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Abstract
Microplastics (MPs) and nanoplastics (NPs) are emerging contaminants that can act as vectors for toxic pollutants, posing 
serious risks to aquatic ecosystems. Coagulation–flocculation–sedimentation (CFS) is a widely used technique for MPs and 
NPs removal, and natural-based coagulants/flocculants offer a more sustainable alternative to conventional chemicals. How-
ever, a comprehensive evaluation of their performance, mechanisms, and influencing factors remains lacking. This systematic 
review, conducted in accordance with the preferred reporting items for systematic reviews and meta-analyses (PRISMA) 
guidelines, critically assesses the applicability of plant, animal, and microbial-derived natural coagulants/flocculants for MPs 
and NPs mitigation in aquatic systems. These materials are applied either directly as substitutes for chemical coagulants, 
chemically modified, or as coagulant aids. Key coagulation mechanisms include charge neutralization, electrostatic patch, 
adsorption bridging, sweep flocculation and netting-bridging. Removal efficiency is governed by factors such as pH, dosage, 
interfering substances, stirring conditions, MPs and NPs properties, and temperature. Although natural-based materials dem-
onstrate a promising potential for sustainable plastic remediation, challenges related to material variability and availability, 
storage stability, environmental impact and process scalability remain. Addressing these limitations is essential to advance 
their practical implementation and long-term viability in real water and wastewater treatment applications.
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Introduction

Water is essential to daily life, serving critical roles in con-
sumption, sanitation, and numerous industrial processes. 
However, natural water bodies, such as oceans, rivers, lakes, 
etc., are often contaminated by various pollutants, leading 
to significant declines in water quality. Two key United 
Nations Sustainable Development Goals (SDGs), namely 
SDG 6 (Clean Water and Sanitation) and SDG 14 (Life 
Below Water), emphasized the urgent need to reduce aquatic 
and marine pollution and minimize the release of hazardous 
substances to ensure water safety for all life forms (Hegarty 
et al. 2021; Andriamahefazafy et al. 2022). Among the 
most significant water pollutants are microplastics (MPs), 
defined as plastic particles ranging from 1 μm to 5 mm, and 
nanoplastics (NPs), which are smaller than 1 μm (Acarer 
2023). These plastic particles are either specifically manu-
factured in these sizes or result from the physical, chemical, 

or biological degradation of larger plastic debris (Wang et al. 
2021). Due to their high surface area, strong hydrophobicity 
and high affinity for various pollutants, including heavy met-
als and synthetic dyes, MPs and NPs act as carriers or vec-
tors of toxic substances in aquatic environments (Costigan 
et al. 2022). In addition, their ingestion by aquatic organ-
isms, which often mistake them for food, facilitates their 
transfer through trophic levels, ultimately posing ecological 
and health risks across the entire food web (Mamun et al. 
2023).

Low-trophic organisms are particularly vulnerable to 
MPs and NPs pollution due to their direct interactions with 
suspended particles in water bodies, and their miniscule 
size increases the likelihood of particle ingestion or surface 
adhesion (Alfonso et al. 2024). MPs and NPs ingestion by 
zooplankton, larvae, and other small invertebrates has been 
reported to reduce feeding efficiency and impair nutrient 
assimilation, while MPs and NPs adhesion to organisms 
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such as phytoplankton may interfere with light absorption 
and photosynthesis (Chouchene et al. 2023). These stress-
ors are commonly associated with reduced growth, lower 
reproductive output, altered metabolic activity, oxidative 
stress, DNA damage, and internal accumulation of plastic 
particles (Gola et al. 2021). These accumulated plastics 
may carry adsorbed contaminants, including heavy metals, 
pathogens, and organic pollutants, facilitating their transfer 
to higher trophic levels (Amelia et al. 2021). Consequently, 
high-trophic organisms are mainly affected by consuming 
contaminated low-trophic organisms (Blackburn and Green 
2022). Numerous studies have reported that the consumption 
of MPs and NPs particles may lead to gut abrasion, trans-
location of plastics particles to tissues, oxidative damage 
and inflammation, reproductive dysfunction, and increased 
susceptibility to infection due to plastics-associated contami-
nants (Bhuyan 2022).

Addressing the pervasive issue of MPs and NPs pollution 
requires the advancement of innovative and efficient reme-
diation technologies aligned with global sustainability objec-
tives. Among established treatment methods, the coagula-
tion–flocculation–sedimentation (CFS) process has emerged 
as a widely adopted and practical approach for MPs and 
NPs removal from aquatic systems, owing to its operational 
simplicity, high removal efficiency and economic aspects 
(Gao and Liu 2022). In this method, tailored coagulants and/
or flocculants are introduced into contaminated water under 
optimized stirring conditions and durations, facilitating the 
aggregation of dispersed MPs and NPs particles into larger, 
settleable flocs through various entrapment mechanisms, 
depending on the nature of the coagulant and flocculant 
used (Nabi et al. 2022). These aggregated flocs, containing 
MPs and NPs, subsequently settle by gravity and are read-
ily separated from the treated effluent (Chandra and Walsh 
2024). Commonly employed coagulants such as aluminum 
sulfate (alum), iron chloride, polyaluminum chloride (PAC), 
polyaluminum ferric chloride (PAFC), as well as flocculants 
such as polyacrylamide (PAM), polysilicic acid (PSA), have 
been demonstrated to successfully remove MPs and NPs 
with varying degree of efficiency through mechanisms such 
as charge neutralization, sweep flocculation and adsorption 
bridging (Ali et al. 2023). The adaptability and stability of 
the CFS process make it a promising component of inte-
grated strategies for plastic pollution control in water treat-
ment systems.

Despite their widespread use, aluminum- and iron-based 
coagulants have several drawbacks that limit their long-term 
applicability in water treatment processes. These chemical 
coagulants have been associated with (1) the presence of 
residual metals in treated water, which can lead to unde-
sirable effects such as discoloration (in the case of iron) 
(Owodunni and Ismail 2021) and linked to Alzheimer’s dis-
ease (in the case of aluminum exposure) (Dey and Singh 

2022); and (2) the generation of large volumes of metal-
containing sludge, requiring proper handling and disposal 
strategies (Nayeri and Mousavi 2022). In this context, sub-
stituting conventional chemical coagulants and flocculants 
with natural-based alternatives is appealing as it eliminates 
the risks associated with metal residues and sludge toxicity 
(Diver et al. 2023). Natural-based coagulants and floccu-
lants are typically abundant in nature, biodegradable and 
require minimal processing, thereby enhancing sustainability 
and reducing the overall operational costs of the CFS pro-
cess (Badawi et al. 2023). In recent years, the utilization of 
natural-based coagulants and flocculants for MPs and NPs 
removal has been reported in a limited number of studies; 
therefore, their potential remains underexplored. A deeper 
understanding of their mechanisms, efficacy and scalability 
is thus critical in selecting appropriate bio-based materials 
for their implementation in plastic pollution remediation.

Similar to conventional coagulants and flocculants, the 
efficiency of MPs and NPs removal via the CFS process 
using natural-based materials is significantly influenced by 
various operational parameters, e.g., pH, stirring speed and 
duration, type and dosage of coagulants/flocculants, the 
presence of interfering substances and the physicochemi-
cal characteristics of MPs and NPs particles (concentration, 
size, and polymer type) (Chen et al. 2022; Ojha et al. 2024). 
Optimizing these parameters is crucial, as deviations can 
alter floc formation, aggregation mechanisms and particle 
stability, eventually lowering removal efficiency (Tijjani 
Usman et al. 2023). Unlike conventional chemical coagu-
lants and flocculants, natural-based materials exhibit sub-
stantial variability in their chemical compositions, charge 
densities, and molecular structures, which govern their inter-
actions with MPs and NPs particles (Kurniawan et al. 2022). 
This implies that standardizing the application of natural-
based materials across different treatment scenarios is chal-
lenging. Therefore, comprehensive characterization of the 
coagulation behavior of individual natural-based materials 
under varying conditions is essential to ensure consistent 
performance and facilitate their integration into water treat-
ment systems.

The current study provides a comprehensive systematic 
review of the application of natural-based coagulants for 
the removal of MPs and NPs from aqueous environments 
via the CFS method. Previous systematic reviews on CFS 
have primarily focused on chemical or synthetic coagulants, 
whereas this review specifically emphasizes the removal effi-
ciency and underlying mechanisms of natural-based coagu-
lants. To ensure transparency, rigor and reproducibility in 
the selection of relevant literature, this review adheres to 
the preferred reporting items for systematic reviews and 
meta-analyses (PRISMA) guidelines. The structure of this 
review comprises multiple sections, including an overview 
of various natural-based coagulants and their respective 
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performances, proposed mechanisms, current key challenges 
and limitations, and future research directions. Ultimately, 
this review aims to identify critical knowledge gaps and pro-
vide a perspective on the potential of natural-based coagu-
lants in advancing sustainable water treatment technologies 
and supporting environmental sustainability goals.

Methodology

Systematic reviews serve as a critical methodology for 
objectively assessing published studies to produce compre-
hensive, evidence-based conclusions. Several systematic 
reviews have been published in the context of MPs and NPs 
removal via the CFS method; however, these studies primar-
ily focus on the use of chemical and synthetic coagulants. 
To date, only one known review has addressed natural-based 
coagulants; however, its primary emphasis was on prospec-
tive applications and future perspectives based on their per-
formance in removing other pollutants rather than a focused 
evaluation of their efficacy in MPs and MPs removal. This 
highlights a significant gap and the need for a dedicated sys-
tematic review that rigorously examines the use of natural-
based coagulants for the CFS treatment of plastic pollutants 
in aquatic environments.

