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Natural Coagulants in Focus: Superior Performance
over Iron-Based Agents in Cosmetic Wastewater Treatment

Naturalne koagulanty i ich wieksza efektywnos¢ w poréwnaniu ze Srodkami
na bazie zelaza w oczyszczaniu Sciekow kosmetycznych
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Abstract

This study presents a comparative analysis of chemical and natural coagulants, focusing on the removal of Total Organic Car-
bon (TOC) from wastewater generated by the cosmetics industry. The novelty of this work lies in the use of bio-based materials,
specifically wood powder and hazelnut shell powder, as alternative coagulants, and in evaluating their performance against co-
nventional iron-based coagulants (PIX-110, PIX-111, PIX-112, PIX-113, and PIX-122) as well as the anionic flocculant AN 913 SH.
Experimental results demonstrated that the natural coagulants significantly outperformed the most effective chemical coagulant
(PIX-111), which achieved a TOC removal efficiency of 22.15%. In contrast, wood powder and hazelnut shells achieved TOC re-
moval efficiencies of up to 80.3% and 82.16%, respectively. The use of natural coagulants also resulted in lower chemical con-
sumption and reduced sludge production. Notably, iron-based coagulants substantially decreased the pH of the treated wastewa-
ter, necessitating post-treatment pH adjustment—a drawback not observed with natural coagulants. These findings underscore
the potential of agricultural waste-derived materials as effective and environmentally sustainable alternatives for TOC removal in
industrial wastewater treatment.

Stowa kluczowe: Scieki kosmetyczne, oczyszczanie $ciekow, koagulanty na bazie zelaza, koagulanty naturalne, flokulacja, zanieczysz-
czenia organiczne

Streszczenie

Praca przedstawia analize poréwnawczg skutecznosci koagulantéw chemicznych i naturalnych, koncentrujac sie na usuwaniu
Ogdlnego Wegla Organicznego (OWO) ze Sciekdéw przemystu kosmetycznego. Nowos$é pracy polega na zastosowaniu organicz-
nych materiatéw odpadowych, w szczegdlnosci wiéréw drzewnych i mielonych tupin orzecha laskowego, jako alternatywnych
koagulantéw, oraz na ocenie ich skutecznosci w poréwnaniu z konwencjonalnymi koagulantami na bazie zelaza (PIX-110, PIX-111,
PIX-112, PIX-113 i PIX-122) oraz anionowym flokulantem AN 913 SH. Wyniki eksperymentéw wykazaty, ze naturalne koagulanty
znaczaco przewyzszaly skutecznoscig najefektywniejszy koagulant chemiczny (PIX-111), o skutecznosci usuwania OWO 22,15%.
Natomiast wiéry drzewne i tupiny orzecha laskowego umozliwity usuniecie OWO odpowiednio do 80,3% i 82,16%. Zastosowanie
naturalnych koagulantéw skutkowato réwniez nizszym zuzyciem chemikaliéw i mniejsza produkcjg osadu. Warto zauwazyé, ze
koagulanty na bazie zelaza istotnie obnizaty pH oczyszczanych Sciekéw, co wymagato dodatkowej korekty pH — efekt ten nie wy-
stepowat w przypadku koagulantéw naturalnych. Wyniki te podkreslajg potencjat materiatéw pochodzacych z odpadéw rolniczych
jako skutecznych i ekologicznie zréwnowazonych alternatyw do usuwania OWO w oczyszczaniu $ciekéw przemystowych.

Introduction ) _
exposure to tainted water [4]. Synthetic dyes and heavy metals are

examples of persistent and non-biodegradable contaminants that
are frequently difficult to remove using conventional wastewater

One of the biggest environmental problems brought on by in-
dustrialization is water contamination. The main cause of water

pollution is industrial effluents, which are defined by high concen-
trations of dyes, suspended particles, heavy metals, and organic and
inorganic pollutant. Depending on the kind of raw materials and
chemical processes used, these effluents' complicated composition
differs among sectors. Untreated industrial wastewater dischar-
ge into aquatic systems causes significant ecological disruptions,
decreased dissolved oxygen, and discolored water. Furthermore,
a variety of health hazards, including as cardiovascular, respirato-
ry, and dermatological conditions, have been connected to human

