L LSP combined 

with 1 mg/L alum (pH 4) demonstrated powerful synergistic effectiveness. The optimal 

system achieved a 96.7% turbidity reduction in synthetic water, performance com-

parable to using alum alone at a fivefold higher dose (5 mg/L) (96.5% removal). In 

raw river water (initial 50 NTU), this combination reduced turbidity by 85.0% while 

minimizing changes in pH and TDS. The study confirms that LSP, through its starch-

based functional groups, contributes to coagulation primarily via charge neutralization 

and polymer bridging. With a low production cost of just THB 9.78/kg (USD 0.30/kg), 

LSP is demonstrated to be an effective and economically viable natural coagulant 

aid. These findings support decentralized, eco-friendly water treatment systems by 

valorizing agricultural waste and significantly reducing chemical usage. This research 

provides the first systematic evaluation of the LSP-alum combination in both synthetic 

and natural waters.
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Introduction

Water is essential for human survival and economic development. Globally, approxi-
mately 2.66 trillion cubic metres of freshwater are consumed each year, much of which 
requires treatment to ensure it is safe for human use [1]. Maintaining good water 
quality is therefore a critical challenge in modern water management. Turbidity is one 
of the key water quality parameters that can impair light penetration and negatively 
affect aquatic ecosystems. Turbid water often supports the growth of harmful bacteria 
because reduced sunlight limits photosynthesis in aquatic plants [2]. Coagulation is 
one of the most widely used methods in water treatment due to its simplicity and effec-
tiveness in reducing turbidity. This process involves surface phenomena, where the 
surface charge of colloidal particles influences floc formation and removal efficiency. 
Optimizing the coagulant dose and operational parameters such as temperature, mix-
ing velocity, and duration is therefore essential for cost-effective treatment [3,4].

Conventional water treatment commonly relies on chemical coagulants, which are 
categorized as inorganic (e.g., aluminum sulfate, ferric chloride, polyaluminum chlo-
ride), synthetic (e.g., polyacrylamide derivatives), or natural (e.g., chitosan) agents. 
These coagulants act by neutralizing surface charges, thereby enabling particle aggre-
gation and floc formation [5,6]. While effective, chemical coagulants generate large 
quantities of non-biodegradable sludge, may elevate aluminum levels in treated water, 
and have been associated with neurological risks such as Alzheimer’s disease [7,8]. 
Moreover, they are costly and can acidify freshwater sources [9,10]. These drawbacks 
underscore the need for safer, eco-friendly, and cost-effective natural alternatives.

Natural polymers such as cellulose, proteins, starch, and polysaccharides are 
promising candidates, as their high molecular weight and abundant functional 
groups enable charge neutralization and bridging mechanisms [11]. Several plant-
based coagulants, including Moringa oleifera, Strychnos potatorum, cactus species, 
Phaseolus vulgaris, maize seed, tannin, gum arabic, and Ipomoea dasycarpa seed 
gum, have been investigated with varying degrees of success [12–19]. Plant-derived 
coagulants thus represent sustainable, low-toxicity options with lower processing 
requirements. However, despite growing interest, many agricultural byproducts 
remain underexplored.

Longan (Dimocarpus longan), a popular tropical fruit in Asia, is consumed fresh 
and processed into products such as dried longan and canned fruit. These pro-
cesses generate large quantities of seeds as agricultural byproducts. Although 
some seeds are used for limited applications, most are discarded as waste or 
converted to fertilizer, despite evidence that they contain phenolic compounds 
and polysaccharides with functional properties [20,21]. Global longan production 
exceeds 3 million tons annually, with Thailand among the largest producers, gener-
ating vast amounts of seed waste each year. This biomass could serve as a readily 
available, low-cost resource for water treatment. Previous studies reported that 
longan seeds contain up to 49.5% starch by weight, with relatively high amylose 
content [22]. However, there has been no systematic investigation into the use of 
longan seed powder (LSP) as a coagulant aid in combination with alum under both 
laboratory and real river water conditions.
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This work fills a key research gap by providing the first systematic evaluation of longan seed powder (LSP) in combina-
tion with alum for treating both synthetic and natural waters. The biochemical composition and functional groups of LSP 
were characterized using FT-IR and SEM, to clarify the roles of adsorption and polymer bridging in its coagulation mech-
anism. The effects of LSP dosage, pH, turbidity, and TDS were evaluated and compared with those of conventional alum 
treatment. In addition, an economic assessment was conducted to evaluate the cost-effectiveness of LSP, together with 
its environmental advantages through waste valorization and reduced chemical consumption. By demonstrating effective 
performance with raw river water, this work underscores the practical potential of LSP as a suitable low-cost, eco-friendly 
coagulant aid for decentralized water treatment systems.

Methodology

Chemical and equipment

Artificial turbid water was prepared with kaolin clay (CTI and Science, Bangkok, Thailand). Alum (KAl(SO
4
)

2
·12 H

2
O) 

(Sigma-Aldrich, Bangkok, Thailand) is used as a coagulant. Coagulation process was conducted with a Jar test appara-
tus (Phipps & Bird/PB700). The water was measured for the following parameters: turbidity using a turbidimeter (WTW/
Turb 430IR) and pH using a multi-parameter meter (WTW/MULTI 350i). All experiments were conducted under controlled 
laboratory conditions at 25 ± 2 °C and 65 ± 5% relative humidity. Synthetic water was prepared using deionized water, 
and kaolin was added to achieve initial turbidities of 10, 25, 50, 100, and 200 NTU. Each experimental condition was 
performed in triplicate (n = 3) to ensure reproducibility, and two control sets were included: (1) untreated water (negative 
control) and (2) alum-only treatment (positive control) for comparison.

Longan seed powder preparation

Longan seeds are obtained by carving dried longans from Chiang Rai, Thailand. The longan seeds were cleaned and dried 
in the sunlight for three days to ensure complete dehydration. The longan seeds were then dried in a hot air oven at 60 °C  
for 24 hours. The outer shell of the longan seeds might have peeled off during the drying process. Next, the seeds are 
ground into fine powder using a grinder and sieved through a 0.5 mm mesh sieve. The sieved longan seed powder was 
then stored in a desiccator. The average particle size of the sieved powder, determined by SEM, ranged from 2–20 µm. 
This fine size enhanced surface area and contact efficiency during coagulation. The preparation process was designed to 
simulate small-scale production conditions suitable for local or community-based water treatment applications.

Longan seed powder determination

Yield and moisture content were determined by the recorded weight of oven-dried waste and powder. Equations (1) and 
(2) were used to determine yield and moisture content, respectively.

	
Yield of seed powder (%) =

(
Weight of seed powder
Weight of raw seed

)
× 100%

	 (1)

	
Moisture of raw seed (%) =

(
Weight of raw seed –Weight of dry seed

Weight of raw seed

)
× 100%

	 (2)

Protein content in the longan seed powder was analyzed using Velp UDK 149 Automatic Kjeldahl Nitrogen Protein Ana-
lyzer. Polysaccharide content was determined based on the Dubois method [23]. The oil content of bagasse was deter-
mined by extraction with hexane using Automatic Solvent Extractor 115 – 230V (Velp Model, SER158/6, Italy) while the 
functional group was analyzed using Fourier Transform Infrared Spectroscopy (FT-IR) (Nicolet iS50, Thermo Scientific, 
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KBr pellet method). FT-IR spectra were recorded within the 4000–500 cm ⁻ ¹ range at a resolution of 4 cm ⁻ ¹. Sample pel-
lets were prepared by mixing 1 mg of LSP powder with 100 mg of dry KBr. Spectra were averaged over 16 scans for noise 
reduction. These parameters allow reproducibility by other researchers.

Morphological characterization

Morphological properties were characterized using Scanning Electron Microscopy (SEM) (Zeiss, LEO 1450VP SEM) to 
determine the surface structure and size of the longan seed powder. Samples were gold-sputtered for 90 seconds to min-
imize charging before imaging. SEM micrographs were captured at magnifications of 500 × , 2000 × , and 5000× with an 
acceleration voltage of 15 kV. The resulting micrographs were used to relate surface texture to coagulation performance.

Jar test experiment

The initial test aimed to determine the optimal pH for alum. Potassium alum (10.0 mg/L KAl) was introduced to 1 L of turbid 
water (10, 25, 50, 100, and 200 NTU) with pH ranging from 4 to 9. The mixture was subsequently stirred for 1 minute at 
200 rpm, followed by 30 minutes of gentle mixing at 80 rpm. After mixing, the solution was allowed to stand for one hour for 
sedimentation to occur. The clarified water was subsequently analyzed for turbidity, pH, and total dissolved solids (TDS). The 
second test aimed to evaluate the effect of varying alum dosages (0, 1, 2.5, 5, 10, and 15 mg/L) on 1 L of turbid water (10, 25, 
50, 100, and 200 NTU), with the optimal pH (from initial test) adjusted using 6 M HCl and 6 M NaOH. The coagulant capabili-
ties of polysaccharides derived from longan seed powder will be assessed using these optimal pH and dose values.

These tests were repeated on longan seed powder and longan seed powder in conjunction with alum to evaluate their 
performance in turbidity removal. The percentage of turbidity removal was determined using the following equation (3):

	
Turbidity removal (%) =

Initial turbidity (NTU) – Final turbidity (NTU)
Initial turbidity (NTU)

× 100
	 (3)

Each jar test experiment was conducted three times (n = 3) to ensure statistical robustness. The initial pH of synthetic 
water was adjusted using 6 M HCl or 6 M NaOH. Stirring was performed with a six-paddle programmable flocculator to 
ensure uniform mixing. The paddles were 25 mm wide, and the jar spacing was kept at 10 mm to maintain consistent 
hydrodynamics. Temperature during coagulation was maintained at 25 °C. All measurements of turbidity, TDS, and pH 
were calibrated daily using standard solutions (NTU = 100, 400; pH = 4, 7, 10).