The preferred reporting items for systematic reviews and 
meta-analyses (PRISMA) framework was adopted in this 
study for its ability to ensure objectivity, transparency, and 
reproducibility in systematic reviews. The PRISMA meth-
odology's key stages comprise identification, screening, 
retrieval, eligibility assessment and inclusion criteria, which 
provide a comprehensive and targeted literature search. This 
structured approach is highly valuable for emerging research 
fields like MPs and NPs removal via the CFS method using 
natural-based coagulants. Utilizing PRISMA also enables 
future researchers to replicate, validate and build upon its 
findings. The methodology employed in this review is sum-
marized in Fig. 1, with detailed descriptions of each step 
provided in the subsequent sections.

Identification

A comprehensive literature search was conducted across 
three major academic databases: Scopus, Web of Science 
(WoS) and PubMed. The final search was performed on 12 
March 2025, employing Boolean operators to refine results 
and ensure extensive coverage of studies on the coagula-
tion–flocculation of MPs and NPs using natural-based mate-
rials. The specific search strings used for each database are 
presented in Table 1. To account for variations in termi-
nology (e.g., “microplastics” vs. “micro-plastics”, “bioco-
agulant” vs. “bio-coagulant”), etc., wildcard operators ‘*’ 
were included in the search terms, e.g., “micro*plastics”, 

“bio*coagulant”, etc., to maximize inclusion of relevant lit-
erature. Note that PubMed restricts the use of wildcards to 
terms with at least four preceding letters; therefore, the term 
“biocoagulant” was used without truncation in that database 
to maintain search validity.

To ensure this review includes the most recent advance-
ments in this field, only peer-reviewed publications from 
2020 to 2025 were considered. This timeframe was selected 
based on the observation that applying natural-based reme-
diators in MPs and NPs coagulation–flocculation gained 
considerable research traction only in recent years. Only 
peer-reviewed articles and conference proceedings pub-
lished in English were considered, while review articles 
were excluded from the search results. At this initial stage, a 
total of 298 records were retrieved from the database search. 
These records were subsequently subjected to manual sort-
ing for reference management and deduplication. Following 
deduplication, 124 duplicates were omitted, along with a 
correction notice (erratum), leaving 173 records for further 
screening and eligibility assessment.

Screening

Following the identification stage, the titles and abstracts 
of 173 articles were carefully screened based on predefined 
inclusion and exclusion criteria. Studies were excluded if 
they met any of the following conditions: (1) did not focus 
on MPs and/or NPs removal, e.g., study on fate and trans-
port, (2) investigated MPs and NPs removal using methods 
other than coagulation–flocculation, (3) employed non-
natural (synthetic or chemical-based) coagulants or floccu-
lants, or (4) misclassified as original research articles but 
were, in fact, review articles. Based on these criteria, 134 
records were removed. For this review, all studies employ-
ing natural-based coagulants and flocculants were included, 
regardless of the experimental matrix; however, it should 
be noted that the majority of studies used artificially spiked 
MPs and/or NPs systems, whereas only a few employed sam-
ples derived from natural or environmental waters.

Following the exclusion, the remaining 39 records that 
met the initial inclusion criteria were retrieved to confirm 
full-text accessibility. Although some articles were behind 
paywalls or were out of institutional access, all 39 reports 
were successfully retrieved and assessed for eligibility prior 
to inclusion in the systematic review. Full-text articles of the 
retrieved records were further assessed and excluded on the 
following criteria: (1) use of incomparable coagulation–floc-
culation setups, e.g., stirring using vortex mixers, absence 
of distinct rapid and slow mixing stages, etc., (2) insufficient 
methodological details that prevent reproducibility, and (3) 
studies limited to theoretical modelling without experimen-
tal validation. The final selection of studies was determined 



International Journal of Environmental Science and Technology (2026) 23:313	 Page 5 of 26  313

through consensus among the authors, with any disagree-
ments resolved through discussion. Ultimately, 34 studies 
were deemed eligible and included in this systematic review.

Data extraction and analysis

The 34 included studies were rigorously analyzed by the 
authors based on key parameters relevant to MPs and NPs 
removal via coagulation–flocculation with natural-based 
coagulants or flocculants. Data extraction was conducted 
using a standardized form by capturing critical details such as 
coagulant type, experimental conditions (e.g., water matrix, 

MPs and NPs size and polymer type, and MPs and NPs con-
centration), process-influencing factors (pH, coagulant/floc-
culant dosage, mixing speed and duration), removal efficiency, 
and the proposed removal mechanisms. The studies were 
classified based on the application method of the coagulant: 
(1) unmodified natural coagulants, (2) chemically modified 
natural coagulants, (3) natural coagulants used as coagulant 
aids. The extracted data were quantitatively synthesized to 
identify trends within and between categories and to highlight 
existing knowledge gaps. Quantitative data, such as removal 
performance, were extracted where available; nonetheless, a 
formal meta-analysis was not performed due to the different 

Fig. 1   PRISMA flow diagram 
for identification, screening and 
eligibility selection of related 
reports
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methodologies used across the studies (e.g., differences in 
quantification approaches such as turbidity measurements or 
spectroscopy-based techniques). The findings were integrated 
to provide insights into the effectiveness and limitations of 
natural-based coagulants, as well as future research directions 
for their application in MPs and NPs remediation.

Results and discussion

List of included studies

A total of 34 studies centered on the current state of MPs 
and NPs removal via the CFS method using natural-based 
materials were identified and included in this systematic 
review, following PRISMA guidelines. Table 2 summarizes 
these studies, with their respective database sources, and 
is arranged in descending order by year of publication to 
highlight recent advancements.

More than one-third of the included studies were retrieved 
from a single database, suggesting that searching multiple 
databases is essential to ensure comprehensive coverage of 
the relevant literature. Although the search was conducted 
for publications within the 2020–2025 window, no eligible 
studies were published in 2020. However, there is a clear 
upward trend in research interest in this topic, with 15 stud-
ies reported in the most recently completed year (2024) and 
7 published within the first two months of the current year 
(2025). This growing number of studies on MPs and NPs 
removal using natural-based materials via the CFS method 
reflects the increasing attention on this emerging topic. The 
findings from these 34 studies are critically and systemati-
cally reviewed in the present article.

Classification of natural‑based coagulants/
flocculants

Based on the studies in this systematic review, natural-based 
coagulants/flocculants were classified according to their bio-
logical origin: plant, animal or microbial. These materials 
were further categorized by their application strategies in 
the CFS processes: (1) as unmodified natural coagulants that 
are substitutes for conventional chemical coagulants, (2) as 
chemically modified natural coagulants that are substitutes 
for conventional chemical coagulants, aiming to enhance 
performance, (3) as coagulant aids used in conjunction with 
conventional chemical coagulants, and (4) as chemically 
modified coagulant aids. The reviewed studies investigated 
the removal of various MPs and NPs composed of various 
polymer types, including polyethylene (PE), polypropylene 
(PP), polystyrene (PS), polyvinyl chloride (PVC), polyeth-
ylene terephthalate (PET), polyamide (PA), polyester (PES), 
polyacrylonitrile (PAN), polymethyl methacrylate (PMMA), 
polyphenylene sulfide (PPS), and polyisobutylene (PIB), 
indicating the applicability of natural-based coagulants 
across a broader range of plastic pollutants.

Plant‑derived

Plant-based coagulants/flocculants are the most extensively 
reported in studies of MPs and NPs removal via the CFS 
process, mainly due to their wide variety, cost-effectiveness 
and natural abundance in the environment. These plant-
based materials are employed in the CFS process in two 
ways: (1) direct application in powdered form, with or 
without chemical modification, or (2) extraction of coagu-
lative compounds, e.g., proteins, which are then employed 
as the active coagulant. Figure 2 shows several plant-based 
materials investigated for MPs and NPs removal through 
the CFS method, while Table 3 summarizes the types of 

Table 1   Search string and filter 
applied for the identification of 
records

Database Search filed Search string

Scopus Title, abstract, keyword (micro*plastics OR nano*plastics) AND 
(removal OR elimination) AND (coagula-
tion OR flocculation) AND (coagulant 
OR flocculant OR natural coagulant OR 
bio*coagulant)

Web of Science All field

PubMed All field (micro*plastics OR nano*plastics) AND 
(removal OR elimination) AND (coagula-
tion OR flocculation) AND (coagulant 
OR flocculant OR natural coagulant OR 
biocoagulant)

Filter applied
 Year 2020–2025
 Language English only
 Article type Research articles and conference proceedings only (review articles excluded)
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Table 2   List of included studies based on the proposed search criterion

No. Article Database References

Scopus WOS PubMed

1. Tailored cellulose-based flocculants for microplastics removal: mechanistic 
insights, pH influence, and efficiency optimization

✓ Magalhães et al. (2025)

2. Utilization of chitosan as a natural coagulant for polyethylene microplastic 
removal

✓ Prasetyo et al. (2025)

3. Fibrous super-bridging agents simultaneously improve contaminants 
removal and sludge dewatering via a very compact three-in-one process

✓ Mebarki et al. (2025)

4. Greener microplastics removal: progressive replacement of iron-based 
coagulants with sodium alginate and chitosan to enhance sustainability

✓ ✓ ✓ Facchino et al. (2025)

5. Assessment and treatment of microplastics in different environmental com-
partments of Kallar Kahar Lake—a case study

✓ Tabinda et al. (2025)

6. Rhamnolipid: nature-based solution for the removal of microplastics from 
the aquatic environment

✓ Sönmez et al. (2025)

7. Removal of microplastics by algal biomass from aqueous solutions: perfor-
mance, optimization, and modeling

✓ Lotfigolsefidi et al. (2025)

8. Optimizing biocoagulant aid from shrimp shells (Litopenaeus vannamei) 
for enhancing microplastic removal from aqueous solutions

✓ ✓ Eamrat et al. (2024)

9. Coagulative removal of polyethylene microplastics using polyaluminum 
chloride in conjunction with laminarin

✓ ✓ Chen et al. (2024b)

10. Removal of pristine and UV-weathered microplastics from water: Moringa 
oleifera seed protein as a natural coagulant

✓ ✓ Panigrahi et al. (2024)

11. Behaviour of M. aeruginosa–microplastic composite pollutants in coagula-
tion and sludge storage

✓ ✓ Yu et al. (2024)