treatment methods, particularly biological processes. Because of
its high removal efficiency, cost-effectiveness, and ease of use,
coagulation/flocculation (C/F) has become a popular physicoche-
mical technique in response to these constraints. However, there
is a trend toward more sustainable options as a result of worries
about the health and environmental effects of utilizing chemical
coagulants, especially those using iron and aluminum salts.Natural
coagulants/flocculants (NC/Fs) made from renewable resources
such plant seeds, peels, polysaccharides, and tannins have been
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the subject of more and more recent study. These materials are
appealing alternatives to traditional chemicals in wastewater treat-
ment because of their biodegradability, low toxicity, and possible
economic benefits. Moringa oleifera (MO), for example, has shown
significant effectiveness in eliminating oil, color, turbidity, and che-
mical oxygen demand (COD) from a variety of effluent types. Simi-
larly, because of its cationic character and floc-forming capacity,
chitosan—a naturally occurring polymer derived from chitin—has
demonstrated encouraging outcomes in wastewater purification.
In addition to conventional NC/Fs, magnetic-natural C/Fs (M-NC/
Fs) and modified natural coagulants/flocculants (MN-C/Fs) have
been investigated to improve therapeutic efficacy, recyclability, and
selectivity. These cutting-edge materials assist the development of
circular treatment technologies by integrating magnetic particles
or functional groups to enhance separation and reuse . Neverthe-
less, a number of obstacles still need to be overcome, including
dose optimization, stability under changing pH and temperature
conditions, and production scalability. In order to maximize C/F
efficiency, process parameters are essential. Particle charge and
coagulant activity are strongly influenced by pH, with 6.5 to 7.5
usually being the ideal range[10]. Furthermore, careful optimization
of coagulant dose, mixing intensity, and duration is required. The
ideal treatment conditions, such as quick mixing (100-200 rpm),
moderate mixing (20-50 rpm), and settling times of 20—30 minutes,
are frequently ascertained using laboratory-scale jar experiments
[16]. These parameters have been the subject of several investiga-
tions. According to significant turbidity and COD removal may be
achieved by treating textile effluent with FeCls at pH 9 under ideal
circumstances, which include quick mixing at 150 rpm and slow
mixing at 30 rpm. Similarly, [15] used MO at 2000 mg/L to remo-
ve over 90% of TSS and turbidity found that, under ideal mixing
circumstances, a chitosan-based coagulant had COD and color
removal efficiencies of 83% and 90%, respectively. Despite these
developments, the commercialization of NC/Fs is still constrained
by differences in process standardization, storage stability, and raw
material characteristics. In order to overcome these constraints and
enhance material performance, more investigation is required into
chemical modification, immobilization on magnetic supports, and
incorporation into hybrid treatment systems.

Chemical coagulants and flocculants are widely utilized in
industrial wastewater treatment to eliminate suspended particles
and other contaminants. Chemical coagulants, which are typically
inorganic salts, function by neutralizing the electrostatic charges of
suspended particles, leading to their destabilization and subsequent
aggregation into larger, more easily removable clusters. Common
examples of chemical coagulants include aluminum sulfate (alum),
ferric sulfate, ferric chloride, and polyaluminum chloride (PAC).
Conversely, chemical flocculants are generally high-molecular-we-
ight organic polymers that facilitate particle aggregation, making
them heavier and easier to separate from wastewater. These poly-
mers possess a high electric charge density, enabling them to adsorb
onto particle surfaces and form bridges between them, ultimately
leading to the formation of larger flocs. Examples of commonly
used chemical flocculants include polyacrylamide, polyethyleneimi-
ne, and polydiallyldimethylammonium chloride (polyDADMAC).
Several studies have demonstrated the effectiveness of chemical
coagulants in wastewater treatment. Investigated the application of
alum for paper mill wastewater treatment, reporting reductions in
COD and TSS by up to 78% and 81%, respectively, at a dosage of
40 mg/L [9]. Similarly, examined [24] the use of ferric chloride for
treating petrochemical plant effluents and found it effective in redu-
cing COD, oil and grease content, and heavy metal concentrations.
Although chemical coagulants/flocculants are known for their effi-
ciency in pollutant removal, research indicates potential long-term
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health risks associated with their prolonged exposure, including
Alzheimer's disease and senile dementia. Additionally, their usage
results in significant sludge generation, which poses challenges in
terms of disposal and regeneration. For instance, a water treatment
plant utilizing alum with a capacity of 190 million liters per day
is estimated to generate at least three tonnes of solid waste daily,
amounting to over 1,000 tonnes annually.The excessive sludge
accumulation further exacerbates waste management challenges,
as existing disposal sites are insufficient to handle the increasing
sludge volume. To enhance coagulation/flocculation performance
and minimize treatment duration, various materials such as car-
bon nanotubes [22], zeolites, bentonite [27], and silica have been
incorporated into treatment processes. While these additions have
contributed to improved efficiency, challenges remain regarding
their separation and regeneration. Moreover, the high sludge volu-
me produced by chemical coagulants increases disposal costs and
raises concerns about potential environmental hazards. Given the
adverse environmental and health impacts of chemical coagulants/
flocculants, recent research has shifted towards exploring alterna-
tive, sustainable solutions for water treatment. Consequently, there
is a growing emphasis on the development of natural coagulants/
flocculants (NC/Fs) as eco-friendly and sustainable substitutes for
conventional chemical treatment agents.

Plant-based coagulants and flocculants are organic compounds
derived from natural sources such as seeds, roots, and leaves of
various plants. These substances can be classified as both ionic
and non-ionic polymers with different molecular weights [21].
Their coagulation and flocculation abilities stem from the presence
of active compounds like proteins, polysaccharides, and tannins.
Due to their natural origin, plant-based coagulants/flocculants are
considered environmentally friendly and sustainable alternatives
to synthetic chemical treatments. Some of the most commonly
used plant-based coagulants/flocculants include Moringa oleifera
(MO), chitosan, and tannins. Moringa oleifera, also known as the
drumstick tree, contains cationic polyelectrolytes in its seeds,
which can effectively bind with negatively charged particles such
as dyes and heavy metals. When introduced into wastewater, these
polyelectrolytes destabilize suspended particles, facilitating their
aggregation and eventual removal. Additionally, tannins and li-
gnin have demonstrated significant potential in eliminating dyes
and heavy metals from industrial effluents. Tannins, which are
naturally occurring polyphenolic compounds found in plants like
tea, grapes, and oak, exhibit a strong affinity for heavy metals,
forming insoluble complexes that can be easily removed from
wastewater. Similarly, lignin, a complex aromatic polymer present
in plant cell walls, has shown promise in heavy metal removal,
making it a valuable candidate for industrial wastewater treatment.
Several studies have evaluated the effectiveness of plant-based
coagulants/flocculants in treating industrial wastewater, yielding
promising results. For instance, tannin-based coagulants have
been studied for textile industry wastewater treatment, achieving
complete (100%) color removal at a concentration of 180 mg/L.
This study also reported improved settleability and reduced sludge
production compared to chemical coagulants. Moringa oleifera
seeds were applied as a coagulant in dairy wastewater treatment,
effectively reducing total solids by 94.6%, sulfate by 72.4%, and
chloride by 64% [11].