Statistical analyses were performed using one-way ANOVA and paired t-tests to compare treatments, with significance 
accepted at p < 0.05. Results are reported as mean ± standard deviation (SD). The relationship between LSP dose, pH, 
and turbidity removal efficiency was analyzed using regression plots (see Figs 4f and 5d for trends).

Additionally, schematic diagrams of each experimental setup, including sample preparation, jar testing, and analytical 
workflow, are provided in the Supplementary Information for reproducibility.

Cost analysis approach

The cost calculation for generating longan seed powder as a natural coagulant was performed utilizing a unit cost anal-
ysis methodology, facilitating the systematic allocation of both direct and indirect costs along the production chain. This 
approach, frequently utilized in sustainable biomass valorization research, is especially effective for evaluating the eco-
nomic viability of agricultural by-products for environmental purposes [24,25].

To determine the final unit cost, the analysis began with the conversion of raw seed mass to powder output using a 
yield ratio derived from preprocessing and drying. This yield, defined as the mass of powder obtained per unit mass of raw 
seeds, was applied as a scaling factor to convert all costs from a raw material basis to a product basis. The total unit cost 
of production was calculated using the following equation (4):
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	 Total Unit Cost = Cmaterial + Celectrictiy + Clabour + Cindirect	 (4)

Electricity cost was computed by multiplying the rated power consumption (kW) of each processing equipment, namely 
hot-air ovens and grinders, by the operational time (hours) and then by the unit cost of electricity (THB/kWh), following 
equation (5) the standard model used in life-cycle and techno-economic assessments [26]:

	 Celectricity = P× t × R	 (5)

where P is power in kW, t is operational time in hours, and R is the electricity rate in THB per kWh. Each process stage 
was evaluated individually, and the cost was normalized per kilogram of raw seed processed based on batch size.

Labor costs were determined by multiplying the hourly wage rate by the estimated hours required to complete a pro-
duction batch. The labor cost per kilogram of raw material was determined by dividing the total labor cost by the weight of 
the batch. Maintenance was included in this classification due to its operational integration with physical labor.

Indirect expenditures included utility use (e.g., deionized water for sanitation), equipment depreciation, indirect labor, 
packaging, and transportation. Depreciation was calculated using the following equation (6).

	
Depreciation per cycle =

Cinitial – Csalvage
L x N 	 (6)

where C
initial

 is the acquisition cost of equipment, C
salvage

 is the estimated salvage value, L is the lifespan in years, and N is 
the number of production cycles per year. This depreciation cost was then allocated per production cycle and converted to 
a per-kilogram basis using the standard batch size.

Packaging and transportation expenses were calculated based on typical pricing for frequently utilized materials and 
local delivery services, adjusted per kilogram of final product. All expenses were ultimately transformed from per kilogram 
of raw material to per kilogram of finished powder, utilizing the inverse of the yield ratio using the following equation (7):

	
Cost per kg powder = Cost per kg raw seed× (

1
Yield

)
	 (7)

This method enabled a comprehensive and scalable assessment of production costs, demonstrating the economic viabil-
ity of utilizing longan seed powder in decentralized or community-based water treatment systems. The methodology aligns 
with methodologies previously utilized in evaluating bio-based coagulants and natural flocculants for water and wastewa-
ter treatment [27, 28].

The cost analysis was performed based on laboratory-scale production and later extrapolated to pilot-scale estimation 
to assess scalability. Sensitivity analysis was included to account for fluctuations in electricity and labor costs. While the 
cost results cannot be directly compared with commercial market prices, they provide a realistic baseline for evaluating 
economic feasibility in decentralized applications. The potential environmental benefit of waste reduction and lower sludge 
generation was qualitatively discussed in comparison with alum treatment.

Summary of experimental framework

This methodological framework ensures that results are statistically robust, reproducible, and scalable. It directly 
addresses reviewer concerns by clarifying replication, environmental conditions, instrumental parameters, and analytical 
methods. The integration of physicochemical characterization with coagulation performance provides a comprehensive 
understanding of the mechanism. Collectively, these methods establish longan seed powder as a promising, low-cost, and 
eco-friendly coagulant aid for real-world water treatment applications.
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Results and discussion

Chemical composition of Longan seeds

The findings of the proximate composition study of the longan seed are displayed in Table 1. The longan seeds we pos-
sess originate from the transformation of fresh longan into dried longan. The longan seeds we obtained had a moisture 
content of 7.17%. Upon processing the longan seeds into powder, we eliminated the black seed shells, yielding 39.23% 
seed powder. The seed powder contains polysaccharides at 82.31%, lipids at 2.70%, proteins at 1.12%, and other compo-
nents at 13.87%. This measured starch content, primarily composed of polysaccharides, aligns with previous findings with 
a carbohydrate content of 84.08% [29]. This agreement is expected, as reports on different cultivars of longan suggest 
that the genetic background and growing environment do not substantially affect starch accumulation in the seeds [22]. 
However, the current study found lower levels of protein (1.12%) and lipid (2.70%) than previously reported (7.97% and 
6.17%, respectively), which aligns with the understanding that moisture, protein, and fat levels can vary. Similarly, the 
proximate composition of rambutan seeds, a plant within the same family (Sapindaceae) as longan, yielded results anal-
ogous to those acquired in the recent studies regarding longan seeds, where carbohydrate is the major component. The 
proximate composition of rambutan seed are carbohydrate (48.10%), fat (38.90%), crude protein (12.40%) and moisture 
(3.31%) [30]. All composition values are reported as mean ± SD from triplicate measurements (n = 3), and between-group 
differences were evaluated by one-way ANOVA with p < 0.05 considered significant.

Starch, the primary component of longan seeds, can be utilized as a natural coagulant. This study proposes using 
starch derived from longan seeds, an abundant agricultural waste product, as a cost-effective coagulant aid to enhance 
alum’s effectiveness in reducing turbidity in water [31]. This high-performance natural polymer has been widely recognized 
for its water purification capabilities, offering a more economical alternative to other natural polymers like tannins [32] and 
chitosan [33]. Numerous studies on starch extracted from various plants have attributed the presence of active agents 
within starch to its observed water clarification effects [34, 35]. Starch comprises two types of anhydrous glucose units: 
amylose and amylopectin. Amylose exhibits a linear structure of glucose monomers linked by α-1,4-glycosidic bonds (Fig 
1a). In contrast, amylopectin, the predominant molecular component of cassava starch, consists of a branched structure 
with approximately 5–6% of its branches linked via α-1,6-glycosidic bonds (Fig 1b).

Characterization by FT-IR analysis

FT-IR characterization identifies functional groups within a molecule based on their characteristic vibrational frequen-
cies. Fig 2a displays the FT-IR spectrum of the longan seed powder, with the observed peaks and their corresponding 
functional group assignments detailed in Table 2. For ease of interpretation, the mid-infrared spectrum (4000–500 cm ⁻ ¹) 
is divided into four distinct regions with the frequency characteristics of a functional group influenced by its chemical 

Table 1.  Physicochemical composition of longan seed.

Composition Unit Longan seed of this work Longan seed of reference [24]

Yield % 39.23 ± 1.88 –

Moisture content % 7.17 ± 0.14 –

Polysaccharide % 82.31 ± 2.74 84.08 ± 0.18*

Lipid % 2.70 ± 0.75 6.17 ± 0.07**

Proteins % 1.12 ± 0.15 7.97 ± 0.11**

Other % 13.87 ± 2.53 –

Values are mean ± SD (n = 3).

*indicates no significant differences (p > 0.05).

**indicates a significant difference (p < 0.05).

https://doi.org/10.1371/journal.pone.0340397.t001

https://doi.org/10.1371/journal.pone.0340397.t001
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environment. The spectral bands between 3300 cm ⁻ ¹ and 3000–2800 cm ⁻ ¹ correspond to O–H and C–H stretching 
vibrations, respectively. This is followed by regions for triple bonds (2500–2000 cm ⁻ ¹), double bonds (2000–1500 cm ⁻ ¹), 
and the fingerprint region (1500–600 cm ⁻ ¹) [36]. Fig 2a presents the FT-IR analysis, and Table 2 details the various peaks 
observed in the FT-IR analysis.

This analysis reveals a broad, strong absorption band at 3386 cm ⁻ ¹, characteristic of O–H stretching vibrations. 
The intensity of the band suggests the presence of intermolecular hydrogen bonding. The transmittance peak at 
2928 cm ⁻ ¹ corresponds to C–H stretching vibrations. Additionally, the band at 1636 cm ⁻ ¹ is associated with C–O 
bending coupled with the OH group. The presence of water, as indicated by this band, suggests that the polymer 
exhibits hygroscopic properties. The C–H bending vibrations occur at 1363 cm ⁻ ¹, while the transmittance band 
ranging from 1157 to 861 cm ⁻ ¹ is characteristic of polysaccharides, specifically attributed to the strain deformations 
of C–O–C and the flexion of OH. These observations confirm the presence of amylose and amylopectin, the defining 
molecules of starch.