12. Insights on microplastic contamination from municipal and textile industry 
effluents and their removal using a cellulose-based approach

✓ ✓ Magalhães et al. (2024)

13. Microplastic removal using Okra (Abelmoschus esculentus) seed from 
aqueous solutions

✓ ✓ Eydi Gabrabad et al. (2024a)

14. Enhanced removal of polystyrene microplastics through coagulation using 
polyaluminum ferric chloride with Opuntia Milpa Alta particles

✓ ✓ Zhang et al. (2024)

15. Efficient, quick, and low-carbon removal mechanism of microplastics based 
on integrated gel coagulation-spontaneous flotation process

✓ ✓ ✓ Li et al. (2024)

16. Enhancing the coagulation process for the removal of microplastics from 
water by anionic polyacrylamide and natural-based Moringa oleifera

✓ ✓ Avazpour and Noshadi (2024)

17. Coagulative removal of polystyrene microplastics from aqueous matrices 
using FeCl3-chitosan system: experimental and artificial neural network 
modeling

✓ Raj et al. (2024)

18. Efficacy of bacterial cellulose hydrogel in microfiber removal from con-
taminated waters: a sustainable approach to wastewater treatment

✓ ✓ Rodrigues et al. (2024)

19. Using Spirulina platensis as a natural biocoagulant for polystyrene removal 
from aqueous medium: performance, optimization, and modeling

✓ Eydi Gabrabad et al. (2024b)

20. A novel hydrophobic chitosan-polyaluminum chloride composite floccu-
lant for effectively simultaneous removal of microplastic and antibiotics 
composite pollution

✓ He et al. (2024)

21. Enhanced removal of polyethylene microplastics from water through poly-
meric ferric sulfate with laminarin

✓ ✓ Chen et al. (2024a)

22. Sustainable production of bacterial flocculants by nylon-6,6 microplastics 
hydrolysate utilizing Brucella intermedia ZL-06

✓ ✓ Zhao et al. (2024)

23. Enhancing the removal efficiency of microplastics in drinking water treat-
ment

✓ ✓ Tang et al. (2024)

24. Investigating the efficiency of oak powder as a new natural coagulant for 
eliminating polystyrene microplastics from aqueous solutions

✓ Esmaeili Nasrabadi et al. (2023b)

25. Utilizing Chlorella vulgaris algae as an eco-friendly coagulant for efficient 
removal of polyethylene microplastics from aquatic environments

✓ ✓ ✓ Esmaeili Nasrabadi et al. (2023a)

26. Removal of microplastics from water by coagulation of cationic-modified 
starch: an environmentally friendly solution

✓ ✓ ✓ Gao et al. (2023)
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plant-derived coagulants/flocculants reported in the litera-
ture, along with the types of MPs and NPs studied and the 
corresponding maximum removal efficiencies. When natural 
materials were employed as coagulant aids, the accompa-
nying conventional coagulants are included and denoted in 
italics.

The utilization of plant-derived materials alone for the 
coagulative removal of MPs was reported in three studies, 
using okra seed, Moringa oleifera seed extract and oak pow-
der (Esmaeili Nasrabadi et al. 2023b; Avazpour and Noshadi 
2024; Eydi Gabrabad et al. 2024a). Among these, the first 
two materials attained an average MPs removal efficiency 
below 70%, indicating the limitations of unmodified plant-
based coagulants. On the contrary, oak powder exhibited a 
relatively higher removal efficiency, which can be attributed 
to the larger MPs particle size utilized in the study, allowing 
for more effective interaction with the natural coagulant. 
Chemical modifications of plant-based materials such as 

starch and cellulose were also investigated; however, these 
modifications generally did not lead to significant enhance-
ment of the performance. Similar removal efficiencies were 
reported even with larger MPs particles, suggesting that 
chemical enhancement may not always enhance coagulation 
performance. Applying plant-derived material as a coagu-
lant aid, in combination with conventional coagulants, is 
identified as the most effective approach, as several stud-
ies have reported removal efficiencies exceeding 90%. This 
trend is further demonstrated in Table 3, where the majority 
of studies (14 out of 29) employing plant-derived materials 
as coagulant aids showed higher performance compared to 
other application strategies.

The enhanced removal performance observed when 
plant-derived materials are applied as coagulant aids can be 
ascribed to their ability to promote the formation of larger 
flocs, which facilitate interactions and the subsequent set-
tling of MPs and NPs particles. For instance, Zhang et al. 

Table 2   (continued)

No. Article Database References

Scopus WOS PubMed

27. Use of Saccharomyces cerevisiae as new technique to remove polystyrene 
from aqueous medium: modeling, optimization, and performance

✓ Zahmatkesh Anbarani et al. (2023)

28. Chitosan enhances poly aluminum chloride flocculation system removal of 
microplastics: effective, stable, and pollution free

✓ Huang et al. (2023)

29. Fiber-based super-bridging agents enable efficient contaminant removal 
via settling and screening: impact on microplastics, textile fibers, and 
turbidity

✓ ✓ Alioua and Lapointe (2023)

30. Evaluation of the nanoplastics removal by using starch-based coagulants: 
roles of the chain architecture and hydrophobicity of the coagulant

✓ ✓ Hu et al. (2023)

31. Removal of classical and emerging contaminants in water treatment using 
super-bridging fiber-based materials

✓ Lapointe et al. (2023)

32. Efficient removal of nano- and micro-sized plastics using a starch-based 
coagulant in conjunction with polysilicic acid

✓ ✓ ✓ Hu et al. (2022)

33. Super-bridging fibrous materials for water treatment ✓ ✓ Lapointe et al. (2022)
34. Sustainable removal of microplastics and natural organic matter from water 

by coagulation–flocculation with protein amyloid fibrils
✓ ✓ Peydayesh et al. (2021)

Okra seed Opuntia Milpa
Alta cactus Potato starchMoringa oleifera

seed

Fig. 2   Examples of plant-based materials studied for coagulative removal of MPs and NPs
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Table 3   Application strategies of plant-derived materials for MPs and NPs removal via the CFS method

Coagulants/Floc-
culants

Dosage (mg/L) MPs or NPs type MPs or NPs con-
centration (g/L)

Treatment time Removal (%) References

Unmodified, complete substitutes for conventional coagulants
Okra seed 10–70 PS (< 100 μm), 

PVC (< 85 μm)
0.02–0.1 RS = 150 rpm, 

3 min
SS = 20 rpm, 

20 min
SE = 1 min

PS = 64.76
PVC = 80.11

Eydi Gabrabad et al. 
(2024a)

Moringa oleifera 
seed extract

40–240 PA, PS, PE 
(< 500 μm)

0.2 RS = 300 rpm, 
1.5 min

SS = 40 rpm, 
10 min

SE = 45 min

PA = 67.25
PS = 57.60
PE = 15.68

Avazpour and 
Noshadi (2024)

Oak powder 100–400 PS (300–850 μm) 0.1–0.9 RS = 400 rpm, 
1 min

SS = 100 rpm, 
15 min

SE = 30 min

89.1 Esmaeili Nasrabadi 
et al. (2023b)

Chemically modified, complete substitutes for conventional coagulants
Cationic and hydro-

phobic cellulose
500–10000 PET (< 0.25 mm) 0.1 RS = 550 rpm, 

15 min
SS = 200 rpm, 

30 min
SE = 30 min

79.53 Magalhães et al. 
(2025)

Cationic cellulose 
from Eucalyptus 
wood waste pulp

0.01 PET (< 200 μm) 0.5 RS = 1000 rpm, 
10 min

SS = 500 rpm, 
60 min

SE = N/a

- Magalhães et al. 
(2024)

Modified starch 1–5 PE (< 6.5–106 μm) 0.00005–0.01 RS = 198 s−1, 1 min
SS = 40 s−1, 14 min
SE = 30 min

30.50 Tang et al. (2024)

Modified starch 0–180 PE, PVC, PET, 
PP (150 μm), PS 
(75–1500 μm), 
UV-weathered

0.5 RS = 500 rpm, 
1 min

SS = 200 rpm, 
14 min

SE = 30 min

62.43 Gao et al. (2023)

Coagulant aids
Cellulose 

fiber + alum, PAM
0–250 PS (28 nm), PES 

(840 µm), PE 
(140 µm)

PS = 0.0008
PES, PE = 1000 

MP/L

SMS = 200 rpm, 
2 min

SE = 30 min

PS = 72
PES = 95
PE = 91

Mebarki et al. (2025)

Potato 
starch + alum, 
FeCl3

12.5–22.5 PET, PPS, PIB 37–65 MPs/500 mL RS = 250 rpm, 
2 min

SS = 100 rpm, 
13 min

SE = 60 min

PET = 80
PPS = 74
PIB = 71

Tabinda et al. (2025)

Laminarin + PAC 0–40 PE (50–150 μm) 0.1 g (d.w.) RS = 300 rpm, 
1 min

SS = 70 rpm, 
10 min

SE = 30 min

91.5 Chen et al. (2024b)

Moringa oleifera 
protein + sand, 
PAM

0.75–10 PE (Pristine: 
35–50 μm, 
UV-weathered: 
40.6 μm)

0.5 RS = 240 rpm, 
2 min

SS = 70 rpm, 
10 min

SE = 1 min

66.18–69.45 Panigrahi et al. 
(2024)
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Table 3   (continued)

Coagulants/Floc-
culants

Dosage (mg/L) MPs or NPs type MPs or NPs con-
centration (g/L)

Treatment time Removal (%) References

Opuntia Milpa Alpa 
cactus + PAFC

5–20 PS (2–10 μm) 0.1 RS = 200 rpm, 
1 min

SS = 90 rpm, 
25 min

SE = 30–60 min

94.84 Zhang et al. (2024)

Laminarin + PAC, 
PAFC

6–24 PP (10–300 μm), 
PS (50–800 μm), 
PET (1–300 μm), 
UV-weathered

0.01–0.05 RS = 200 rpm, 
30 min

SS = 500 rpm, 
15 min

SE = 10 min

79–96 Li et al. (2024)