Additionally, investigated the efficacy of a natural coagulant
extracted from Cassia fistula seeds for treating wastewater from
a textile dyeing industry. Their findings revealed a color removal
efficiency of 93.8%. Another study explored the application of a na-
tural coagulant derived from tamarind seeds for treating detergent
wastewater, demonstrating a maximum turbidity and COD reduction
0of 97.7% and 39.6%, respectively [18].).
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Materials and Methods

The cosmetic plant, located in Poland, is the source of the co-
smetic wastewater (CW) sample. A large variety of cosmetics, such
as lipsticks, shampoo, serum, liquid soap, and lotions, were pro-
duced in this factory. Wastewater is brought to the lab in a plastic
container and kept a freezer at 4°C in the lab until the experiment
is completed.

Every coagulation experiment involved putting 500 mL of wa-
stewater into a beaker and mixing it at a steady 250 rpm using a ma-
gnetic stirrer. To guarantee proper dispersion and floc formation,
the mixture was agitated 50 rpm for 15 minutes after the pH was
adjusted to 6.0 with 3M NaOH after the coagulant was added. Fol-
lowing agitation, the wastewater was poured into a 500 mL cylinder
and allowed to settle. The following coagulant therapies were used:
1. For iron-based coagulation, a selected iron-based coagulants—

either PIX-110, PIX-111, PIX-112, PIX-115, or PIX-122—were

added individually to the wastewater.

2. In the flocculant-only treatment, an anionic flocculant (AN 913
SH) was added without any metal-based coagulants.

3. Inthe combined treatment approach, both an iron-based coagu-
lant (from the PIX group) and AN 913 SH were added to assess
the synergistic effects of coagulant and flocculant use.

4. In the natural coagulant treatment, either hazelnut shell po-
wder or wood powder was used as the sole natural, bio-based
coagulant.

Reliable comparisons of coagulant efficiency were made possible
by the uniformity of the experimental settings with regard to mixing,
pH control, and settling time. Supernatant samples were gathered
and examined to assess treatment effectiveness following a 24-hour
sedimentation period. Chemical oxygen demand (COD), total su-
spended solids (TSS), anionic surfactants, total phosphorus (TP),
and conductivity were among the characteristics assessed in both
raw and treated wastewater. A TOC-L analyzer (Shimadzu, Kyoto,
Japan) fitted with an OCT-L8-port sampler was used to measure
total organic carbon (TOC). The evaluation of removal efficiency
across various coagulant types and treatment approaches was made
possible by these standardized analyses.

Result and Discussion

The cosmetic industry's wastewater treatment process involves se-
veral stages, including physical, chemical, and biological treatments,
each targeting specific pollutants. The following table 1 summarizes
the key parameters of the wastewater both before and after treatment,
highlighting the impact of the coagulation process and other treat-
ments used in the factory.

Table 1. Wastewater parameter
Tabela 1. Parametry sciekow

Parameter Unit Raw or Co ag"“atej Removal %
TOC mg/L 1424 613.3 ~56.9
CcoD mg/L 3702 1644 ~55.6
Anionic mg/L | 850 800 ~5.9
Surfactants
Total P mg/L 12 11 ~8.3
Conductivity | mS/cm | 1.245 1.462 increase observed

The raw wastewater underwent coagulation treatment, which
showed notable improvements in a number of important metrics,
suggesting that the technique was successful in raising the qu-
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ality of the water. TOC dropped from 1424 mg/L to 613.3 mg/L,
a decrease of around 56.9%. In a similar vein, the COD decreased
significantly, from 3702 mg/L to 1644 mg/L, by around 55.6%.
These decreases demonstrate how well coagulation removes
organic contaminants. Nevertheless, just 5.9% and 8.3% of TP
and anionic surfactants were reduced, respectively, indicating
the treatment's low efficacy. It's interesting to note that following
coagulation, the wastewater's conductivity rose from 1.245 mS/
cm to 1.462 mS/cm, indicating the presence of ionic species. The
salts or coagulants that were left over after the chemical reactions
might be the cause of this rise. Overall, while coagulation greatly
enhanced organic pollutant removal, its influence on nutrient and
surfactant levels was negligible, and further treatment may be
necessary to address these elements.

Different quantities of iron-based coagulants were tested in 500
mL samples to see how they affected pH levels in order to evaluate
them for wastewater treatment. The doses of PIX-110, PIX-122,
PIX-112, PIX-111, and PIX-115 coagulants were 1 mL, 0.5 mL,
and 0.25 mL, respectively. It was found that the pH decreased more
significantly when the coagulant dosage was increased. All of the
coagulants significantly reduced the pH at the maximum concentra-
tion (1 mL), but PIX-110 caused the most significant drop to 3.15,
needing 5 mL of NaOH to get the pH back to 6. The minor pH drops
at 0.5 mL still required significant neutralizing efforts; for example,
PIX-110 caused the pH to drop to 3.36, which needed to be correc-
ted with 8 mL of NaOH to reach 6.. pH decreases were slight but
nevertheless detectable at the lowest dose (0.25 mL). For instance,
PIX-112 lowered the pH to 3.0, necessitating the correction of 8.4
mL of NaOH. These pH decreases are caused by the hydrolysis of
iron salts, which, when dissolved in water, release hydrogen ions
(H"), acidifying the solution. The amount of coagulant injected
immediately correlates with the degree of hydrolysis and, in turn,
the pH drop. This is a well-known occurrence in coagulation theory,
where metal coagulants, such ferric salts, liberate H+ ions while
forming hydroxide precipitates, particularly in low-alkalinity fluids.
Overall, the findings are consistent with both actual observations
and theoretical predictions, demonstrating that enhanced hydrolysis
processes caused by larger dosages of iron-based coagulants am-
plify pH lowering. Process optimization requires an understanding
of this connection, especially when choosing the right coagulant
doses and making sure that pH is effectively controlled during
large-scale wastewater treatment operations.