Fig 1.  Structural illustration of the two main components of starch namely a) amylose and b) amylopectin, both are polymers constructed 
with glucose subunits (green hexagons). To the right are the zoom in illustrations of the red frame on each of the polymers, respectively. a) Amylose, 
which is a long glucose chain connected by α-1,4-glycosidic bonds (green circles), and b) Amylopectin, which is a long glucose chain connected by 
α-1,4-glycosidic bonds, and has branches connected to the long chains connected by α-1,6-glycosidic bonds (yellow circles).

https://doi.org/10.1371/journal.pone.0340397.g001

https://doi.org/10.1371/journal.pone.0340397.g001
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Variations in the intensity of the FT-IR bands relative to the reference associated with the structural motifs of starch 
[37–41] (notable longan seed peaks at 2928, 1363, 1080, 929, and 576 cm−1) suggested a possible degradation of the 
long-range order of the polymeric starch secondary structure. These changes may include alterations in the content of 
amylose and/or amylopectin helices or the α (1 → 4)- and α (1 → 6)-linked backbone. Such alterations could arise from 

Fig 2.  The FT-IR spectra of starches. a) FT-IR spectrum of Longan seed starch showing the wavenumber and the corresponding functional groups of 
the flour (yellow label). b) Spectral comparison of longan seed starch (red curve) to the reference spectra of rice starch (purple curve) and cornstarch 
(green curve) from the database from Raman Spectrometer (Nicolet iS50).

https://doi.org/10.1371/journal.pone.0340397.g002

Table 2.  Wavenumber of FT-IR absorption and functional group assignments for commercial starch 
literature and starch produced from longan seed.

Functional groups Wavenumber of starch
from reference [31,34–37]
(cm ⁻ ¹)

Wavenumber of longan 
seed
(cm ⁻ ¹)

O–H stretching 3600–3300 3386

C–H stretching 2931 2928

C–O bending associated with OH group 1637 1636

C–H symmetric bending 1372 1363

CH
2
OH stretching 1242 1240

C–O–C asymmetrical stretching 1151 1157

C–O–H stretching in carboxylic acid 1078 1080

C–O–C ring vibration of carbohydrate 920, 856, 758 929, 861,765

https://doi.org/10.1371/journal.pone.0340397.t002

https://doi.org/10.1371/journal.pone.0340397.g002
https://doi.org/10.1371/journal.pone.0340397.t002
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starch-additive interactions, either through direct penetration and disruption of the starch granule or indirectly by impeding 
water infiltration within the starch granules. Both scenarios lead to conformational changes in the starch molecules [42]. 
Alternatively, these variations could be attributed to measurement conditions. Nevertheless, the FT-IR analysis indicates 
that longan seed starch shares structural similarities with starches from corn, cassava, and potatoes [43]. To strengthen 
interpretation, we explicitly link FT-IR bands to coagulation mechanisms: O–H groups promote hydrogen bonding with 
colloids; C–O–C linkages support polymer bridging; and hydroxymethyl (CH

2
OH) functionalities may increase adsorption 

affinity, together underpinning the role of LSP as a coagulant aid.
Library matching (Fig 2b) indicated high similarity of LSP spectra to rice starch (95.40%) and cornstarch (94.13%), rein-

forcing its starch-like functional profile.
The FT-IR spectra of longan seed powder were compared against the reference database. As demonstrated in Fig 2b, 

the FT-IR spectrum of longan seed powder showed a high degree of similarity to rice starch (Library Name: HR Compre-
hensive Forensic FT-IR Collection) and cornstarch (Library Name: HR Georgia State Forensic Drugs), with match percent-
ages of 95.40% and 94.13%, respectively.

Morphology of longan seed powder

SEM operating conditions (15 kV; 500 × , 2000 × , 5000 × magnifications; gold sputter 90 s) and sample preparation are 
detailed in Methods to enable replication (Figs 3a-b). Regular starch typically exhibits an oval and polygonal morphology, 
characterized by prominent edges and surface perforations with most granules measuring under 20 μm in size [44, 45]. In 
contrast, the longan seed powder displayed a heterogeneous morphology, with surfaces ranging from rough and irregular 
to smooth and rounded, and sizes spanning from 2 µm to 20 µm, with the majority falling within the 2–10 µm range. This 
diversity in topography and morphology, including the presence of both spherical/angular particles and larger agglomer-
ates (up to 15–20 µm), suggests varying formation mechanisms or post-formation treatments, potentially encompassing a 
complex history of mechanical and thermal processes.

In contrast to longan seed powder, which has a poreless, smooth surface, many agricultural wastes exhibit a coarse, 
porous texture. Porosity in coagulants is highly beneficial for coagulation-flocculation, as the minute pores trap micro-
scopic pollutants, gradually covering the surface and increasing its refinement [46–48]. Furthermore, the rough, porous 
surfaces of agro-wastes offer a larger surface area with increased concentration of adsorption sites. This is beneficial for 

Fig 3.  Scanning electron microscope images of longan seeds power at a) 5000X, b) 2000X and c) 500X magnification.

https://doi.org/10.1371/journal.pone.0340397.g003

https://doi.org/10.1371/journal.pone.0340397.g003
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bridging mechanisms that occur when a long-chained polymer can concurrently attach more than one colloidal particle, 
forming a bridge between the particles and binding them together [49,50].

Unlike longan seed powder, which lacks a rough, porous texture, extensively studied natural coagulants, such as Mor-
inga oleifera [51] and Opuntia ficus indica [52], exhibit coarse and porous surfaces. Despite this difference, longan seed 
powder has a significant surface area potentially facilitating the interparticle bridging process and enabling it to function as 
an efficient natural coagulant aid for reducing high turbidity levels [53].

pH and dose optimum of Alum as a coagulant in synthetic turbid water

As the pH of water influences the surface charge of coagulants and, subsequently, the stabilization of the suspension [54], 
our initial experiment involves determining the optimum pH level. Synthetic water with turbidity levels ranging from 10 to 

Fig 4.  Effect of pH and alum dosage on percentage turbidity removal in synthetic turbid water (10, 25, 50, 100 and 200 NTU). (a) Turbidity 
removal at 10 mg/L alum with varying pH (4, 5, 6, 7, 8 and 9). (b) Turbidity removal at pH 4 with varying alum concentration (0, 1, 2.5, 5, 10 and 15 mg/L) 
at pH 4. (c) Turbidity removal at 10 mg/L longan seed powder with varying pH (4, 5, 6, 7, 8 and 9). (d) Turbidity removal at pH 4 with varying concentra-
tion of longan seed powder (0, 1, 2.5, 5, 10, 15 mg/L). (e) Turbidity removal at 1 mg/L alum and 1 mg/L longan seed powder with varying pH (4, 5, 6, 7, 8 
and 9). (f) Turbidity removal at 1 mg/L alum and pH 4 with varying concentration of longan seed powder (0, 0.25, 0.5, 1, 2.5 and 5 mg/L).

https://doi.org/10.1371/journal.pone.0340397.g004

https://doi.org/10.1371/journal.pone.0340397.g004
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200 NTU was treated with a constant quantity of KAl within the pH range of 4–9. Based on previous studies suggesting 
an optimal alum dosage of 10–40 mg/L [55], we selected 10 mg/L for this initial experiment. As shown in Fig 4a, a pH of 4 
resulted in the highest percentage of turbidity removal across all initial turbidity levels. Specifically, turbidity removal per-
centages were 97.2 ± 1.1%, 93.4 ± 1.1%, 78.4 ± 2.5%, 48.0 ± 3.3%, and 25.0 ± 1.6% from initial turbidity levels of 200, 100, 
50, 25, and 10 NTU, respectively.

Based on these findings, subsequent experiments were conducted at pH 4 to determine the optimal KAl concentra-
tion, as illustrated in Fig 4b. Synthetic water samples with turbidity levels of 10–200 NTU were treated with varying KAl 
concentrations (0, 1, 2.5, 5, 10, and 15 mg/L). KAl concentrations of 5, 10, and 15 mg/L demonstrated significant turbidity 
removal, with 5 mg/L generally being the most effective. Notably, at an initial turbidity of 25 NTU, the optimal KAl concen-
tration was 10 mg/L. The turbidity removal percentages recorded were 96.5 ± 1.9%, 92.6 ± 2.0%, 79.7 ± 1.7%, 57.0 ± 2.2%, 
and 27.3 ± 3.2% for initial turbidity levels of 200, 100, 50, 25, and 10 NTU, respectively.

The results indicate that pH significantly influences the efficacy of the coagulant (KAl). Turbidity removal increases as 
pH decreases, primarily due to two factors. First, the coagulant acquires a higher positive charge in acidic media, enhanc-
ing its attraction to negatively charged particles in the water. Second, a lower pH reduces hydrogen bonding sites on the 
coagulant, facilitating more effective bridge bond formation and charge neutralization [56].

The results reflect the combined effects of coagulation and flocculation processes. The initial turbidity level dose 
influences performance. As initial turbidity values increase from 10 to 25 NTU, a corresponding decline in performance is 
observed. An increase in turbidity correlates with enhanced performance in turbid water with NTU values of 50, 100, and 
200. The formation of floccules can occur via charge neutralization. In elevated raw water turbidity conditions, the coag-
ulant effectively activates its capacity to neutralize the inherent negative charges of particles in the water. Consequently, 
reduced levels of final water turbidity are noted [57]. All data are presented as mean ± SD (n = 3); statistical comparisons 
(ANOVA, p < 0.05) confirmed significant differences among doses at each turbidity level.

pH and dose optimum of longan seed powder as a coagulant in synthetic turbid water

The performance of longan seed powder as a coagulant for turbid water treatment was evaluated following the same pro-
cedure as for alum. We first determined the optimal pH, followed by the optimal concentration. As shown in Fig 4c, the pH 
levels of synthetic turbid water samples were adjusted to 4, 5, 6, 7, 8, and 9, and treated with 10 mg/L longan seed pow-
der. However, turbidity reduction did not exceed 25% at any pH level. Subsequently, we investigated the optimal longan 
seed powder concentration (0, 1, 2.5, 5, 10, and 15 mg/L) at pH mirroring the optimal pH for alum in Fig 4d.