Moringa oleifera 
seed extract + alu-
minum sulfate

40–240 PA, PS, PE 
(< 500 μm)

0.2 RS = 300 rpm, 
1.5 min

SS = 40 rpm, 
10 min

SE = 45 min

PA = 92.99
PS = 80.48
PE = 28.94

Avazpour and 
Noshadi (2024)

Laminarin + poly-
meric ferric 
sulfate

0–20 PE (< 50–500 μm) 0.1 g (d.w.) RS = 300 rpm, 
1.5 min

SS = 70 rpm, 
10 min

SE = 30 min

93.8 Chen et al. (2024a)

Modified 
starch + PAC, 
PAM

1–5 PE (< 6.5–106 μm) 0.00005–0.01 RS = 198 s−1, 1 min
SS = 40 s−1, 14 min
SE = 30 min

80.13 Tang et al. (2024)

Tannic acid + PAC 0–100 PET, PE, PVC, 
PS, PP (< 100–
500 μm)

0.1 g (d.w.) RS = 300 rpm, 
0.5 min

SS = 50 rpm, 
10 min

SE = 30 min

 ~ 10–65 Huang et al. (2023)

Cellulosic fiber 
from recycled 
paper + alum, 
PAM

50–500 PE (15–140 μm), 
PES fiber 
(837 μm)

– RS = 110 rpm, 
1 min

SS = 110 rpm, 
1 min

SE = 10 s–3 min

78–80 Alioua and Lapointe 
(2023)

Modified 
starch + polysilicic 
acid

0–3.25 PS, PMMA, PVC 
(500 nm)

0.008 RS = 300 rpm, 
4 min

SS = 50 rpm, 
12 min

SE = 30 min

PS = 94.38
PMMA = 95.45
PVC = 96.84

Hu et al. (2023)

Modified 
starch + polysilicic 
acid

0–2.5 PS (100 nm–5 μm) 0.008 RS = 300 rpm, 
5 min

SS = 50 rpm, 
12 min

SE = 30–60 min

88.03–97.07 Hu et al. (2022)

Cellulosic fiber 
from recycled 
paper, potato 
starch + alum, 
PAM

50–200 PE (15–140 μm), 
PS (200 nm)

500 MPs/L RS = 300 rpm, 
2 min

SS = 150 rpm, 
4 min

SE = 5 s–5 min

 > 80 Lapointe et al. (2022)

Chemically modified coagulantaids
Sodium algi-

nate + FeCl3
0.2–2 PS (40 µm), PE & 

PET (20–500 µm)
0.3 RS = 500 rpm, 

1 min
SS = 90 rpm, 

15 min
SE = 30 min

PS = 89.53
PE = 90.77
PET = 95.53

Facchino et al. (2025)
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(2024) reported that Opuntia Milpa Alta cactus was ineffec-
tive for MPs removal on its own, as its negatively charged 
surfaces electrostatically repelled MPs particles, leading 
to an increase in turbidity. However, applying these cactus 
particles with PAFC resulted in floc enlargement and higher 
adsorption of PS MPs onto various functional groups, e.g., 
hydroxyl and amino groups, leading to a greater removal 
efficiency than PAFC alone. The formation of larger flocs 
was more pronounced with fibrous cellulose-based mate-
rials, as demonstrated by several studies (Lapointe et al. 
2022; Alioua and Lapointe 2023; Mebarki et al. 2025). 
When applied together with conventional coagulants like 
alum and polyacrylamide, these fibrous materials signifi-
cantly increased floc size by a factor of 7–10, resulting in a 
decrease in the required coagulant dosage and allowing the 
produced flocs to be screened easily without the need for 
sedimentation. This approach not only enhances process effi-
ciency but also reduces required coagulant dosage, thereby 
lowering the potential environmental and health risks asso-
ciated with conventional metal-based coagulants. However, 
the removal performance achieved is inconsistent across 
different MPs and NPs polymer types, as shown in Table 3. 
This inconsistency presents a critical barrier in real-world 
applications, where wastewater streams typically comprise 
a complex mixture of plastic particles rather than a single 
type. Therefore, identifying plant-derived materials capable 
of efficiently eliminating a broad range of MPs and NPs 
types is essential to advance their integration into large-scale 
water and wastewater treatment systems.

Animal‑derived

Among the natural-based coagulants investigated, animal-
derived coagulants/flocculants are the least diverse category 
of materials utilized for MPs and NPs removal via the CFS 
method, with only chitosan and protein amyloid fibrils 
reported. Despite the limited variety, chitosan has emerged 
as the most widely studied animal-based material, with 7 

studies demonstrating its applicability in removing MPs and 
NPs particles. Figure 3 shows the animal-derived materials 
employed in MPs and NPs coagulative removal via the CFS 
method. Table 4 summarizes their performance, including 
the types of MPs and NPs treated. As with plant-based mate-
rials, in cases where animal-based materials were used as 
coagulant aids, the associated conventional coagulants are 
italicized in Table 4.

Chitosan, derived from the acetylation product of chitin, 
is commonly extracted from crustacean shells (Huang et al. 
2023). It is widely applied in MPs and NPs removal via the 
CFS method due to the presence of amino (-NH2) groups, 
which confer a positive surface charge, promoting effective 
electrostatic interactions with negatively charged MPs and 
NPs particles (Raj et al. 2024). As summarized in Table 4, 
chitosan shows high versatility, demonstrating effective 
removal of MPs and NPs when used unmodified, chemically 
modified, or as a coagulant aid. When applied as a direct for 
conventional coagulants without modification, chitosan was 
capable of removing large-sized PE particles (34–50 µm), as 
reported by Prasetyo et al. (2025); nonetheless, the efficiency 
significantly dropped for smaller-sized particles, e.g., 1 μm 
PS (Raj et al. 2024). On the other hand, another animal-
derived material, protein amyloid fibrils, synthesized from 
hen egg white lysozyme, was able to achieve 98.2% removal 
of smaller PS samples (500 nm). This highlights its supe-
rior performance in fine particle coagulation. Nonetheless, 
this material needs more elaborate preparation steps than 
the widely available chitosan, which can be used directly 
or with simple dissolution, making it less frequently used.

Chitosan has also been modified via quaternization and 
hydrophobization, in which the latter method achieved 
higher removal performance, conceivably due to enhanced 
hydrophobic interactions with hydrophobic MPs particles 
(He et al. 2024). When applied as a coagulant aid, chitosan 
has been reported to increase floc size, and due to its large 
specific surface area and strong adsorption capacity, its capa-
bility to capture MPs and NPs particles effectively increases 
(Eamrat et al. 2024). However, it should be emphasized that 

Table 3   (continued)

Coagulants/Floc-
culants

Dosage (mg/L) MPs or NPs type MPs or NPs con-
centration (g/L)

Treatment time Removal (%) References

Sodium alginate, 
sodium car-
boxymethylcel-
lulose + PAC

0–100 PET, PE, PVC, 
PS, PP (< 100–
500 μm)

0.1 g (d.w.) RS = 300 rpm, 
0.5 min

SS = 50 rpm, 
10 min

SE = 30 min

 ~ 15–90 Huang et al. (2023)

Fe-grafted cellulose 
fiber + alum, PAM

200 PS (20 nm), PES 
fiber (385 μm)

PS = 0.0008
PES = 1000 MPs/L

SMS = 110 rpm, 
2 min

SE = 0.5–3 min

79–99 Lapointe et al. (2023)

RS rapid stirring, SS slow stirring, SMS single mixing stage, SE settling, d.w. dry weight
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its removal performance is highly dependent on the proper-
ties of the targeted MPs and NPs. For instance, Facchino 
et al. (2025) found that using chitosan in combination with 
iron chloride facilitated the removal of PS and PE MPs but 
was ineffective for PET removal. Similarly, Huang et al. 
(2023) reported that chitosan combined with PAC attained 
higher removal efficiencies for MPs particles in the inter-
mediate size range (100–300 μm) across four of five types 
of MPs studied, with > 80% removal observed only for PET 
and PVC. Although chitosan shows considerable potential 
for MPs and NPs removal via the CFS method, its perfor-
mance improves significantly when used as a coagulant aid 
in conjunction with conventional materials. Conversely, 
protein amyloid fibrils have shown promising removal effi-
ciency as a substitute for conventional coagulants; however, 
as they have been used in only one study, further investiga-
tions are necessary to assess their applicability across dif-
ferent treatment systems.

Microbial‑derived

Microorganisms, including bacteria, algae, and yeast, 
play essential roles in various ecosystems and have been 
increasingly explored for their potential in environmental 
remediation. In the context of MPs and NPs removal, sev-
eral microbes have been specifically used for the coagu-
lative removal of MPs and NPs. Table 5 summarizes the 
types of microbial-derived materials reported in MPs and 
NPs removal via the CFS method, along with the types of 
MPs and NPs studied and the highest removal efficiencies 
achieved. Where the microbes were employed as coagulant 
aids, the conventional coagulants used in combination with 
the material are indicated in italics for clarity.