Following coagulant addition, particularly with PIX-110, PIX-
111, PIX-112, PIX-113, PIX-122, and AN 913 SH, significant
reductions in TOC were achieved (table 2). Notably, PIX-111
and PIX-122 demonstrated the most substantial reductions in
TOC, with values of 517.2 mg/L and 525.4 mg/L, respectively.
Conversely, AN 913 SH at 1ml exhibited a marginal decrease
in TOC concentration compared to untreated wastewater, with
a value of 518.2 mg/L. Additionally, comparisons between dif-
ferent dosages of AN 913 SH (1ml, 5ml, and 10ml) indicate va-
rying impacts on TOC levels, with the highest dosage resulting in
a TOC concentration of 509.8 mg/L. Interestingly, PIX-110 and
PIX-113 displayed differing efficiencies at 0.5ml and 1ml dosa-
ges, suggesting dosage-dependent responses. Further analysis of
TOC reduction based on different dosages of PIX-110, PIX-111,
PIX-112, PIX-113, PIX-122, and AN 913 SH reveals nuanced
variations in effectiveness. Notably, PIX-111 at both 0.25ml and
0.5ml dosages demonstrated consistent TOC reduction, indicating
its reliability across different concentrations. PIX-110, PIX-112,
and PIX-113 also exhibited significant TOC reduction, albeit to
a lesser extent compared to PIX-111. Conversely, AN 913 SH
displayed minimal impact on TOC levels, with values comparable
to or slightly higher than untreated wastewater, indicating limited
effectiveness in TOC removal..
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Table 2. TOC removal using iron based coagulant and anionic flocculant AN913SH

Tabela 2. Usuniecie OWO przy uzyciu koagulanta na bazie zelaza i anionowego flokulantu AN913SH

Coagulant PIX-110 PIX-111 PIX-112 PIX-113 PIX-122 AN 913 SH AN 913 SH AN 913 SH AN 913 SH
Volume (mL) 0.25 0.25 0.25 0.25 0.25 1 5 10 2.5

TOC (mg/L) 508.2 522.5 517.2 509.8 525.4 518.2 509.8 519.7
Coagulant PIX-110 PIX-110 PIX-111 PIX-111 PIX-112 PIX-112 PIX-113 PIX-113

Volume (mL) 0.5 1 0.5 1 0.5 1 0.5 1

TOC (mg/L) 494.5 484 477.4 481.4 501.8 504.2 508.6 495.5

Overall, PIX-111 emerges as the most effective coagulant for TOC re-
duction in wastewater treatment, consistently demonstrating significant re-
ductions across different dosages. Compared to other iron-based coagulants
and AN 913 SH, PIX-111 consistently achieved notable TOC reduction.

Following the application of wood powder and hazelnut shell coagu-
lants, notable reductions in TOC were observed (Table 3). Specifically,
TOC levels decreased to 122.5 mg/L, 120.8 mg/L, and 188.5 mg/L
with wood powder dosages of 1g, 3g, and 5g respectively. Similarly,
hazelnut shell coagulant dosages of 1g, 3g, and 5g resulted in TOC
levels of 117.1 mg/L, 109.4 mg/L, and 113.1 mg/L, respectively. These
findings highlight the efficacy of both wood powder and hazelnut shell
coagulants in reducing TOC levels in wastewater. The varying dosages
of each coagulant demonstrated nuanced effects on TOC reduction, with
higher dosages generally resulting in more significant reductions. These
results suggest the potential of natural coagulants derived from wood
powder and hazelnut shells as sustainable alternatives for wastewater
treatment, contributing to the optimization of purification processes and
the mitigation of environmental pollution.

Table 3. TOC removal using wood powder and hazelnut shell
Tabela 3. Usuniecie OWO z wykorzystaniem wiéréw drzewnych i skorup orzechow

laskowych
Unit Wood powder Hazlenut Powder
Dose 19 3g 5g 19 3g 5g
TOC (mg/L) 122.5 | 120.8 | 188.5 1171 109.4 113.1

Table 4. Performance of chemical and natural coagulants for TOC removal
Tabela 4. Skuteczno$¢ koagulantéw chemicznych i naturalnych w usuwaniu OWO