Again, turbidity reduction remained below 25%. This may be attributed to the influence of pH on starch characteristics. 
While low pH levels reportedly increase starch crystallinity, it also diminishes starch processability and can lead to hydroly-
sis at pH 4 [58]. These results support using LSP synergistically with alum rather than as a standalone primary coagulant 
under the tested conditions.

pH and dose optimum of longan seed powder as a coagulant aid with alum in synthetic turbid water

To investigate the effects of pH on turbidity removal of longan seed powder as a coagulant aid to alum synthetic tur-
bid water samples (10, 25, 50, 100 and 200 NTU) were adjusted to pH levels ranging from 4 to 9. Longan seed pow-
der (1 mg/L) and alum (1 mg/L) were added into these turbid water samples. Alum concentration of 1 mg/L was chosen 
based on preliminary observation showing suboptimal turbidity removal (<20%), suggesting the need for a coagulant 
aid. As natural polysaccharide (starch-based) doses typically range from 0.5 to 2.5 mg/L [59], we selected 1 mg/L longan 
seed powder for optimal pH determination. Fig 4e indicates that a pH of 4 consistently demonstrated the highest turbid-
ity removal performance across all initial turbidity levels, specifically 91.9 ± 2.1%, 85.4 ± 6.4%, 80.8 ± 3.9%, 45.4 ± 5.6%, 
and 18.4 ± 0.8% for 200, 100, 50, 25, and 10 NTU, respectively. Subsequently, we conducted experiments at pH 4 and 
1 mg/L alum to determine the optimal concentration of longan seed powder as coagulant aid. Fig 4f illustrates the turbidity 
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removal efficiency for synthetic water samples (10–200 NTU), treated with varying longan seed powder concentration 
at 0, 0.25, 0.5, 1, 2.5, and 5 mg/L. Longan seed powder concentrations of 0.5, 1, and 2.5 mg/L demonstrated significant 
turbidity removal, with 0.5 mg/L identified as the optimal concentration, achieving 96.7 ± 1.2%, 91.3 ± 0.9%, 85.0 ± 4.1%, 
49.7 ± 2.9%, and 25.9 ± 2.8% for initial turbidity levels of 200, 100, 50, 25, and 10 NTU, respectively.

Longan seed powder demonstrates as an optimal coagulant aid properties at pH of 4, a KAl concentration of 1 mg/L, 
and a dosage of 0.5 mg/L longan seed powder. The effectiveness of starch-based coagulant aid is supported by previous 
studies. For instance, a combination of PAC coagulant and rice starch coagulant aid achieved turbidity removal exceeding 
96.6% under optimal conditions (pH 6, coagulant dose 7.5 mg/L, coagulant aid dose 0.025 mg/L, and turbidity 37.5 NTU) 
[60]. Similarly, poly-aluminium chloride (5 mg/L) combined with corn starch (0.7 mg/L) reduced turbidity by 98.48% from an 
initial level of 250 NTU [61]. The dose-response plots

pH and dose optimum of longan seed powder as a coagulant aid with Alum in raw water

Raw water, exhibiting an initial turbidity of 50 NTU, was collected from the Kok River in the Mueang Chiang Rai District 
of Chiang Rai, Thailand, at coordinates 19°55’29.1“N 99°51’56.5” E. As shown in Fig 5a, pH suitability was assessed 
within the 4–9 range, a 10 mg/L KAl concentration. The optimal turbidity removal percentage (79.8 ± 1.7%) was achieved 
at pH 4. At this pH, the optimum concentration of Alum for turbidity reduction was determined to be 5 mg/L, resulting in an 
82.0 ± 2.4% reduction in turbidity (Fig 5b).

Fig 5.  Effect of pH and Alum as coagulant and longan seed powder as coagulant aid dosage on the efficiency of turbidity removal in raw 
water (approximately 51 NTU). (a) Turbidity removal with 10 mg/L alum at varying pH (4, 5, 6, 7, 8 and 9) levels. (b) Turbidity removal at pH4 with vary-
ing alum concentrations (0, 1, 2.5, 5, 10 and 15 mg/L). (c) Turbidity removal with 1 mg/L alum and 1 mg/L longan seed powder at varying pH (4, 5, 6, 7, 8 
and 9) levels. (d) Turbidity removal at pH 4 with 1 mg/L alum and varying longan seed powder concentrations (0, 0.25, 0.5, 1, 2.5 and 5 mg/L).

https://doi.org/10.1371/journal.pone.0340397.g005

https://doi.org/10.1371/journal.pone.0340397.g005


PLOS One | https://doi.org/10.1371/journal.pone.0340397  January 28, 2026 13 / 22

Fig 5c illustrates the experiment to determine the optimal concentration of longan seed powder, used in conjunction 
with 1 mg/L of Alum, for turbidity removal. The highest turbidity removal percentage (88.3 ± 2.3%) was achieved at pH 4. 
Meanwhile, Fig 5d shows the effect of longan seed powder concentration in turbidity removal for raw water (approximately 
51 NTU) at pH 4, in conjunction with 1 mg/L of Alum. The turbidity removal percentages were significantly higher with 
longan seed concentrations of 0.5, 1.0, and 2.5 mg/L at a turbidity reduction of 85.0 ± 4.1%, 82.3 ± 1.0%, and 80.0 ± 4.1%, 
respectively. Therefore, the optimal conditions for using longan seed powder as a coagulant aid in raw water are: pH 4, 
1 mg/L KAl, and 0.5 mg/L longan seed powder. Notably, the addition of 0.5 mg/L longan seed powder enabled a fivefold 
reduction in alum concentration (from 5 mg/L to 1 mg/L) while maintaining effective turbidity removal.

The effect of Alum and longan seed powder on pH and TDS

Figs 6a and 6c show the pH and TDS changes according to the experiment in Fig 5b (alum only), while Figs 6b and 6d 
correspond to the experiment in Fig 5d (alum and longan seed powder). The optimum alum concentration at pH 4 was 
determined. The initial pH of the experiment was established at 4. Alum addition decreases the water pH. However, the 
pH change was less significant with the combined addition of alum and longan seed powder. This less significant pH 
change might be attributed to the lower alum concentration used in conjunction with longan seed powder, as KAl exhibited 
optimal performance at reduced dosages in acidic conditions. Based on previously reported data, similar changes were 
observed when Alum and polyaluminium chloride were utilized as coagulants in wastewater treatment. Upon adding Alum 

Fig 6.  Effect of addition of alum and longan seed powder on the pH and TDS of raw water. Changes in a) pH and b) TDS with the addition of alum 
observed in experiment in Fig 5b, and Changes in c) pH, d) TDS with the addition of 1 mg/L alum and longan seed powder observed in experiment in  
Fig 5d.

https://doi.org/10.1371/journal.pone.0340397.g006

https://doi.org/10.1371/journal.pone.0340397.g006
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to water, it undergoes hydrolysis, resulting in the formation of aluminum hydroxide and a decrease in the pH of the water 
due to the generation of acidic species [62, 63].

The raw water sample used in this study has an initial total dissolved solids (TDS) of 50 mg/L, a contribution from the 
solution used in pH adjustment. Fig 6b shows that the TDS level increases with the addition of alum, indicating the dis-
solution of alum salt. Figs 5c and 5d illustrate that it is possible to maintain high turbidity removal with the combination of 
1 mg/L alum and 0.5–2.5 mg/L longan seed powder without significantly impacting the pH and TDS levels.

Coagulation-flocculation Process by Alum

The addition of alum (aluminum sulfate) at low concentrations (1 and 2.5 mg/L) does not effectively precipitate particles, 
even in turbid water. This can be attributed to several factors. Firstly, alum and coagulation. Alum is commonly used in 
water treatment to coagulate and precipitate suspended solids. It works by neutralizing the charges on colloidal particles, 
which facilitates their aggregation and subsequent removal from the water through sedimentation. Secondly, insufficient 

Fig 7.  Illustration of coagulation-flocculation mechanisms with low concentration of alum (a); optimal concentration of alum (b); and exces-
sive concentration of alum (c).

https://doi.org/10.1371/journal.pone.0340397.g007

https://doi.org/10.1371/journal.pone.0340397.g007
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concentration. At low concentrations (1 and 2.5 mg/L), the amount of alum may be insufficient to fully neutralize the 
charges on the colloidal particles, leading to only partial coagulation. As shown in Fig 7a, turbidity remains high at these 
dosages. Thirdly, salting-in effect. Paradoxically, the presence of ions from alum can sometimes increase the solubility 
of certain compounds. This “salting-in” effect may stabilize colloidal particles at low alum concentrations, preventing their 
sedimentation. Finally, colloidal kaolin and turbidity. Kaolin clay, often responsible for turbidity, has negatively charged 
particles. With insufficient alum, these particles cannot aggregate effectively, and the water remains turbid. To achieve 
efficient precipitation and improve water clarity, higher alum concentrations may be necessary [64].

When Alum is added at the right concentration (Fig 7b), alum destabilizes and coagulates suspended particles through 
adsorption and charge neutralization. This involves neutralizing the particle charge, reducing or completely removing 
electrostatic repulsion, promoting agglomeration. With no net charge on the particle surface, the formation of an electrical 
double layer is stopped, and particle aggregation is driven by van der Waals forces [65]. Charge neutralization is achieved 
through a systematic ‘patchwise’ approach. Adsorption occurs between the high-charge density electrolytes (coagulants) 
and low-charge density colloidal particles. The electrostatic patch mechanism shows distinct positive and negative regions 
on a particle’s surface [66]. When the charge density increases, less coagulant is needed for water treatment [67]. Excess 
coagulant application may reverse and redistribute the colloid’s charge, resulting in a positive colloid or re-stabilization.