Microbial-derived coagulants/flocculants have primarily 
been utilized either on their own, as substitutes for conven-
tional coagulants or as coagulant aids, because chemical 
modification of microbes may significantly affect their func-
tional properties or even compromise their viability. Among 
these, Chlorella vulgaris algae has been successfully applied 
in the treatment of various aquatic pollutants, including dyes 
and heavy metals (Wibowo et al. 2023) and stands out as 

Fig. 3   Animal-based materials utilized for coagulative MPs and NPs removal a chitosan and b protein amyloid fibrils
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the only microorganism investigated across multiple stud-
ies for MPs and NPs coagulative removal (Esmaeili Nas-
rabadi et al. 2023a; Lotfigolsefidi et al. 2025), demonstrating 
removal efficiencies of 74.62% and 84% of PS and PE MPs 
(both < 425 μm), respectively. The highest MPs removal effi-
ciency was achieved with Saccharomyces cerevisiae yeast, 
with 98.81% removal of PS MPs (100 μm) (Zahmatkesh 
Anbarani et al. 2023). In the context of coagulant aids, Sön-
mez et al. (2025) reported the utilization of rhamnolipid 
extracted from Pseudomonas aeruginosa in combination 
with alum as the conventional coagulant. However, the 

removal performance achieved was weaker than that of other 
microbial-derived materials used without conventional coag-
ulants, although the targeted MPs types differed. Among the 
three groups of natural-based coagulants and flocculants, 
microbial-derived materials demonstrate the strongest capa-
bility to remove MPs and NPs particles without the need 
for conventional coagulants. Nonetheless, these microbes 
require complex preparation methods, e.g., isolation, culti-
vation, identification, storage, etc., which complicate their 
application on a larger scale. Therefore, a comprehensive 
techno-economic analysis is essential before advancing their 

Table 4   MPs and NPs removal via the CFS method using animal-derived materials

RS rapid stirring, SS slow stirring, SE settling, d.w. dry weight

Coagulants/Floc-
culants

Dosage (mg/L) MPs or NPs type MPs or NPs 
concentra-
tion (g/L)

Treatment time Removal (%) References

Unmodified, complete substitutes for conventional coagulants
Chitosan 25–250 PE (34–50 µm) 0.2 RS = 250 rpm, 2 min

SS = 60 rpm, 30 min
SE = 60 min

81.5 Prasetyo et al. (2025)

Chitosan 0.25–5 PS (1 μm) 0.025 RS = 400 rpm, 1 min
SS = 0–200 rpm, 

15 min
SE = 10–40 min

21.4 Raj et al. (2024)

Protein amyloid 
fibrils

0.1–62 PS (500 nm) 0.05 RS = 300 rpm, 
5–10 min

SS = 50 rpm, 
15–20 min

SE = 30 min

98.2 Peydayesh et al. 
(2021)

Chemically modified, complete substitutes for conventional coagulants
Quaternized chitosan 0.125–2 PS (25 μm) 15–60 RS = 800 rpm, 2 min

SS = 200 rpm, 
20 min

SE = 30 min

65 Yu et al. (2024)

Hydrophobic chi-
tosan

5–30 PET (10 μm), pris-
tine and aged

0–0.15 RS = 400 rpm, 1 min
SS = 50 rpm, 15 min
SE = 30 min

89.65 He et al. (2024)

Coagulant aids
Chitosan + FeCl3 0.2–2 PS (40 µm), PE & 

PET (20–500 µm)
0.3 RS = 500 rpm, 1 min

SS = 90 rpm, 15 min
SE = 30 min

PS = 85.08
PE = 85.65
PET = Low removal

Facchino et al. (2025)

Chitosan + alum 1–4 PE (0.09–1 mm) 0.04 RS = 150 rpm, 3 min
SS = 40 rpm, 20 min
SE = 30 min

92.13 Eamrat et al. (2024)

Chitosan + FeCl3 0.5–0.9 PS (1 μm) 0.025 RS = 400 rpm, 1 min
SS = 0–200 rpm, 

15 min
SE = 10–40 min

99.8 Raj et al. (2024)

Chitosan + PAC 0–100 PET, PE, PVC, PS, 
PP (< 100–500 μm)

0.1 g (d.w) RS = 300 rpm, 
0.5 min

SS = 50 rpm, 10 min
SE = 30 min

~ 30–90 Huang et al. (2023)

Chemically modified coagulant aids
Hydrophobic chi-

tosan + PAC
5–30 PET (10 μm), pris-

tine and aged
0–0.15 RS = 400 rpm, 1 min

SS = 50 rpm, 15 min
SE = 30 min

99.9 He et al. (2024)
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employment as a conventional coagulant substitute in practi-
cal applications.

Comparison of conventional and natural‑based 
coagulants/flocculants

A comparative assessment of MPs and NPs removal using 
conventional and natural-based coagulants/flocculants 
provides a foundation for evaluating recent advancements 
and challenges that influence their practical application in 
water and wastewater treatment. Conventional coagulants, 
e.g., alum, ferric salts, and synthetic polymers, are widely 
acknowledged for their high and predictable removal effi-
ciency, frequently reported in the range of 80–99% under 
optimized conditions (Khan et al. 2023; Wiśniowska et al. 
2024), enabling their widespread application in full-scale 
water treatment plants. In contrast, natural-based coagulants/
flocculants, as discussed in the preceding sections, have 
demonstrated good removal performance comparable to 
conventional coagulants, in some cases exceeding 70–98%, 
particularly in controlled or simplified water matrices. How-
ever, their effectiveness remains highly dependent on mate-
rial compositions, extraction methods, and experimental 

conditions. Table 6 summarizes the comparison between 
conventional and natural-based coagulants, highlighting 
both their performance and key operational conditions 
(Badawi et al. 2023; Diver et al. 2023).

A key advantage of natural-based alternatives is their 
tendency to generate lower volumes of biodegradable and 
less toxic sludge, which reduces concerns about metal-
rich residues commonly associated with conventional 
coagulants (Ali et al. 2025). Moreover, natural coagu-
lants often exhibit broader pH tolerance and, in certain 
cases, reduced sensitivity to pH adjustment compared to 
metal salts, although performance variability remains a 
challenge (Badawi et al. 2023). From an economic per-
spective, natural-based coagulants/flocculants can be cost-
effective when derived from locally available biomass; 
however, challenges associated with standardization of 
extraction methods and scalability to industrial applica-
tions continue to constrain their consistent performance 
under real-world conditions (Koul et al. 2022). It should 
be noted that most studies used synthetic water matrices 
spiked with MPs and/or NPs particles, which may over-
estimate removal efficiencies compared to environmen-
tally derived samples due to reduced matrix complexity. 
Therefore, future studies should prioritize evaluations 

Table 5   MPs and NPs removal via the CFS method using microbial-derived materials

RS rapid stirring, SS slow stirring, SMS single mixing stage, SE settling, w.w. wet weight, d.w. dry weight

Coagulants/Floc-
culants

Dosage (mg/L) MPs or NPs type MPs or NPs 
concentra-
tion (g/L)

Treatment time Removal (%) Reference

Unmodified, complete substitutes for conventional coagulants
Chlorella vulgaris 

algae
50–400 PS (< 425 μm) 0.1–0.9 RS = 110 rpm, 2 min

SS = 110 rpm, 
0.5–8 min

SE = 10–180 s

74.62 Lotfigolsefidi et al. 
(2025)

Bacterial cellulose 
Komagataeibacter 
saccharivorans

5:1–100:1 (w.w./d.w.) PAN (20–50 μm) 1 SMS = 60–300 rpm, 
5–30 min

SE = 5–120 min

89.3 Rodrigues et al. (2024)

Spirulina platensis 
microalgae

50–250 PS (< 425 μm) 0.1–0.9 RS = 400 rpm, 1 min
SS = 100 rpm, 15 min
SE = 30 min

81 Eydi Gabrabad et al. 
(2024b)

Brucella intermedia 
ZL-06

0–250 Nylon 6–6 
(10 μm), pristine 
and aged

0.025–0.2 SMS = 150 rpm, 
30 min

SE = 70 min

> 90 Zhao et al. (2024)

Chlorella vulgaris 
algae

50–200 PE (< 425 μm) 0.5 RS = 400 rpm, 1 min
SS = 100 rpm, 15 min
SE = 30 min

84 Esmaeili Nasrabadi 
et al. (2023a)

Saccharomyces cer-
evisiae yeast

100–300 PS (100 μm) 0.2–0.9 RS = 400 rpm, 1 min
SS = 100 rpm, 15 min
SE = 30 min

98.81 Zahmatkesh Anbarani 
et al. (2023)

Coagulant aids
Rhamnolipid from 

Pseudomonas aer-
uginosa + alum

1–100 PVC (45 μm) 5 RS = 100 rpm, 1 min
SS = 40 rpm, 30 min
SE = 120 min

73.95 Sönmez et al. (2025)
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under environmentally relevant conditions to better predict 
field-scale performance. Nonetheless, the comparison pre-
sented herein highlights both the potential and the current 
limitations of natural-based coagulants, emphasizing the 
need for deeper mechanistic understanding and standard-
ized evaluation frameworks to facilitate their transition 
from laboratory-scale studies to practical water treatment 
applications.

Removal mechanism

The removal mechanisms of MPs and NPs using natural-
based materials via the CFS method are similar to those 
observed with conventional inorganic metal-based coag-
ulants, comprising charge neutralization, electrostatic 
patching, adsorption bridging, sweep flocculation and 
netting-bridging. A schematic illustration of these mech-
anisms is shown in Fig. 4 and further elaborated in the 
following subsections.

Charge neutralization and electrostatic patching

The removal of MPs and NPs particles in the CFS process 
mainly relies on electrostatic interactions between the plas-
tic particles and the coagulants/flocculants employed. Two 
key removal mechanisms governed by electrostatic interac-
tions are charge neutralization and electrostatic patching. 
These interactions are possible as the MPs and NPs par-
ticles are typically negatively charged, including PS, PE, 
PP, PA, PVC, PMMA, and PAN (Gao et al. 2023; Hu et al. 
2023; Avazpour and Noshadi 2024; Rodrigues et al. 2024), 
while the coagulants/flocculants commonly carry a positive 
charge, as evidenced by zeta potential measurements (Li 
et al. 2024; Sönmez et al. 2025). In the charge neutraliza-
tion mechanism, positively charged coagulants/flocculants 
neutralize the negative surface charges on MPs and NPs 
particles, leading to electrostatic destabilization and allow-
ing the particles to aggregate through the van der Waals 
forces, forming flocs with an overall charge approaching 

zero (Avazpour and Noshadi 2024). On the other hand, the 
electrostatic patching mechanism occurs when coagulants 
are adsorbed non-uniformly onto the plastic particles, form-
ing an anisotropic distribution of surface charges (Hu et al. 
2022). The flocculation process occurs as positively and 
negatively charged surface patches on different particles 
attract each other at their local microregions, promoting 
aggregation and efficient removal. Unlike charge neutraliza-
tion, complete surface charge neutralization is not achieved 
during electrostatic patching, as the particles retain a partial 
net charge (Hu et al. 2023).