Cogulants Volume (mL) TOC (mg/L) Removal (%)
PIX-110 0.25 507.5 17.25
pIX-111 0.25 508.2 17.13
PIX-112 0.25 522.5 14.80
PIX-113 0.25 517.2 15.66
PIX-110 0.5 494.5 19.37
PIX-111 1 484 21.08
PIX-112 0.5 477.4 22.15
PIX-113 1 481.4 21.50
PIX-112 0.5 501.8 18.18
PIX-112 1 504.2 17.78
PIX-113 0.5 508.6 17.07
pix-113 1 495.5 19.20
AN 913 SH 1 525.4 14.33
AN 913 SH 5 518.2 15.50
AN 913 SH 10 509.8 16.87
AN 913 SH 2.5 519.7 15.26
Wood powder 1 122.5 80.02
Wood powder 3 120.8 80.30
Wood powder 5 188.5 69.26
Hazlenut Powder 1 117.1 80.90
Hazlenut Powder 3 109.4 82.16
Hazlenut Powder 5 113.1 81.5
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Table 5 reports the TOC removal efficiency for both natural and chemical
coagulants in the treatment of wastewater from paper pulp mills. The natural
coagulant chitosan removed 70% of TOC, while the artificial coagulants PEI
and HE only managed 30%. This suggests that the removal of organic car-
bon from the wastewater was considerably more successful with chitosan.
Because natural coagulants are polymeric and biodegradable, the perfor-
mance gap indicates that they can interact with dissolved organic molecules
more effectively. Despite the table's inadequate TOC data, the information
that is now available clearly shows that natural coagulants function better
at decreasing organic pollution. This is in line with the increased interest in
bio-based products and sustainable water treatment methods.

Used alum and fruit peel coagulants[30]. Both coagulants exhibit in-
creased clearance efficiency when the dosage is increased from 1 to 6 g/L.
‘When compared to fruit peels, alum reliably removes more COD and TOC.
Fruit peels remove 54.44% of COD and 36.3% of TOC at 6 g/L, whereas
alum removes 84.41% of COD and 64.34% of TOC. Fruit peels show
a consistent rising trend despite decreasing efficiency, suggesting room
for improvement. The information emphasizes how both coagulants are
dose-dependent Important information about the efficacy and environmental
potential of different treatment agents is revealed by comparing chemical and
natural coagulants for the removal TOC. Chemical coagulants, especially
formulations based on alum and ferric, regularly outperform natural coagu-
lants in terms of maximal removal efficiency, according to experimental
results and supporting evidence from the literature. Natural coagulants still
have a lot of potential, nevertheless, particularly when considering susta-
inability, less sludge generation, and less secondary pollution.Higher doses
(6 g/L), alum showed TOC removal of up to 64.34%. However, depending
on the source and circumstances, natural coagulants including chitosan,
sunflower seed peels, and Moringa oleifera seeds were able to remove TOC
with efficiencies ranging from 36 to 70%. This indicates a comparatively
smaller but significant ability to eliminate organic contaminants, indicating
that although natural coagulants might not be able to fully replace chemical
agents just yet, they might be useful additions or substitutes, particularly in
decentralized or inexpensive water treatment systems. These findings are
further supported by the experimental data produced in this investigation.
Depending on dose, coagulants such as PIX-110, PIX-111, PIX-112, and
PIX-113, which constitute synthetic chemical coagulants, showed TOC
removal efficiencies ranging from around 14.8% to 22.15%. For these
compounds, 0.5-1 mL was the ideal clearance volume, with efficiency as
high as 22.15%. The removal effectiveness of AN 913 SH, another chemi-
cal coagulant that was evaluated at various doses (1-10 mL), ranged from
14.33% to 16.87%, indicating a plateau effect and declining returns at in-
creasing volumes. In this study, natural coagulants—like wood and hazelnut
powders—performed noticeably better than their artificial equivalents. Wood
powder achieved a maximum TOC clearance of 80.3% at a dose of 3 mL,
whilst hazelnut powder achieved an astounding 82.16% at the same amount.
Both natural coagulants shown good efficacy and consistency throughout
testing volumes, surpassing 80% TOC elimination even at lower doses (1
mL). Natural substances including cacti, chitosan, rice starch, banana peel,
and watermelon seed have also been shown to effectively remove TOC
and turbidity, supporting this trend in the literature. For example, chitosan
reduced TOC by 70% and removed color by up to 96%. These compounds
have a number of environmental benefits, including being biodegradable,
inexpensive, readily available locally, and producing less sludge than ferric
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Table 5. Comparison of the Effectiveness of Natural and Synthetic Coagulants for Wastewater Treatment.
Tabela 5. Poréwnanie skutecznos$ci koagulantéw naturalnych i syntetycznych w oczyszczaniu $ciekow.