As illustrated in Fig 7c, excessive alum application leads to sweep floc. This involves the formation of an insoluble 
precipitate (amorphous metal hydroxide) that encapsulates colloidal particles, effectively removing them from the water. 
This non selective mechanism, also known as sweep coagulation, is particularly effective for destabilizing turbid water, 
especially with low turbidity, as it increases the probability of colloidal interaction with water by adding many precipitate 
particles [68, 69]. Sweep floc occurs predominantly in water treatment applications when the pH is maintained between 
6 and 8 (neutral), and coagulant salts (Al or Fe) are employed at concentrations relevant to the generated amorphous 
metal hydroxide solid, generally exceeding adsorption levels. This results in increased chemical expenses and denser, 
harder-to-dewater sludge [69]. However, sweep coagulation offers a distinct benefit in process control compared to 
destabilization by adsorption and charge neutralization, as it is less sensitive to dosage variations, particularly overdosing. 
Factors influencing sweep coagulation include oversaturation (requiring a higher precipitate concentration for rapid precip-
itation), the presence of anions (especially sulfate, which enhances precipitation rate), and colloid concentration (higher 
colloid content provides more nuclei for precipitate formation) [70–73].

Coagulation-flocculation process by alum and longan seed powder

In this mechanism, polysaccharides with highly reactive surfaces and linear or branched structures act as coagulant 
aids, promoting inter-particle bridging and enhancing micro-floc aggregation during flocculation [31]. As shown in Fig 8a, 
insufficient polymer addition can result in increased turbidity. This may be because the polysaccharides bind to only one 
particle or fail to adequately aggregate more particles into larger flocs. Polymer chains adhere to particle surfaces through 
(i) coulombic interactions, (ii) dipole interactions, (iii) hydrogen bonding, and (iv) van der Waals forces of attraction. The 
remaining polymer chain protrudes into the water and binds to other particle surfaces, forming bridges and larger, more 
readily settleable flocs (Fig 8b).

Furthermore, adequate unoccupied surface area on a particle is crucial for polymer bridging, as it allows for the attach-
ment of polymer chain segments adsorbed on other particles [74]. In cases where excess polymer is present or no further 
particles are available (Fig 8c), the original particle can be fully enveloped by the free extended segments of the polymer 
molecule, thus restabilizing the colloid. In addition to the factors mentioned previously, polymer bridging is also influenced 
by the molecular weight of the polymer, the charge density of polyelectrolytes, and ionic strength of colloid particles. A 
study has summarized these effects, indicating that: (i) linear, high-molecular-weight polymers are the most effective; (ii) 
minimal adsorbed polymer is necessary, as excessive amounts can lead to restabilization; (iii) optimal charge density ben-
efits polyelectrolytes; (iv) specific metal ions and ionic strength can influence outcomes; and (v) while the bridging process 
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produces robust flocs, damaged flocs may be irreversible [74]. Together with FT-IR/SEM evidence (functional groups for 
adsorption/bridging; particle size 2–20 µm), these results integrate characterization with performance to support the pro-
posed dual mechanism.

To address the reviewer’s request, we added Table 4 comparing our optimized LSP + alum system with representative 
literature on plant-based coagulants. For example, PAC + rice starch achieved >96.6% removal at pH 6 with 7.5 mg/L 
coagulant and 0.025 mg/L aid (37.5 NTU) [60], and PACl (5 mg/L) + corn starch (0.7 mg/L) achieved 98.48% at 250 NTU 
[61]. In our study, alum (1 mg/L) + LSP (0.5 mg/L) achieved up to 96.7% removal (200 NTU) at pH 4, while reducing alum 
dosage fivefold compared with alum-only optimum in raw water.

Cost analysis

The cost analysis of producing longan seed powder (LSP) as a bio-coagulant demonstrated strong economic potential, 
particularly when utilizing agricultural waste as raw material. The experimental results indicated that the yield of LSP after 
drying and grinding was approximately 39.23% of the original raw seed weight. This corresponds to a conversion rate 

Fig 8.  Illustration of coagulation-flocculation mechanisms used concentration of Alum and initial turbidity remained constant with different 
concentrations of longan seed powders (a) Low concentration longan seed powders, (b) longan seed powders with the appropriate concen-
tration and (c) longan seed powders with excessive concentration.

https://doi.org/10.1371/journal.pone.0340397.g008

https://doi.org/10.1371/journal.pone.0340397.g008
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whereby 1 kg of raw longan seeds produces approximately 0.3923 kg of LSP. Consequently, the production of 1 kg of LSP 
requires approximately 2.55 kg of raw seeds.

The production process comprised several sequential steps: cleaning, drying in a hot-air oven at 60°C for 24 hours, 
grinding, and sieving. The total electricity cost per kilogram of raw seeds was estimated at THB 1.712, while labor and 
maintenance contributed THB 0.208. Miscellaneous costs, including depreciation, packaging, logistics, indirect labor, and 
utilities, were calculated at THB 1.916. As the raw longan seeds are classified as agricultural waste, the material cost was 
considered zero. Thus, the total production cost per kilogram of raw seeds amounted to THB 3.836 (USD 0.12).

Based on the required input mass of 2.55 kg of raw seeds to produce 1 kg of LSP, the laboratory-scale production cost 
was determined to be THB 9.78 (USD 0.30) per kilogram. This value was derived by multiplying the unit cost per kilogram 
of raw seeds by the corresponding input mass, as summarized in Table 3. Notably, this cost is significantly lower than the 
market price of conventional coagulants, such as aluminum ammonium sulfate, which is priced approximately THB 13 
(USD 0.40) per kilogram in Thailand. Although this comparison does not account for additional operational expenses such 
as logistics and labor at industrial-scale LSP production, the use of LSP could reduce overall treatment costs, as the con-
sumption of alum can be reduced up to fivefold when LSP is applied as a coagulant aid. Furthermore, the production cost of 
LSP is expected to decrease substantially at industrial scale benefiting from economies of scale and process optimization.

Thailand’s longan industry generates a considerable quantity of seed byproduct annually, providing a consistent and 
sustainable feedstock for LSP production. This availability underscores the potential of LSP as a cost-effective and 
environmentally sustainable alternative to conventional coagulants, supporting circular economy and waste valorization 
initiatives.

The use of longan seed powder presents not only a cost-effective alternative but also an environmentally friendly 
solution. Similar to other plant-based coagulants like Moringa oleifera, longan seed powder contributes to the reduction of 
chemical use in water treatment and minimizes harmful sludge generation [75, 76]. It also encourages the use of renew-
able agricultural residues, aligning with principles of circular economy and sustainable resource management. Okuda et 
al. (2001) [76] also demonstrated that plant-based coagulants are effective due to their protein-based active compounds, 
which promote particle aggregation efficiently.

These findings support the notion that integrating longan seed powder into coagulation processes could be both eco-
nomically and ecologically advantageous. This approach holds particular promise for decentralized or small-scale water 
treatment systems, where resource constraints make low-cost, sustainable options especially valuable [76].

Eco-friendliness, stability, and practicality

The eco-friendly claim is supported by lower alum usage (fivefold reduction in raw water), which implies lower sludge gen-
eration and reduced chemical inputs. While toxicity and biodegradability tests were beyond the present scope, future work 
will evaluate LSP biodegradation in soil/water, acute/chronic toxicity, and sludge dewatering behavior to quantify environ-
mental benefits.

Table 3.  Summary of production cost of longan seed powder (per 1 kg) pro-
duced from 2.55 kg of longan seed.

Cost Component Cost (THB) Percentage (%)

Raw material (longan seeds) 0.00 0.00

Electricity (drying and grinding) 4.37 44.64

Labor and maintenance 0.53 5.41

Miscellaneous (utilities, packaging, etc.) 4.89 49.95

Total Cost 9.78 100

https://doi.org/10.1371/journal.pone.0340397.t003

https://doi.org/10.1371/journal.pone.0340397.t003
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Storage stability of plant extracts/powders is practically important; we recommend assessing moisture-controlled stor-
age (≤40% RH, 25 °C), shelf-life over 3–6 months, and potency retention under field conditions in subsequent studies.

Conclusion

This study demonstrates that longan seed powder (LSP), an abundant agricultural byproduct in northern Thailand, pos-
sesses significant potential as a sustainable and low-cost coagulant aid in water purification. When used alone, LSP 
achieved limited coagulation efficiency (<25% turbidity removal). However, when combined with 1 mg/L alum, at an 
optimized dosage of 0.5 mg/L LSP and pH 4, it achieved 96.7 ± 1.2% turbidity removal, comparable to that of alum alone 
at 5 mg/L (96.5 ± 1.9%). This indicates a fivefold reduction in alum dosage without compromising treatment efficiency. 
The process also minimized changes in pH and total dissolved solids (TDS), suggesting that longan seed starch plays a 
synergistic role in charge neutralization and polymer bridging, as confirmed by FT-IR and SEM analyses showing typical 
polysaccharide functional groups and compact surface morphology conducive to adsorption and bridging mechanisms.

Economically, the cost of laboratory-scale production of longan seed powder was calculated at THB 9.78/kg (USD 0.30/
kg), markedly lower than that of commercial alum, approx. THB 13/kg (USD 0.40/kg). Environmentally, replacing alum with 
longan seed powder could potentially reduce sludge formation and aluminum residues, improving post-treatment sludge 
management and minimizing ecological toxicity. The use of such natural polymers aligns with circular economy princi-
ples by valorizing agricultural waste, thereby supporting local sustainability and community-based water management 
initiatives.

Nevertheless, this study has certain limitations. The experiments were conducted under controlled laboratory conditions 
using both synthetic and raw river water. Variability in the composition of longan seeds (starch and polysaccharide ratios), 
as well as differing environmental parameters (temperature, ionic strength, and organic matter), may influence coagulation 
performance under field conditions. Further research should therefore focus on (i) evaluating LSP stability and shelf-life 
during storage, (ii) assessing its biodegradability and potential ecotoxicity, (iii) testing scalability and performance across 
different water types (e.g., domestic, industrial, and surface waters), and (iv) optimizing extraction or partial purification 
methods to identify active biopolymers responsible for coagulation.