Most studies in this review indicated that charge neutrali-
zation plays a predominant role in the removal of MPs and 
NPs by natural-based coagulants/flocculants. For unmodi-
fied natural-based materials applied as direct substitutes for 
conventional coagulants, such as okra seed, Moringa oleif-
era, and protein amyloid fibrils, complete neutralization of 
the negative surface charge on MPs and NPs particles has 
been reported (Peydayesh et al. 2021; Avazpour and Noshadi 
2024; Eydi Gabrabad et al. 2024a). In the case of chemically 
modified natural-based coagulants/flocculants, such as modi-
fied cellulose, starch, and chitosan, the removal process was 
predominantly characterized by electrostatic patching (Hu 
et al. 2022; He et al. 2024; Magalhães et al. 2024). These 
findings suggest that natural-based materials, whether 
unmodified or chemically modified, exhibit a charge neu-
tralization capacity comparable to conventional coagulants, 
e.g., alum, PAC, FeCl3, etc., although with varying degrees 
of effectiveness. In both cases, the materials contribute to 
the compression of the electrical double layer surrounding 
MPs and NPs particles, thereby reducing electrostatic repul-
sion and promoting particle destabilization, aggregation, and 
subsequent sedimentation (Huang et al. 2023).

The use of conventional coagulants enables efficient 
removal of MPs and NPs particles, primarily due to the cati-
onic strength of hydrolysates produced by inorganic metal 
coagulants. Natural-based materials acting as coagulants 
facilitate removal through two different pathways. First, 
coagulant aids such as chitosan and sodium alginate, which 

Table 6   Comparison between conventional and natural-based coagulants

Aspect Conventional coagulants Natural-based coagulants

Example Alum, ferric salts, synthetic polymers Chitosan, Moringa oleifera etc
Performance consistency High and predictable across water types Good performance, varied depending on source, extraction 

and water matrix
Sludge characteristics Higher volume of metal-rich sludge, requires regulated 

disposal
Lower volume, biodegradable, lower toxicity

Toxicity and residuals Possible metal (Al/Fe) and polymer monomer residuals Low chemical toxicity, may introduce organic load
pH sensitivity Strongly pH-dependent, often requiring pH adjustment Some possess broader pH tolerance
Cost and availability Low cost, widely available, industrially standardized Low cost using biomass requires supply and standardiza-

tion
Scalability Fully established for large-scale use Mostly lab- and pilot-scale, limited regulatory acceptance
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carry a positive charge, assist metal-based coagulants in 
neutralizing the negatively charged MPs and NPs particles, 
following the mechanisms previously described (Eamrat 
et al. 2024; Facchino et al. 2025). Second, in cases where 
conventional coagulants result in the formation of partially 
positively charged flocs, the introduction of natural-based 
coagulant aids, e.g., laminarin, can further adjust the zeta 
potential towards neutrality, thereby achieving nearly com-
plete neutralization (Chen et al. 2024a, b).

It should be emphasized that although charge neutrali-
zation and electrostatic patching are widely recognized as 
the primary removal mechanisms governing MPs and NPs 
removal by natural-based coagulants/flocculants, they are 
not the sole pathways influencing removal efficiency. Other 
mechanisms should also be carefully considered, as multiple 
factors may concurrently contribute to the overall removal 
efficiency. Additionally, some articles have misinterpreted 
the dominant removal mechanism, incorrectly attributing 
charge neutralization as the primary mechanism when the 
electrostatic patching mechanism would better explain the 
observed results. This misclassification often arises when 
researchers observe a decrease in the magnitude of the 
zeta potential measured between the MPs and NPs parti-
cles before treatment and in the flocs formed after the CFS 
removal process, despite the final zeta potential not reaching 

an absolute or near-zero value, which indicates charge neu-
tralization. Nonetheless, both mechanisms play an effective 
role in coagulation studies, and it is imperative that future 
studies properly determine the appropriate mechanism based 
on the coagulant type and charge density of the materials 
utilized to ensure an understanding of the removal processes 
involved.

Adsorption bridging

Adsorption bridging is a key mechanism of MPs and NPs 
removal via the CFS method, in which natural-based coagu-
lants/flocculants establish intermolecular interactions with 
plastic surfaces, acting as physical bridges that link parti-
cles and induce aggregation. This mechanism is commonly 
reported for hydrophobic polymers such as PE and PP and 
aromatic polymers such as PS (Gao et al. 2023; Huang et al. 
2023), which occurs through the extension and adsorption 
of polymeric chains or functional groups on the coagulants/
flocculants molecules onto MPs and NPs surfaces. Natural-
based materials rich in polysaccharides, proteins, or other 
coagulative compounds typically carry functional groups 
such as hydroxyl (–OH), carboxyl (–COOH), and amine 
(–NH2), which enable interaction with MPs and NPs par-
ticles primarily through hydrogen bonding (Zahmatkesh 

Fig. 4   MPs and NPs removal mechanism via the CFS method
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Anbarani et  al. 2023; Zhao et  al. 2024). Additionally, 
adsorption may also occur via van der Waals forces and 
hydrophobic interactions, facilitated by the non-polar seg-
ments of natural-based compounds and the inherently hydro-
phobic nature of plastic particles (Hu et al. 2023; Avazpour 
and Noshadi 2024; Eamrat et al. 2024; Magalhães et al. 
2025). In the case of weathered MPs and NPs, although the 
aging process often increases particle hydrophilicity and 
thus significantly weakens hydrophobic interactions, the 
formation of cracks, grooves, etc., on the surface of MPs 
and NPs particles substantially increases the specific sur-
face area available for adsorption, enhancing aggregation 
(Chen et al. 2024a; Eydi Gabrabad et al. 2024a). It should 
be emphasized that the strength and efficiency of adsorption 
bridging are highly dependent on the specific natural-based 
material employed, as the nature and density of functional 
groups and polymeric substances influence interactions with 
MPs and NPs particles.

From the studies included in this review, the occurrence 
of the adsorption bridging mechanism can be identified and 
verified through three key analytical techniques: (1) scan-
ning electron microscopy (SEM), (2) Fourier transform 
infrared spectroscopy (FTIR), and (3) X-ray photoelectron 
spectroscopy (XPS). In SEM analysis, adsorption bridging 
is evidenced by the formation of molecular bridges linking 
MPs and NPs particles or by the deposition of small coagu-
lant particles on the surfaces of MPs and NPs, as demon-
strated in surface micrographs across multiple studies (Raj 
et al. 2024; Zhang et al. 2024). FTIR analysis, which char-
acterizes functional groups on material surfaces, can reveal 
adsorption bridging by comparing the spectra of MPs and 
NPs particles before and after the CFS process. The appear-
ance of new peaks in the post-treatment spectra indicates the 
formation of new bonds between the coagulant and plastic 
surfaces, exemplified by Raj et al. (2024), who observed a 
new C–O–C bond formation in PS MPs-containing flocs, 
suggesting crosslinking between chitosan and the plastic 
particles. Conversely, the absence of a new peak, as reported 
by Facchino et al. (2025) for PS and PET MPs treated with 
FeCl3 assisted by chitosan and sodium alginate, indicates 
that adsorption did not occur and that other mechanisms 
likely governed the removal. XPS provides further evidence 
of adsorption bridging, detecting characteristic elemental 
peaks, shifts in the binding energies of specific functional 
groups, and the appearance of new elements on the surface 
of treated plastics (Li et al. 2024; Zhao et al. 2024). These 
complementary techniques are essential in elucidating the 
underlying removal mechanisms in CFS-based MPs and NPs 
remediation studies.

Sweep flocculation

Sweep flocculation is a removal mechanism in the CFS 
process in which coagulants/flocculants form precipitates 
or polymeric matrices that physically entrap MPs and NPs 
particles, leading to their settling and removal from the 
solution. In conventional metal-based coagulants/floccu-
lants, sweep flocculation occurs by forming metal hydroxide 
precipitates, which result from the hydrolysis of metal salts 
during coagulation (Huang et al. 2023). In contrast, natu-
ral-based coagulants/flocculants induce sweep flocculation 
primarily through their polymeric structure or gel-forming 
capabilities. These materials, rich in polysaccharides, pro-
teins, and other biopolymers, can form dense, viscous, or 
gel-like matrices in aqueous environments. These matrices 
can physically entrap MPs and NPs particles within a bulk 
phase, effectively mimicking the sweeping action of metal-
based hydrolysates and facilitating particle aggregation and 
removal (Li et al. 2024). Sweep flocculation is less sensitive 
to polymer type and instead depends on coagulant dosage 
and floc matrix formation, which enable the enmeshment 
of diverse MPs and NPs, including PS, PE, and PET, in the 
flocs (Chen et al. 2024b; Facchino et al. 2025; Lotfigolsefidi 
et al. 2025). Among the studies included in this review, a 
majority reported that the use of natural-based materials, 
particularly when employed as coagulant aids, increases the 
size of the flocs produced, contributing to sweep floccula-
tion (Chen et al. 2024b; Eamrat et al. 2024). Furthermore, 
the formation of smaller precipitates or gel-like structures 
during coagulation can contribute to the sweeping process, 
merging into larger flocs and enhancing the probability of 
MPs and NPs entrapment (He et al. 2024; Lotfigolsefidi et al. 
2025). The formation of larger aggregates generates denser 
flocs, significantly reducing the settling time and improving 
overall removal efficiency (Eydi Gabrabad et al. 2024b).