Type of Wastewater | Chemical Coagulant | Removal Performance | Natural Coagulant | Removal Performance Reference
. Turbidity: 97.1% . . Turbidity: 96.0% )
Paper mill industry Alum COD: 92.7% Moringa oleifera COD: 97.3% Boulaadjout et al., 2018
Concrete plant Alum and FeCl, Turbidity: 99.9% - Turbidity: 99.9% De Paula et al., 2018
River water Alum Turbidity: 75% - Turbidity: 62.5% Alo et al., 2012
Turbidity: 98.7% Turbidity: 88.3%
POME Alum Color: 94% - Color: 90.2% Jagaba et al., 2020
0il: 95% 0il: 87.1%
Turbidity: 95.8%
POME FeCl, Color: 66.4% - - Jagaba et al., 2020
0il: 95.7%
Color: 89.4% Color: 88.4%
Paint industry FeCl, COD: 83.4% Cactus COD: 78.2% Vishali and Karthikeyan, 2015
Turbidity: 88.5% Turbidity: 82.6%
X TSS: 93.5% TSS: 92.2% X
Confectionary PAM COD: 95.9% = COD: 95 6% Sellami et al., 2014
TSS: 90.7% TSS: 90.3%
— PAM COD: 86.3% ) COD: 82.1% )
. Color: 80% . Color: 90% .
Paper and mill PEl and HE TOC: 30% Chitosan TOC: 70% Ganjidoust et al., 1997
Turbidity: 98.7% Turbidity: 98.4%
POME Alum COD: 75% Chitosan COD: 68.3% Jagaba et al., 2020
0il: 95% 0il: 94.9%
Turbidity: 82.2% . Turbidity: 92.5%
POME Alum COD: 49.1% Rice starch COD: 30.9% Teh et al., 2014
Turbidity: 76% Dinlazium esculen- Turbidity: 87%
Leachate PACI COD: 65% tugw - COD: 68% Zainol et al., 2017
NHE-N: 25% NHE-N: 34%
Color: 69% Color: 61%
Leachate Alum TSS: 45% Hibiscus rosa leaf TSS: 72% Awang and Aziz 2012
Turbidity: 36% Turbidity: 60%
Synthetic turbid water | Alum Turbidity: 73.1% Banana peel Turbidity: 65.6% Kian-Hen and Peck-Loo 2017
COD: 59% Jatropha curcas COD: 70%
POME Alum BOD: 61% ceed P BOD: 65% Abidin et al., 2017
TSS: 71% TSS: 88%
COD: 98% COD: 94.7%
Latex effluent Ferric Sulfate TSS: 98% Dragon fruit foliage | TSS: 85.9% Idris et al., 2013
Turbidity: 89% Turbidity: 99.7%
Artificial turbid water Alum Turbidity: 97.9% Mango seed Turbidity: 92% Seghosime et al., 2017
Dam water Alum Turbidity: 98.5% Watermelon seed Turbidity: 89.3% Muhammad et al., 2015
Color: 49% Turbidity: 99.3%
Cassava effluent Alum Turbidity: 56% Watermelon seed Color- 100% Dos Santos et al., 2020
i Turbidity: 99.6% . Turbidity: 99.6% -
Synthetic wastewater Alum Sludge: 58 mL/L Acacia negara Sludge: 40 mL/L Abidin et al., 2011
. COD: 82% X COD: 87%
Paint effluent FeCly Color: 89% Based on tannin Color 99% Aboulhassan et al., 2015

salts or alum. However, in some situations, the somewhat lower effectiveness
of natural coagulants emphasizes the necessity for further optimization. This
covers pH modifications, dose-response studies, and hybrid applications
that mix chemical and natural agents for mutually beneficial effects. For
instance, it has been demonstrated that coagulant aids like rice starch or
watermelon seed greatly increase the effectiveness of main agents like alum.
The operational context is a crucial factor. Chemical coagulants could still
be the best option for treating wastewater on an industrial scale, when relia-
bility and efficiency are crucial. However, natural coagulants offer a great
substitute for small-scale, rural, or environmentally sensitive applications.
Their application can lessen treatment facilities' reliance on chemicals, cut
operating expenses, and lessen their environmental impact.

Conclusion

With removal efficiencies typically ranging from 14% to 22%, chemi-
cal coagulants such as AN 913 SH and the PIX series (PIX-110, PIX-111,
PIX-112, PIX-113, PIX-122) lower TOC in wastewater. Among chemical
coagulants, PIX-111 typically outperforms the others, yielding TOC re-
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ductions of around 17-21%. Though there is a limit to efficacy and some
chemical coagulants exhibit decreasing returns at larger dosages, increasing
the coagulant dosage enhances TOC removal. At ideal dosages, the TOC
removal efficiency of natural coagulants—wood powder and hazelnut shells
in particular—exceed 80%. Compared to the chemical coagulants examined
in the study, this clearance rate is significantly higher. Even at lesser dosages,
natural coagulants exhibit reliable effectiveness, indicating a great deal of
promise for environmentally friendly wastewater treatment. At ideal dosages,
the TOC removal efficiency of natural coagulants—wood powder and hazel-
nut shells in particular—exceed 80%. Compared to the chemical coagulants
examined in the study, this clearance rate is significantly higher. Even at
lesser dosages, natural coagulants exhibit reliable effectiveness, indicating
a great deal of promise for environmentally friendly wastewater treatment.

Superior TOC removal efficiency, reduced sludge production, economic
effectiveness, and environmental friendliness make natural coagulants great
options for decentralized and sustainable wastewater treatment systems.
However, depending on the scope and objectives of the treatment, natural
coagulants could need to have their dose and conditions optimized to enhance
their effectiveness.

GAZ, WODA | TECHNIKA SANITARNA = PAZDZIERNIK 2025



GRANT SUPPORT DETAILS

The present research did not receive any financial support.

CONFLICT OF INTEREST

The authors declare that there is not any conflict of interests regarding the
publication of this manuscript. In addition, the ethical issues, including pla-
giarism, informed consent, misconduct, data fabrication and/ or falsification,
double publication and/or submission, and redundancy has been completely
observed by the authors.

LIFE SCIENCE REPORTING

No life science threat was practiced in this research.

(1

(2]
3]

(4]

(3]

(6]

(7]
(8]

(9]

(10]

(1]

[12]

[13]

(14]

[15]

[16]

[17]

(18]

[19]

GAZ, WODA | TECHNIKA SANITARNA = PAZDZIERNIK 2025

REFERENCES

Abidin, Z. Z., Ismail, N., Yunus, R., Ahamad, I. S., and Idris A .2011. “Apre-
liminary study on Jatropha curcas as coagulant in wastewater treatment”.
Environ Technol. 32(9):971-7.