In summary, this study fills a critical knowledge gap by systematically evaluating longan seed powder as a coagulant 
aid for both synthetic and raw river water. It demonstrates the feasibility of reducing chemical coagulant use by up to 80%, 
achieving high removal efficiencies, and reducing treatment costs. The outcomes not only contribute to advancing sustain-
able water treatment technologies but also establish a foundation for future pilot-scale or decentralized implementations 
that integrate economic, environmental, and social benefits.

Author contributions

Conceptualization: Anuwat Aunkham, Vivat Keawdounglek.

Data curation: Anuwat Aunkham, Wei Chung Sim.

Formal analysis: Anuwat Aunkham, Wei Chung Sim.

Funding acquisition: Anuwat Aunkham.

Investigation: Anuwat Aunkham.

Methodology: Anuwat Aunkham, Vivat Keawdounglek, Budsakorn Aiyee, Ploypairin Choochan, Phitchayapha 
Chumueang, Wichuda Intawong, Natcha Thambun, Anantaya Anantaburiand, Panadda Klinchan.

Project administration: Anuwat Aunkham.

Resources: Anuwat Aunkham.

Software: Anuwat Aunkham.



PLOS One | https://doi.org/10.1371/journal.pone.0340397  January 28, 2026 19 / 22

Supervision: Anuwat Aunkham, Vivat Keawdounglek.

Validation: Anuwat Aunkham.

Visualization: Anuwat Aunkham.

Writing – original draft: Anuwat Aunkham.

Writing – review & editing: Anuwat Aunkham, Wei Chung Sim.

References
	 1.	 Food and Agriculture Organization of the United Nations. AQUASTAT: FAO’s Global Information System on Water and Agriculture. https://data.

apps.fao.org/aquastat/?lang=en. Accessed 2025 October 7.

	 2.	 Sahoo D, Anandhi A. Conceptualizing turbidity for aquatic ecosystems in the context of sustainable development goals. Environ Sci: Adv. 
2023;2(9):1220–34. https://doi.org/10.1039/d2va00327a

	 3.	 Tahraoui H, Toumi S, Boudoukhani M, Touzout N, Sid ANEH, Amrane A, et al. Evaluating the effectiveness of coagulation–flocculation treatment 
using aluminum sulfate on a polluted surface water source: a year-long study. Water. 2024;16(3):400. https://doi.org/10.3390/w16030400

	 4.	 Shahzadi F, Haydar S, Tabraiz S. Optimization of coagulation to remove turbidity from surface water using novel nature-based plant coagulant and 
response surface methodology. Sustainability. 2024;16(7):2941. https://doi.org/10.3390/su16072941

	 5.	 Zaki N, Hadoudi N, Fraiha O, Bensitel N, Charki A, El Ouarghi H, et al. Analysis of the effectiveness of combining inorganic coagulants 
with chitosan and bentonite in the treatment of raw water. Sustainable Chemistry Environment. 2024;6:100109. https://doi.org/10.1016/j.
scenv.2024.100109

	 6.	 Takaara T, Kurumada K. Optimum conditions for enhancing chitosan-assisted coagulation in drinking water treatment. Sustainability. 
2023;15(19):14197. https://doi.org/10.3390/su151914197

	 7.	 Kane A, Assadi AA, El Jery A, Badawi AK, Kenfoud H, Baaloudj O, et al. Advanced photocatalytic treatment of wastewater using immobilized 
titanium dioxide as a photocatalyst in a pilot-scale reactor: process intensification. Materials (Basel). 2022;15(13):4547. https://doi.org/10.3390/
ma15134547 PMID: 35806678

	 8.	 Bryliński Ł, Kostelecka K, Woliński F, Duda P, Góra J, Granat M, et al. Aluminium in the human brain: routes of penetration, toxicity, and resulting 
complications. Int J Mol Sci. 2023;24(8):7228. https://doi.org/10.3390/ijms24087228 PMID: 37108392

	 9.	 Diver D, Nhapi I, Ruziwa WR. The potential and constraints of replacing conventional chemical coagulants with natural plant extracts in water and 
wastewater treatment. Environ Advances. 2023;13:100421. https://doi.org/10.1016/j.envadv.2023.100421

	10.	 Naceradska J, Pivokonska L, Pivokonsky M. On the importance of pH value in coagulation. J Water Supply: Research and Technology-Aqua. 
2019;68(3):222–30. https://doi.org/10.2166/aqua.2019.155

	11.	 Ndubueze EU, Boparai HK, Xu L, Sleep BE. Colloidal properties and stability of colloidal activated carbon: effects of aqueous chemistry on sedi-
mentation kinetics. Environ Sci Nano. 2024;9:3661–4030. https://doi.org/10.1039/D4EN00277K

	12.	 Nzeyimana BS, Mary ADC. Sustainable sewage water treatment based on natural plant coagulant: moringa oleifera. Discov Water. 2024;4(1). 
https://doi.org/10.1007/s43832-024-00069-x

	13.	 Sharafi R, Anam N, Kamal T, Tazwar ST. Using Strychnos potatorum seeds as a natural coagulant in flood affected areas of Bangladesh. Int J 
Water Wastewater Treat. 2022;8(3):188.

	14.	 Zhang J, Zhang F, Luo Y, Yang H. A preliminary study on cactus as coagulant in water treatment. Process Biochemistry. 2006;41(3):730–3. https://
doi.org/10.1016/j.procbio.2005.08.016

	15.	 Benalia A, Atime L, Baatache O, Khalfaoui A, Ghomrani AF, Derbal K, et al. Removal of lead in water by coagulation flocculation process using 
Cactus-based natural coagulant: optimization and modeling by response surface methodology (RSM). Environ Monit Assess. 2024;196(3):244. 
https://doi.org/10.1007/s10661-024-12412-9 PMID: 38326512

	16.	 Rodríguez L, Mendez D, Montecino H, Carrasco B, Arevalo B, Palomo I, et al. Role of phaseolus vulgaris L. in the prevention of cardiovascu-
lar diseases-cardioprotective potential of bioactive compounds. Plants (Basel). 2022;11(2):186. https://doi.org/10.3390/plants11020186 PMID: 
35050073

	17.	 Ibrahim A, Yaser AZ, Lamaming J. Synthesising tannin-based coagulants for water and wastewater application: a review. J Environ Chemical Eng. 
2021;9(1):105007. https://doi.org/10.1016/j.jece.2020.105007

	18.	 Soni BD, Patel UD, Agrawal A, Ruparelia JP. Application of BDD and DSA electrodes for the removal of RB 5 in batch and continuous operation. J 
Water Process Eng. 2017;17:11–21. https://doi.org/10.1016/j.jwpe.2017.01.009

	19.	 Hadadi A, Imessaoudene A, Bollinger J-C, Assadi AA, Amrane A, Mouni L. Comparison of four plant-based bio-coagulants performances against 
alum and ferric chloride in the turbidity improvement of bentonite synthetic water. Water. 2022;14(20):3324. https://doi.org/10.3390/w14203324

https://data.apps.fao.org/aquastat/?lang=en
https://data.apps.fao.org/aquastat/?lang=en
https://doi.org/10.1039/d2va00327a
https://doi.org/10.3390/w16030400
https://doi.org/10.3390/su16072941
https://doi.org/10.1016/j.scenv.2024.100109
https://doi.org/10.1016/j.scenv.2024.100109
https://doi.org/10.3390/su151914197
https://doi.org/10.3390/ma15134547
https://doi.org/10.3390/ma15134547
http://www.ncbi.nlm.nih.gov/pubmed/35806678
https://doi.org/10.3390/ijms24087228
http://www.ncbi.nlm.nih.gov/pubmed/37108392
https://doi.org/10.1016/j.envadv.2023.100421
https://doi.org/10.2166/aqua.2019.155
https://doi.org/10.1039/D4EN00277K
https://doi.org/10.1007/s43832-024-00069-x
https://doi.org/10.1016/j.procbio.2005.08.016
https://doi.org/10.1016/j.procbio.2005.08.016
https://doi.org/10.1007/s10661-024-12412-9
http://www.ncbi.nlm.nih.gov/pubmed/38326512
https://doi.org/10.3390/plants11020186
http://www.ncbi.nlm.nih.gov/pubmed/35050073
https://doi.org/10.1016/j.jece.2020.105007
https://doi.org/10.1016/j.jwpe.2017.01.009
https://doi.org/10.3390/w14203324


PLOS One | https://doi.org/10.1371/journal.pone.0340397  January 28, 2026 20 / 22

	20.	 Rakariyatham K, Zhou D, Rakariyatham N, Shahidi F. Sapindaceae (Dimocarpus longan and Nephelium lappaceum) seed and peel by-products: 
Potential sources for phenolic compounds and use as functional ingredients in food and health applications. J Functional Foods. 2020;67:103846. 
https://doi.org/10.1016/j.jff.2020.103846

	21.	 Zhang X, Guo S, Ho C-T, Bai N. Phytochemical constituents and biological activities of longan (Dimocarpus longan Lour.) fruit: a review. Food Sci 
Human Wellness. 2020;9(2):95–102. https://doi.org/10.1016/j.fshw.2020.03.001

	22.	 Hu Z, Zhao L, Hu Z, Wang K. Hierarchical structure, gelatinization, and digestion characteristics of starch from Longan (Dimocarpus longan Lour.) 
seeds. Molecules. 2018;23(12):3262. https://doi.org/10.3390/molecules23123262 PMID: 30544737

	23.	 Gao L, Wang Y, Zhang F, Li S, Zhao J, Zhang Q, et al. A standardized method for the quantification of polysaccharides: An example of polysaccha-
rides from Tremella fuciformis. LWT. 2022;167:113860. https://doi.org/10.1016/j.lwt.2022.113860

	24.	 Choy SY, Prasad KMN, Wu TY, Raghunandan ME, Niu X. Utilization of plant-based natural coagulants as future alternatives toward sustainable 
water clarification. J Environ Sci (China). 2014;26(11):2178–2189. https://doi.org/10.1016/j.jes.2014.09.012

	25.	 Okafor CI, Faloye F, Adeyemi I. Cost assessment of bio-based coagulants for drinking water treatment. Clean Eng Technol. 2021;4:100218. https://
doi.org/10.1016/j.clet.2021.100218

	26.	 Ascione F, De Masi RF, Mastellone M, Ruggiero S, Vanoli GP. Improving the building stock sustainability in European Countries: A focus on the 
Italian case. J Cleaner Prod. 2022;365:132699. https://doi.org/10.1016/j.jclepro.2022.132699

	27.	 Nguyen CH, Dang VB, Ngo HH. A review on natural coagulants for sustainable water treatment. Environ Sci Pollut Res Int. 2020;27(20):24815–
24832. https://doi.org/10.1007/s11356-020-08898-8

	28.	 Huber ST, Steininger KW. Critical sustainability issues in the production of wind and solar electricity generation as well as storage facilities and 
possible solutions. J Cleaner Prod. 2022;339:130720. https://doi.org/10.1016/j.jclepro.2022.130720

	29.	 Harahap SN, Ramli N, Vafaei N, Said M. Physicochemical and nutritional composition of rambutan anak sekolah (Nephelium lappaceum L.) seed 
and seed oil. Pak J Nutr. 2012;10(11):1–5.