Netting‑bridging

Netting-bridging is an important removal mechanism in 
the CFS process, particularly when high molecular weight 
polymers or fibrous natural-based coagulants/flocculants are 
employed. In contrast to the adsorption-bridging mechanism, 
which depends on specific adsorption sites, netting-bridging 
occurs when large polymer molecules or fibrous materials 
form a net that physically entraps MPs and NPs particles 
through passive interactions such as hydrogen bonding. 
Although the process shares similarities with sweep floc-
culation, the netting-bridging mechanism requires the poly-
mer or fibers to form passive interparticle interactions with 
the plastic particles rather than bulk entrapment by sweep 
flocculation. Among the studies reviewed, this mechanism 
was consistently reported by one research group across four 
different studies (Lapointe et al. 2022, 2023; Alioua and 
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Lapointe 2023; Mebarki et al. 2025) focusing on the removal 
of PE and PES MPs along with PS NPs using alum and 
PAM and aided by multiple cellulosic fibers. In these stud-
ies, fibrous materials acted as bridging agents, significantly 
enlarging the floc size and promoting the efficient entrap-
ment of plastic particles within a network of fiber bridges. 
This enlargement of flocs resulted in faster settling, higher 
removal efficiencies, reduced coagulation dosages, and even 
the potential replacement of traditional sedimentation with 
simple screening methods due to the significantly large floc 
size. Similarly, Hu et al. (2023) reported the occurrence of 
netting-bridging in the removal of different NPs types using 
a starch-based coagulant aided by PSA. In this system, the 
starch-based coagulant facilitated charge neutralization, 
while the silanol groups of PSA formed compact, dense flocs 
with MPs and NPs via netting-bridging, further enhancing 
the overall removal process.

Factors affecting removal performance

pH

The pH of the solution is a major factor governing the 
performance of MPs and NPs removal via natural-based 
coagulation, as it affects coagulant hydrolysis, floc stability 
and key mechanistic interactions, such as charge neutrali-
zation. The majority of studies included in this systematic 
review reported that optimal removal performance can be 
achieved under slightly acidic to slightly alkaline condi-
tions (pH 6.3–10) (Chen et al. 2024b; Zhang et al. 2024). 
MPs and NPs particles typically exhibit a negative surface 
charge (Hu et al. 2022; Sönmez et al. 2025), while many 
natural-based coagulants/flocculants, including proteins and 
polysaccharides, are positively charged (Karnena and Sari-
tha 2022; Kurniawan et al. 2022). These charge differences 
promote electrostatic interactions, with charge neutraliza-
tion and bridging enhanced at neutral or slightly alkaline 
pH (Esmaeili Nasrabadi et  al. 2023b). Under these pH 
conditions, zeta potential values approach zero, leading to 
minimized interparticle repulsion, effective destabilization, 
enhanced aggregation, and improved settling of MPs and 
NPs particles (Huang et al. 2023). Nevertheless, some stud-
ies have demonstrated that acidic conditions (pH 2–5.37) 
are more favorable for MPs and NPs removal (Peydayesh 
et al. 2021; Rodrigues et al. 2024), attributed to increased 
protonation of functional groups on both plastic particles 
and coagulant surfaces, enhancing electrostatic attraction 
and promoting aggregation. Therefore, it should be empha-
sized that the optimal pH for MPs and NPs removal is highly 
dependent on the polymer type of the plastic particles and 
the specific coagulants used, as variations in surface charge 
behavior across different pH levels significantly influence 
coagulation efficiency and floc formation dynamics.

Flocs derived from natural-based coagulants/flocculants 
at an optimum pH exhibit high stability and resistance to 
shear forces, enabling the flocs to remain intact and set-
tle efficiently (Magalhães et al. 2025). On the other hand, 
flocs could be weakened and broken at inappropriate pH 
values due to polymer denaturation or electrostatic repul-
sion, leading to fragmentation and resuspension, thereby 
reducing removal efficiency (Magalhães et al. 2025). In the 
case of microbial-based coagulants/flocculants, coagulation 
efficiency highly depends on the production of extracellular 
polymeric substances (EPS), which facilitate MPs and NPs 
aggregation. An increase in pH is linked to the enhancement 
of EPS secretion, promoting the formation of dense aggre-
gates that improve removal efficiency. Lotfigolsefidi et al. 
(2025) demonstrated that raising the pH from 4 to the opti-
mum value of 7.5 significantly increased EPS production by 
Chlorella vulgaris algae, resulting in the formation of denser 
aggregates with increased gravitational settling of PS MPs. 
Due to the variability of coagulation–flocculation systems, 
pH optimization is critical, and case-specific adjustments are 
necessary to achieve high removal of MPs and NPs.

Coagulants/flocculants dosage

The dosage of coagulants/flocculants plays a critical role 
in governing MPs and NPs removal efficiency, influencing 
the probability of collision between plastic particles and 
the coagulants/flocculants. All studies included in this sys-
tematic review consistently reported that an intermediate 
dosage of coagulants/flocculants yields the highest removal 
performance. At low dosages, the available surface area for 
particle interactions is insufficient (Tabinda et al. 2025), lim-
iting charge neutralization and bridging mechanisms, which 
in turn reduce aggregation and allow MPs and NPs particles 
to remain stable and suspended. Increasing the dosage of 
coagulants/flocculants enhances the available surface area, 
promoting greater interaction with plastic particles (He et al. 
2024). This improves charge neutralization, bridging, and 
sweep flocculation, resulting in higher removal efficiency. 
However, excessive dosages can lead to floc breakage, which 
ruptures the formation of large and stable flocs (Prasetyo 
et al. 2025). In addition, overdose leads to charge reversal, 
in which excessive coagulants/flocculants restabilize MPs 
and NPs particles due to electrostatic repulsion (Mebarki 
et al. 2025), reducing aggregation and eventually decreasing 
removal performance.

Optimization of dosage needs to be determined on a 
case-by-case basis, as natural-based coagulants/flocculants 
differ significantly in their coagulative compound content, 
while MPs and NPs vary in polymer type, size and shape. 
From an application perspective, dosage selection for natu-
ral-based coagulants/flocculants should be guided by their 
intended role in the treatment process. From Tables 3, 4 and 
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5, materials used as complete substitutes for conventional 
coagulants generally require higher dosages to provide suf-
ficient charge neutralization and sweep flocculation, whereas 
natural-based coagulants employed as coagulant aids or floc-
culants are effective at lower dosages by enhancing bridging 
and floc strengthening. For natural-based materials serving 
as complete substitutes for conventional coagulants/floc-
culants without modification, optimal dosages range from 
20 mg/L for PS NPs removal using lysozyme amyloid fibrils 
(Peydayesh et al. 2021) to 250 mg/L for PS MPs removal 
using oak powder (Esmaeili Nasrabadi et al. 2023b) and 
Spirulina platensis algae (Eydi Gabrabad et al. 2024b). In 
contrast, natural-based materials used as coagulant aids or 
flocculants typically require much lower dosages, between 
0.2 and 50 mg/L (Huang et al. 2023; Facchino et al. 2025). 
Therefore, a stepwise optimization strategy, beginning with 
jar-test screening and followed by fine-tuning based on MPs 
and NPs concentration, particle size distribution, and water 
matrix composition, is recommended. In addition, dosage 
optimization should balance removal efficiency with poten-
tial increases in organic load and sludge production to ensure 
process sustainability and scalability.

Interfering substances

Real MPs- and NPs-containing wastewater contains various 
interfering substances, such as anions, cations, and natural 
organic matter (e.g., humic acid), which can significantly 
influence the CFS process. Several studies have investigated 
the effects of common anions, including Cl−, SO4

2− and 
CO3

2−, on removal performance, demonstrating that both the 
type and concentration of anions are critical factors (Zhang 
et al. 2024). The presence of anions at moderate concentra-
tions initially enhances removal performance by increasing 
the ionic strength of the solution, which results in electri-
cal double-layer compression, facilitating the aggregation 
of MPs and NPs particles (Huang et al. 2023). However, at 
higher anion concentrations, a slight decline in coagulation 
performance is observed, likely due to increased competition 
between anions and plastic particles for available adsorption 
sites on the coagulants/flocculants (He et al. 2024).

Natural organic matter (NOM), particularly humic acid, 
is another common constituent of wastewater that is often 
selected as a representative compound in studies on the 
coagulative removal of MPs and NPs particles. However, 
the studies in this review reported contradictory findings 
on its effects, and no clear consensus has been established. 
Chen et al. (2024b) observed that the presence of humic acid 
had no significant impact on the removal of PE MPs when 
laminarin was used as a coagulant aid. In contrast, He et al. 
(2024) reported that humic acid, particularly at higher con-
centrations (up to 25 mg/L), improved the removal efficiency 
of PET MPs when using chitosan-PAC composites, likely 

by serving as a bridging agent between MPs particles and 
the flocculant. On the other hand, several other studies have 
indicated adverse effects of humic acid presence, especially 
at elevated concentrations, where increased consumption of 
coagulant by humic acid substances reduced its availability 
for interaction with plastic particles, thus affecting removal 
performance (Hu et al. 2022; Gao et al. 2023). These con-
flicting findings highlight the complexity of NOM interac-
tions in coagulation processes, implying that the removal 
efficiencies are highly dependent on factors such as the type 
of coagulant employed, the properties of MPs and NPs par-
ticles, and the overall composition of the wastewater matrix.

Some studies have also investigated the influence of addi-
tional inorganic (e.g., kaolin) and organic compounds (e.g., 
surfactant) on the coagulation performance for MPs and 
NPs removal. The presence of kaolin was found to adversely 
affect the removal efficiency, similar to humic acid, primarily 
due to competition for adsorption sites and destabilization 
of water impurities (Gao et al. 2023). Regarding surfactants, 
the presence of cetyl trimethylammonium bromide, a cati-
onic surfactant, negatively affected MPs and NPs removal by 
depositing excessive positive charges on the plastic surface, 
thereby reducing the effectiveness of charge neutralization. 
This can be mitigated by introducing anionic surfactants, 
such as sodium dodecylbenzene sulfonate, which reduce the 
zeta potential and enhance charge neutralization (He et al. 
2024). However, Gao et al. (2023) reported that the utiliza-
tion of another anionic surfactant, sodium dodecyl sulfate, 
had no significant impact on the process, while the pres-
ence of the non-ionic surfactant Tween 20 improved removal 
performance. These findings suggest that the influence is 
compound-specific; thus, accurate characterization of the 
surface charge of MPs and NPs particles, as well as of any 
interfering compounds, is essential for optimizing charge 
neutralization and maximizing coagulation performance.