Abidin, Z. Z., Madehi, N., and Yunus, R., 2017. Coagulative behaviour of
Jatropha curcas and its performance in wastewater treatment. 00(00):1-10.
Aboulhassan, M. A., Souabi, S., Yaacoubi, A., and Baudu, M., 2015.”
Coagulation efficacy of a tannin coagulant agent compared to metal salts
for paint manufacturing wastewater treatment”. Desalin Water Treat. 1-7.
Alasri, T. M., Ali, S.L., Salama, R. S., and Alshorifi, F. T.2023. “Band-structure
engineering of TiO2 photocatalyst by AuSe quantum dots for efficient degrada-
tion of malachite green and phenol, J. Inorg”. Organomet. Polym. Mater., 1-12.
Alo, M. N., Anyim, C., Elom, M., 2012. “Coagulation and antimicrobial
ac tivities of Moringa oleifera seed storage at 3 °C temperature in turbid
water”. Appl Sci Res. 3(2):887-94.

Ang, W. L., and Mohammad, A. W., 2020.” State of the art and sustaina-
bility of natural coagulants in water and wastewater treatment.” J Clean
Prod. 262:121267.

Awang, N. A., and Aziz, H. A., 2012. “Hibiscusrosa-sinensis leaf extract as
coag ulant aid in leachate treatment”. Appl Water Sci. 2(4):293-8.

Badawi, K., Abd Elkodous, M., & Ali, G. A. M. 2021. “Recent advances in
dye and metal ion removal using efficient adsorbents and novel nano-based
materials: an overview”, RSC Adv., 11(58), 36528-36553.

Boulaadjoul, S., Zemmouri, H., Bendjama, Z., Drouiche, N., 2018.” A novel
use of Moringa oleifera seed powder in enhancing the primary treatment of
paper mill effluent”. Chemosphere. 2018.

Bratby, J. 2020 .”Coagulation and flocculation in water and wastewater tre-
atment”. Water, 21.

Choy, S.Y., Prasad, K. N., Wu, T. Y., Raghunandan, M. E., Ramanan, R.N.,
2016.” Performance of conventional starches as natural coagulants for tur-
bidity removal”. Ecol Eng., 94:352—64.

Dalvand, A., Ehrampoush, M. H., Ghaneian, M. T., Mokhtari, M., Ebrahi-
mi. A. A., and Ahmadi, M. R., 2017. “Application of chemical coagulation
process for direct dye removal from textile wastewater”, J. Environ. Health
Sci. Eng., 15, 333-339.

Dao, M.-T., Nguyen, V.-C.-N., Tran, T.-N., Nguyen, X.-D., Vo, D.-T.,
Nguyen, V.-K., Hoang, L.-T.-T.-T., 2021. “Pilot-scale study of real dome-
stic textile wastewater treatment using Cassia fistula seed-derived coagulant
“J. Chem., 7608856.

Dao, V. H., Cameronand, N. R., and Saito, K., 2016. “Synthesis,properties
and performance of organic polymers employed in flocculation applica-
tions”, Polym. Chem., 7(1), 11-25.

Dayarathne, H.N.P, Angove, M. J., Aryal, R., Abuel-Naga, H., Mainali, B.,
2021. “Removal of natural organic matter from source water: Review on
coagulants, dual coagulation, alternative coagulants, and mechanisms,” J.
Water Process. Eng., 40, 101820.

Deepa, D., Keerthana, R., Kumar, R. P., Suryaprakash, R., 2022. “Primary
treatment of dairy wastewater using bio based natural coagulants”. Mater.
Today: Proc., 60, 616-621.

Elsayed, E. M., Nour El-Den, A.A., Elkady, M. F., and Zaatout, A. A., 2021.
“Comparison of coagulation performance using natural coagulants against
traditional ones”. Sep. Sci. Technol., 56(10), 1779—-1787.

Flores, M. M. A., Castillo, N. A. M., Vazquez, V. A., Antonio, R. G. G..
Benavides, C., and Alvarez, C. C. 2022.” Evaluation of a biocoagulant from
devilfsh invasive species for the removal of contaminants in ceramic indu-
stry wastewater”, Sci. Rep., 12(1), 1-12.

Ganjidollst, H., Tatsumi, K., Yamagishi, T., Gholian, R.N.1997. “Effect of
synthetic and natural coagulant on lignin removal from pulp and paper wa-
stewater”. Water Sci Technol. 35(2-3):291-6.

(20]

(21]

[22]

(23]

[24]

[25]

(26]

[27]

(28]

[29]

(30]

[31]

(32]

(33]

[34]

[35]

[36]

[37]

38]

(39]

[40]

[41

(42]

(43]

[44]

(45]

Idris, J., Som, A. M., Musa, M., Hamid, K. K. H., Husen, R., and Muh-
dRodhi M. N.2013. “Dragon fruit foliage plant-based coagulant for treat-
ment of concentrated latex effluent: comparison of treatment with ferric
sulfate”. J Chemother. 2013:1-7.

Iloamaeke, I. M., and Julius, C. 0.2019. “Treatment of Pharmaceutical
Effluent Using seed of Phoenix Dactylifera as aNatural Coagulant™. J. Basic
Phy. Res., 9(1), 91-100.

Jagaba, A .H., Abubakar, S., Lawal, I. M., Latiff, A. A. A., Umaru, I. 2018.
“Wastewater treatment using alum, the combinations of alum-ferric chlo-
ride, alum-chitosan, alum-zeolite and alum—Moringa oleifera as adsorbent
and coagulant”. Int. J. Manag. Sci. Eng. Manag., 2(3), 67-75.25 —

Jassim, N, and Al Ameri, M. 2016. “Single objective optimization of sur-
face water coagulation process using inorganic/organic aid formulation by
Taguchi method”. Period Eng Nat Sci. 1924-34.