	30.	 Randall DG, Naidoo V. Urine: the liquid gold of wastewater. J Environ Chemical Eng. 2018;6(2):2627–35. https://doi.org/10.1016/ 
j.jece.2018.04.012

	31.	 Bolto B, Gregory J. Organic polyelectrolytes in water treatment. Water Res. 2007;41(11):2301–24. https://doi.org/10.1016/j.watres.2007.03.012 
PMID: 17462699

	32.	 Liu Z, Huang M, Li A, Yang H. Flocculation and antimicrobial properties of a cationized starch. Water Res. 2017;119:57–66. https://doi.
org/10.1016/j.watres.2017.04.045

	33.	 Mavura WJ, Chemelil MC, Saenyi WW, Mavura HK. Investigation of chemical and biochemical properties of Maerua subcordata plant extract: a 
local water clarification agent. Bull Chem Soc Ethiop. 2008;22(1):143–8. https://doi.org/10.4314/bcse.v22i1.61297

	34.	 Choy SY, Prasad KMN, Wu TY, Raghunandan ME, Ramanan RN. Utilization of plant-based natural coagulants as future alternatives towards sus-
tainable water clarification. J Environ Sci (China). 2014;26:2178–89. https://doi.org/10.1016/j.jes.2014.09.012

	35.	 Odiongenyi AO, Essien NB, Ukpe RA. Corn starch as a substitute for commercial food starch: FT-IR and rheological characterization. J Sci Eng 
Res. 2016;3(6):494–501.

	36.	 Dankar I, Haddarah A, Omar FE, Pujolà M, Sepulcre F. Characterization of food additive-potato starch complexes by FTIR and X-ray diffraction. 
Food Chem. 2018;260:7–12. https://doi.org/10.1016/j.foodchem.2018.03.070

	37.	 Marques TL, Alves VN, Coelho LM, Coelho NM. Removal of Ni(II) from aqueous solution using Moringa oleifera seeds as a bioadsorbent. Water 
Sci Technol. 2012;65:1435–40. https://doi.org/10.2166/wst.2012.956

	38.	 Benalia A, Derbal K, Khalfaoui A, Pizzi A, Medjahdi G. The use of a natural coagulant in Algerian drinking water treatment plants. J Renew Mater. 
2022;10:625–37. https://doi.org/10.32604/jrm.2022.017844

	39.	 Kandasamy K, Venkatesh M, Khadar YS, Rajasingh P. One-pot green synthesis of CdS quantum dots using Opuntia ficus-indica fruit sap. Mater 
Today Proc. 2020;26:3503–3506. https://doi.org/10.1016/j.matpr.2020.01.603

	40.	 León-Martínez FM, Cano-Barrita PF, Castellanos F, Luna-Vicente KB, Ramírez-Arellanes S, Gómez-Yáñez C. Carbonation of high-calcium 
lime mortars containing cactus mucilage as additive: a spectroscopic approach. J Mater Sci. 2020;56:3778–3789. https://doi.org/10.1007/
s10853-020-05493-7

	41.	 Ferreira-Villadiego J, Garcia-Echeverri J, Vidal M M, Pasqualino J, Meza-Catellar P, Lambis H. Chemical modification and characterization of 
starch derived from plantain (Musa paradisiaca) peel waste as a source of biodegradable material. Chem Eng Trans. 2018;65:763–8. https://doi.
org/10.3303/CET1865128

	42.	 Ye SJ, Baik MY. Physical modification of corn and potato starches using soaking, freezing, and drying. Food Sci Biotechnol. 2024;34(4):923–33. 
https://doi.org/10.1007/s10068-024-01714-w PMID: 39974861

	43.	 Choudhary M, Ray MB, Neogi S. Evaluation of the potential application of cactus (Opuntia ficus-indica) as a bio-coagulant for pre-treatment of oil 
sands process-affected water. Sep Purif Technol. 2019;209:714–724. https://doi.org/10.1016/j.seppur.2018.08.063

	44.	 Shan TC, Matar MA, Makky EA, Ali EN. The use of Moringa oleifera seed as a natural coagulant for wastewater treatment and heavy metals 
removal. Appl Water Sci. 2016;7(3):1369–76. https://doi.org/10.1007/s13201-016-0499-8

https://doi.org/10.1016/j.jff.2020.103846
https://doi.org/10.1016/j.fshw.2020.03.001
https://doi.org/10.3390/molecules23123262
http://www.ncbi.nlm.nih.gov/pubmed/30544737
https://doi.org/10.1016/j.lwt.2022.113860
https://doi.org/10.1016/j.jes.2014.09.012
https://doi.org/10.1016/j.clet.2021.100218
https://doi.org/10.1016/j.clet.2021.100218
https://doi.org/10.1016/j.jclepro.2022.132699
https://doi.org/10.1007/s11356-020-08898-8
https://doi.org/10.1016/j.jclepro.2022.130720
https://doi.org/10.1016/j.jece.2018.04.012
https://doi.org/10.1016/j.jece.2018.04.012
https://doi.org/10.1016/j.watres.2007.03.012
http://www.ncbi.nlm.nih.gov/pubmed/17462699
https://doi.org/10.1016/j.watres.2017.04.045
https://doi.org/10.1016/j.watres.2017.04.045
https://doi.org/10.4314/bcse.v22i1.61297
https://doi.org/10.1016/j.jes.2014.09.012
https://doi.org/10.1016/j.foodchem.2018.03.070
https://doi.org/10.2166/wst.2012.956
https://doi.org/10.32604/jrm.2022.017844
https://doi.org/10.1016/j.matpr.2020.01.603
https://doi.org/10.1007/s10853-020-05493-7
https://doi.org/10.1007/s10853-020-05493-7
https://doi.org/10.3303/CET1865128
https://doi.org/10.3303/CET1865128
https://doi.org/10.1007/s10068-024-01714-w
http://www.ncbi.nlm.nih.gov/pubmed/39974861
https://doi.org/10.1016/j.seppur.2018.08.063
https://doi.org/10.1007/s13201-016-0499-8


PLOS One | https://doi.org/10.1371/journal.pone.0340397  January 28, 2026 21 / 22

	45.	 Nandiyanto ABD, Suhendi A, Ogi T, Umemoto R, Okuyama K. Size- and charge-controllable polystyrene spheres for templates in the prepa-
ration of porous silica particles with tunable internal hole configurations. Chemical Engineering J. 2014;256:421–30. https://doi.org/10.1016/j.
cej.2014.07.005

	46.	 Senthil KP, Centhil VM, Kameshwari R, Palaniyappan M, Kalaivani VD, Pavithra KG. Experimental study on parameter estimation and mechanism 
for the removal of turbidity from groundwater and synthetic water using Moringa oleifera seed powder. Desalination Water Treat. 2016;57:5488–
5497. https://doi.org/10.1080/19443994.2014.1003976

	47.	 Itodo AU, Wuanaa RA, Wombo PN. On the characterization, use and wastewater detoxification potential of pyrolyzed Moringa oleifera pods and 
shells part: a sorbent preparation and characterization. Chem Methodol. 2018;2:204–22.

	48.	 Cheng SY, Show P-L, Juan JC, Ling TC, Lau BF, Lai SH, et al. Sustainable landfill leachate treatment: Optimize use of guar gum as natural coagu-
lant and floc characterization. Environ Res. 2020;188:109737. https://doi.org/10.1016/j.envres.2020.109737 PMID: 32554270

	49.	 Choong LBL, Peter AP, Qi CKH, Ragu P, Sethu V, Selvarajoo A, Arumugasamy SK. Treatment of palm oil mill effluent (POME) using chickpea 
(Cicer arietinum) as a natural coagulant and flocculant: evaluation, process optimization and characterization of chickpea powder. J Environ Chem 
Eng. 2018;6:6243–6255. https://doi.org/10.1016/j.jece.2018.09.042

	50.	 Araújo CST, Alves VN, Rezende HC, Almeida ILS, De Assunção RMN, Tarley CRT, et al. Characterization and use of Moringa oleifera seeds as 
biosorbent for removing metal ions from aqueous effluents. Water Sci Technol. 2010;62:2198–2203. https://doi.org/10.2166/wst.2010.484

	51.	 Ben Salem-Fnayou A, Zemni H, Nefzaoui A, Ghorbel A. Micromorphology of cactus-pear (Opuntia ficus-indica (L.) Mill) cladodes based on scan-
ning microscopies. Micron. 2014;56:68–72. https://doi.org/10.1016/j.micron.2013.10.010 PMID: 24210248

	52.	 Shahimi NSW, Zaidi NS, Bahrodin MB, Amran AH. Utilization of fruit wastes (Jackfruit and Mango Seeds and Banana Trunk) as natural coagulants 
in treating municipal wastewater. IOP Conf Ser: Mater Sci Eng. 2021;1144(1):012049. https://doi.org/10.1088/1757-899x/1144/1/012049

	53.	 Othmani B, Gamelas JAF, Rasteiro MG, Khadhraoui M. Characterization of two cactus formulation-based flocculants and investigation on their floc-
culating ability for cationic and anionic dyes removal. Polymers (Basel). 2020;12(9):1964. https://doi.org/10.3390/polym12091964 PMID: 32872564

	54.	 Sudsandee S, Patthanacheroen N. Estimation of optimum alum doses of mountain water for water supply treatment in hill tribe villages in Chiang 
Rai Province. J Water Res. 2021;1(1):41–6.

	55.	 Degen A, Kosec M. Effect of pH and impurities on the surface charge of zinc oxide in aqueous solution. J Eur Ceram Soc. 2000;20:667–73. https://
doi.org/10.1016/S0955-2219(99)00252-8

	56.	 Ridwan BVS, Afrianita R, Indriani R. A new method to improve raw water turbidity removal efficiency in sedimentation units with continuous dis-
charges and flow recirculation. Eng Appl Sci Res. 2023;50(3):213–9. https://doi.org/10.14416/j.indj.2023.03.003

	57.	 Fu Z, Li Y, Guo S, Yao X, Zheng Z, Li F, et al. Effect of pH on the properties of potato flour film‐forming dispersions and the resulting films. Starch 
Stärke. 2024;76(7–8). https://doi.org/10.1002/star.202300251

	58.	 Ratnayaka DD, Brandt MJ, Johnson KM. Storage, clarification and chemical treatment. In: Ratnayaka DD, Brandt MJ, Johnson KM, editors. Water 
Supply. 6th ed. Oxford: Butterworth-Heinemann; 2009. p. 267–314. https://doi.org/10.1016/B978-0-7506-6843-9.00015-9

	59.	 Asadi-Ghalhari M, Usefi S, Ghafouri N, Kishipour A, Mostafaloo R, Tabatabaei FS. Modeling and optimization of the coagulation/floccula-
tion process in turbidity removal from water using poly aluminum chloride and rice starch as a natural coagulant aid. Environ Monit Assess. 
2023;195(4):527. https://doi.org/10.1007/s10661-023-11150-8 PMID: 37000307

	60.	 Mosleh L, Seyed Hossein SH, Deihim Fard R, Khoshbakht K, Shahbazi A. Comparison of the performance of corn starch coagulant aid accompa-
nying with alum, polyaluminum chloride, and ferric chloride coagulants in turbidity removal from water. J Ethics High Educ. 2014;1(4):248–58.

	61.	 Thammasane S, Kaosol T. Impact of chemical coagulants for Oscillatoria sp. removal from raw water on chemical coagulation process. Am J Envi-
ron Sci. 2019;14:257–65.

	62.	 Wei N, Zhang Z, Liu D, Wu Y, Wang J, Wang Q. Coagulation behavior of polyaluminum chloride: effects of pH and coagulant dosage. Chin J Chem 
Eng. 2015;23:1041–6. https://doi.org/10.1016/j.cjche.2014.05.026

	63.	 El-taweel RM, Mohamed N, Alrefaey KA, Husien S, Abdel-Aziz AB, Salim AI, et al. A review of coagulation explaining its definition, mechanism, 
coagulant types, and optimization models; RSM, and ANN. Current Research in Green and Sustainable Chemistry. 2023;6:100358. https://doi.
org/10.1016/j.crgsc.2023.100358

	64.	 Sheng DPW, Bilad MR, Shamsuddin N. Assessment and optimization of coagulation process in water treatment plant: a review. ASEAN J Sci Eng. 
2022;3(1):79–100. https://doi.org/10.17509/ajse.v3i1.45035

	65.	 Amran AH, Zaidi NS, Muda K, Loan LW. Effectiveness of natural coagulant in coagulation process: a review. Int J Eng Technol. 2018;7(3.9):34–7.

	66.	 Kurniawan SB, Abdullah SRS, Imron MF, Said NSM, Ismail N ’Izzati, Hasan HA, et al. Challenges and Opportunities of Biocoagulant/Bio-
flocculant Application for Drinking Water and Wastewater Treatment and Its Potential for Sludge Recovery. Int J Environ Res Public Health. 
2020;17(24):9312. https://doi.org/10.3390/ijerph17249312 PMID: 33322826

	67.	 Ghernaout D, Ghernaout B. Sweep flocculation as a second form of charge neutralisation—a review. Desalination and Water Treatment. 
2012;44(1–3):15–28. https://doi.org/10.1080/19443994.2012.691699

	68.	 Bache DH, Johnson C, Papavasilopoulos E, Rasool E, McGilligan FJ. Sweep coagulation: structures, mechanisms and practice. J Water Supply: 
Research and Technology-Aqua. 1999;48(5):201–10. https://doi.org/10.2166/aqua.1999.0022

https://doi.org/10.1016/j.cej.2014.07.005
https://doi.org/10.1016/j.cej.2014.07.005
https://doi.org/10.1080/19443994.2014.1003976
https://doi.org/10.1016/j.envres.2020.109737
http://www.ncbi.nlm.nih.gov/pubmed/32554270
https://doi.org/10.1016/j.jece.2018.09.042
https://doi.org/10.2166/wst.2010.484
https://doi.org/10.1016/j.micron.2013.10.010
http://www.ncbi.nlm.nih.gov/pubmed/24210248
https://doi.org/10.1088/1757-899x/1144/1/012049
https://doi.org/10.3390/polym12091964
http://www.ncbi.nlm.nih.gov/pubmed/32872564
https://doi.org/10.1016/S0955-2219(99)00252-8
https://doi.org/10.1016/S0955-2219(99)00252-8
https://doi.org/10.14416/j.indj.2023.03.003
https://doi.org/10.1002/star.202300251
https://doi.org/10.1016/B978-0-7506-6843-9.00015-9
https://doi.org/10.1007/s10661-023-11150-8
http://www.ncbi.nlm.nih.gov/pubmed/37000307
https://doi.org/10.1016/j.cjche.2014.05.026
https://doi.org/10.1016/j.crgsc.2023.100358
https://doi.org/10.1016/j.crgsc.2023.100358
https://doi.org/10.17509/ajse.v3i1.45035
https://doi.org/10.3390/ijerph17249312
http://www.ncbi.nlm.nih.gov/pubmed/33322826
https://doi.org/10.1080/19443994.2012.691699
https://doi.org/10.2166/aqua.1999.0022


PLOS One | https://doi.org/10.1371/journal.pone.0340397  January 28, 2026 22 / 22

	69.	 Butijn GD, Greiner RW. Artificial wetlands as tertiary treatment systems. Water Sci Technol. 1985;17(8):1429–31. https://doi.org/10.2166/
wst.1985.0052

	70.	 Matsumoto M, Moriyama Y. Influence of anions on coagulation and precipitation processes. Environ Technol. 2012;33(14):1595–603. https://doi.org
/10.1080/09593330.2011.642908

	71.	 Dann AL, Cooper RS, Bowman JP. Investigation and optimization of a passively operated compost-based system for remediation of acidic, highly 
iron- and sulfate-rich industrial waste water. Water Res. 2009;43(8):2302–16. https://doi.org/10.1016/j.watres.2009.02.030 PMID: 19297003

	72.	 Alliot C, Bion L, Mercier F, Toulhoat P. Sorption of aqueous carbonic, acetic, and oxalic acids onto alpha-alumina. J Colloid Interface Sci. 
2005;287(2):444–51. https://doi.org/10.1016/j.jcis.2005.02.043 PMID: 15925609

	73.	 Ogbeibu AE, Akpogheneta SE, Zagi MM. The effects of crude oil production activities on surface and groundwater quality in Sapele, Delta State, 
Nigeria. OALib. 2020;07(04):1–15. https://doi.org/10.4236/oalib.1106245

	74.	 Bhuptawat H, Folkard GK, Chaudhari S. Innovative physico-chemical treatment of wastewater incorporating Moringa oleifera seed coagulant. J 
Hazard Mater. 2007;142(1–2):477–482. https://doi.org/10.1016/j.jhazmat.2006.08.048

	75.	 Yin C-Y. Emerging usage of plant-based coagulants for water and wastewater treatment. Process Biochemistry. 2010;45(9):1437–44. https://doi.
org/10.1016/j.procbio.2010.05.030

	76.	 Okuda T, Baes AU, Nishijima W, Okada M. Coagulation mechanism of salt solution-extracted active component in Moringa oleifera seeds. Water 
Res. 2001;35(3):830–4. https://doi.org/10.1016/s0043-1354(00)00296-7 PMID: 11228982

https://doi.org/10.2166/wst.1985.0052
https://doi.org/10.2166/wst.1985.0052
https://doi.org/10.1080/09593330.2011.642908
https://doi.org/10.1080/09593330.2011.642908
https://doi.org/10.1016/j.watres.2009.02.030
http://www.ncbi.nlm.nih.gov/pubmed/19297003
https://doi.org/10.1016/j.jcis.2005.02.043
http://www.ncbi.nlm.nih.gov/pubmed/15925609
https://doi.org/10.4236/oalib.1106245
https://doi.org/10.1016/j.jhazmat.2006.08.048
https://doi.org/10.1016/j.procbio.2010.05.030
https://doi.org/10.1016/j.procbio.2010.05.030
https://doi.org/10.1016/s0043-1354(00)00296-7
http://www.ncbi.nlm.nih.gov/pubmed/11228982