Kamali, M., Persson, K. M., Costa, M. E., and Capela, 1. 2019. “Sustainability
criteria for assessing nanotechnology applicability in industrial wastewater
treatment: Current status and future outlook”, Environ. Int., 125,261-276
Karam, A., Bakhoum, E. S., and Zaher, K., 2021. “ Coagulation/ floccula-
tion process for textile mill effluent treatment: experimental and numerical
perspectives”, Int. J. Sustain. Eng., 14(5), 983-995.

Khader, E. H., Mohammed, T. H. J., and Mirghaffari, N., 2018. “Use of
natural coagulants for removal of COD, oil and turbidity from produced
waters in the petroleum industry”, J. Pet. Environ. Biotechnol., 9(3), 374.
Kian-Hen, C., and Peck-Loo, K,. 2017. “ Potential of banana peels as bio
flocculant for water clarification”. Prog Energy Environ. 47-56.

Lanan, F. A. B., Selvarajoo, M., A., Sethu, V., Arumugasamy, S. K. 2021.
“Utilisation of natural plant-based fenugreek (Trigonella foenum-graecum)
coagulant and okra (Abelmoschus escluentus) flocculant for palm oil mill
effluent (POME) treatment”, J. Environ. Chem. Eng., 9(1), 104667.

L, T., Zhang, S., Qi, D., Zhang, D., Zhao, H. 2018. “Enhanced demulsif-
cation from aqueous media by using magnetic chitosan-based flocculant”,
J. Colloid Interface Sci., 518, 76-83.

Muhammad, 1. M., Abdulsalam, S., Abdulkarim, A., and Bello, A. A.,
2015. “Water melon seed as a potential coagulant for water treatment”.
Glob J Res Eng C Chem Eng. 15(1):17-24.

Okoro, B. U., Sharifi, S., Jesson, M. A., Bridgeman, J., 2021. “Natural or-
ganic matter (NOM) and turbidity removal by plant-based coagulants: A re-
view”, J. Environ. Chem. Eng., 9(6), 106588.

Pal, P., Pandey, J. P., and Sen, G.2017. “Synthesis, characterization and foc-
culation studies of a novel gra copolymer towards destabilization of carbon
nano-tubes from effluent”, Polymer, 112, 159-168

Paula, D. H. M., Oliveira, D., Silha, M., Sarmento, A. P., Andrade, L.S.2018. “Do-
sage optimization of Moringa oleifera seed and traditional chemical coagulants
solutions for concrete plant wastewater treatment”. J Clean Prod. 174:123-32.
Ramadhani, A. N., Sarosa, A. N. K. W. and Al Rosyad, L. H.2022. “The
potency of microbial flocculant produced by B. licheniformis using mo-
lasses as the carbon source and its application in food industry wastewater
treatment”, Mater. Today: Proc., S244-S247.

Ramavandi, B., and Farjadfard, S., 2014. “Removal of chemical oxygen de-
mand from textile wastewater using a natural coagulant”, Korean J. Chem.
Eng., 31(1), 81-87.

Ribera, J., Badia-Fabregat, M., Arias, D., Gomez, V., Taberna, E., Sanz,
J., Martinez-Llado, X., and Jubany, ., 2020. “Coagulation-flocculation and
moving bed biofilm reactor as pre-treatment for water recycling in the pe-
trochemical industry”, Sci. Total Environ., 715, 136800.

Ronke, R. A., Saidat, O. G. and Abdulwahab, G., 2016. “Coagulation floc-
culation treatment of industrial wastewater using tamarind seed powder”,
Int. J. ChemTech Res., 9(5), 771-780.

Sarkar, B., Chakrabarti, P. P, Vijaykumar, ., Kale, V., 2006. ,,Wastewater treatment in
dairy industries— possibility of reuse”, Desalination, 195(1-3), 141-152.

Sellami, M., Zarai, Z., Khadhraoui, M., Jdidi, N, Leduc, R., Ben, R.F., 2014. “Cactus
juice as bioflocculant in the coagulation-flocculation pro cess for industrial wastewater
treatment: a comparative study with polyacrylamide” Water Sci Technol.

Shaikh, S. M. R., Nasser, M. S., Hussein, I. A., and Benamor, A., 2017. “Investigation
of the effect of polyelectrolyte structure and type on the electrokinetics and flocculation
behavior of bentonite dispersions”, Chem. Eng. J., 311, 265-276.

Sibiya, N. P., Rathilal, S., and Tetteh, E. K., 2021. “Coagulation treatment of
wastewater: kinetics and natural coagulant evaluation”, Molecules, 26(3), 698.
Subramonian, W., Wuand, T. Y., Chai, S.-P., 2014. “A comprehensive study
on coagulant performance and floc characterization of natural Cassia ob-
tusifolia seed gum in treatment of raw pulp and paper mill effluent”, Ind.
Crops Prod., 61,317-324.

The, C. Y., Wu, T. Y., Juan, J., 2014.” C.Optimization of agro-industrial
waste water treatment using unmodified rice starch as a natural coagu lant”.
Ind Crop Prod. 56:17-26.

Vishali, S., Karthikeyan, R., .2015. “Cactus opuntia (ficus-indica): an eco
friendly alternative coagulant in the treatment of paint effluent”. Desalin
Water Treat. 56:1489-97.

Zainol, N. A., Aziz, H. A., Lutpi, N. A., 2017.” Diplazium esculentum leaf
ex tract as coagulant aid in leachate treatment”. 4IP Conf Proc. 1835.

29