Given the complexity of water chemistry, several stud-
ies utilized real water samples collected from various 
sources, e.g., tap water, surface water (lakes and rivers), 
sludge supernatant, municipal wastewater, or synthetically 
prepared wastewater. These waters were spiked with model 
MPs and NPs to evaluate the effectiveness of natural-based 
coagulants/flocculants under more realistic conditions. Most 
studies incorporating real water reported improved MPs and 
NPs removal, attributed to the presence of background ions 
and organic matter that facilitate aggregation (Huang et al. 
2023). Additionally, the capture of MPs and NPs particles by 
sludge biomass was found to enhance particle settling (Eam-
rat et al. 2024). Nevertheless, the dosage of coagulants/floc-
culants required to achieve effective removal performance 
in real water is higher than in deionized water (Hu et al. 
2022). These findings highlight the need for future research 
to prioritize testing under actual, realistic water conditions 
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to better evaluate the practical applicability of natural-based 
coagulation processes for MPs and NPs removal.

Stirring speed and duration

A typical CFS process comprises three sequential stages: 
(1) a coagulation stage involving rapid stirring for a very 
short duration, followed by (2) a flocculation stage char-
acterized by slow stirring over a long period, and (3) a 
sedimentation or settling phase without stirring, allow-
ing sufficient time for particle settling. Although most 
reviewed studies did not systematically assess the effects 
of stirring speed and duration, those that did demonstrate 
the significant influence of these parameters on MPs 
and NPs removal efficiency. Increasing stirring speed 
results in a higher collision frequency between MPs and 
NPs particles and the coagulants/flocculants, promot-
ing aggregation (Avazpour and Noshadi 2024; Raj et al. 
2024). Extending the stirring duration further enhances 
the performance by providing a longer timeframe for floc 
formation (Esmaeili Nasrabadi et al. 2023b). However, 
excessively high stirring speeds or prolonged mixing 
can introduce shear forces strong enough to disrupt floc 
integrity, leading to fragmentation (Alioua and Lapointe 
2023). During the sedimentation stage, a longer settling 
duration facilitates more complete interactions between 
MPs  and  NPs and coagulants/flocculants (Rodrigues 
et al. 2024). Nevertheless, extended settling times may 
delay downstream processes, affecting the overall system 
throughput and increasing operational costs. Therefore, 
optimizing the stirring speed, stirring duration, and the 
choice of coagulant/flocculant is critical, as different 
coagulants/flocculants exhibit varying resistance to shear 
forces, which directly impacts floc stability and overall 
process efficiency.

MPs and NPs properties

The removal performance of MPs and NPs particles via CFS 
processes is strongly governed by the intrinsic characteristics 
of the plastic particles, including polymer type, concentra-
tion, size, and physical condition. Self-sedimentation of MPs 
and NPs may occur without requiring coagulants/flocculants 
if the polymer has a density greater than water (Gao et al. 
2023). In terms of concentration, better removal is gener-
ally achieved for lower MPs and NPs initial concentrations; 
however, given the anticipated escalation of plastic pollu-
tion in the near future, studies based solely on low plas-
tic concentrations may not accurately represent real-world 
conditions. Higher MPs and NPs concentrations increase 
the probability of collisions between plastic particles and 

coagulants/flocculants, thus promoting aggregate formation 
(Esmaeili Nasrabadi et al. 2023b). Nonetheless, beyond an 
optimal concentration threshold, removal efficiency declines 
due to the saturation of available coagulant binding sites and 
the intensification of electrostatic repulsive forces, adversely 
affecting aggregation.

CFS removal efficiency by natural-based coagulants/
flocculants is also influenced by the particle size of MPs 
and NPs. Higher removal efficiency is often associated 
with smaller particles due to enhanced collision between 
the particles and natural-based coagulants/flocculants 
(Khan et al. 2023). Additionally, smaller MPs and NPs 
possess a larger specific surface area and a higher density 
of surface functional groups, which contribute to a higher 
negative charge and promote ionic adsorption (Abdul Rah-
man et al. 2024). Nonetheless, high removal may still be 
maintained for larger particles, albeit at a slightly lower 
efficiency, as reported by Ramakrishnan and Sathiyamoor-
thy (2025) particularly when sufficient coagulant dosage 
and floc growth are achieved to enable effective sweep 
flocculation. Long MPs, particularly fibrous forms, can 
be easily aggregated due to greater contact surface area 
and increased probability of collision with coagulants/floc-
culants (Huang et al. 2023; Avazpour and Noshadi 2024). 
However, excessively large particles may compromise the 
adsorption and bridging mechanisms, ultimately reducing 
removal efficiency (Huang et al. 2023). These findings col-
lectively suggest that MPs and NPs size exerts a non-linear 
influence on removal performance, and particle size should 
be evaluated alongside morphology and surface chemistry 
when assessing the performance of natural-based coagu-
lants for MPs and NPs removal.

The effectiveness of natural-based coagulants is also 
affected by the type of MPs and NPs particles evaluated. 
Most of the included studies spiked primary MPs and NPs 
particles, which are commercially produced in these sizes, 
into synthetic wastewater. However, the exclusive use of 
primary MPs and NPs particles does not fully represent 
real MPs and NPs, which also comprises secondary MPs 
and NPs formed through degradation processes. Differ-
ences in size, shape, surface chemistry, and surface charge 
affect interactions with coagulants and flocculants, result-
ing in different removal efficiencies for primary versus 
secondary MPs and NPs (Khan et al. 2023). Comparative 
studies have reported inconsistent findings: some demon-
strate higher removal efficiencies for aged particles (Gao 
et al. 2023; Li et al. 2024; Zhao et al. 2024), while others 
reported superior removal of pristine particles (He et al. 
2024; Panigrahi et al. 2024). Higher removal of aged par-
ticles has been attributed to increased surface roughness, 
reduced hydrophobicity, and the formation of oxidized 
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functional groups, all of which promote coagulation (Zhao 
et al. 2024). Importantly, removal performance is also 
influenced by the aging pathway. Nakazawa et al. (2021), 
reported enhanced removal of photochemically aged par-
ticles, whereas mechanically aged particles exhibited 
reduced removal efficiency due to changes in zeta potential 
and particle stability. These contrasting outcomes high-
light the need for systematic investigation into the effects 
of particle aging by incorporating both primary and sec-
ondary MPs and NPs, employing realistic aging mecha-
nisms and complex water matrices. Such approaches are 
essential to better represent environmental conditions and 
to enable more accurate evaluation of coagulation-based 
removal performance.

Temperature

Although the effect of temperature on the coagulative 
removal of MPs and NPs particles using natural-based 
materials is often overlooked, it does play a critical role in 
determining removal performance. Only three studies in this 
systematic review have examined the influence of tempera-
ture on MPs and NPs removal: (1) PET MPs removal using 
chitosan-polyaluminum chloride between 10 and 30 °C (He 
et al. 2024); (2) PAN MPs removal using Komagataeibac-
ter saccharivorans bacterial cellulose between 15 and 30 °C 
(Rodrigues et al. 2024); and (3) Nylon 6–6 MPs removal by 
Brucella intermedia ZL-06 bacteria between 20 and 50 °C 
(Zhao et al. 2024). Temperature affects the chemical kinet-
ics of the coagulation process, where increasing tempera-
ture enhances Brownian motion (He et al. 2024), thereby 
promoting more frequent collisions between MPs particles 
and coagulative compounds and improving removal per-
formance. However, excessive temperature increases may 
damage the microstructure of coagulants/flocculants and 
destabilize or fragment the formed flocs due to increased 
thermal movement, causing a reduction in removal efficiency 
(Zhao et al. 2024). The combined effects of temperature and 
Brownian motion demonstrate the necessity to optimize 
coagulation conditions. Based on the reviewed studies, the 
optimal temperature for maximizing MPs and NPs removal 
typically ranges from 25 to 30 °C. As the thermal stabili-
ties and coagulative efficiencies of different natural-based 
coagulants/flocculants are significantly distinctive, select-
ing an optimal operational temperature range is essential to 
ensure effective MPs and NPs removal.

Key challenges

Although all findings reported in this study highlight the 
promising potential of natural-based coagulants/flocculants 
for the removal of MPs and NPs particles from aquatic envi-
ronments, several key challenges must be addressed prior 
to their practical implementation in real-world applications. 
One of the primary concerns is the inherent variability asso-
ciated with natural-based materials. Derived from diverse 
biological sources, such as plants and microorganisms, nat-
ural-based coagulants and flocculants exhibit considerable 
inconsistencies in their chemical composition, resulting in 
significant variability in removal performance (Kurniawan 
et al. 2022). These inconsistencies stem from factors such 
as raw material origin, seasonal variations, and differences 
in extraction methodologies across batches, posing a major 
challenge to achieving reliable and reproducible removal 
performance across different water treatment contexts 
(Badawi et al. 2023; Leiviskä and Santos 2023). Moreover, 
the lack of harmonization or standardization in extraction 
and preparation methods further complicates quality con-
trol efforts, making comparisons between studies difficult 
and impeding the establishment of universally applicable 
protocols.

The utilization of plant-based materials as coagulants/
flocculants also poses challenges related to their availabil-
ity, as certain plant species are geographically restricted, 
limiting their applicability in different regions of the world 
(Iwuozor et al. 2023). For instance, among the plant-based 
coagulants and flocculants discussed in this study, Moringa 
oleifera and okra are predominantly cultivated in tropical 
and subtropical areas, while oak trees are primarily found 
across the Northern Hemisphere (Elkhalifa et  al. 2021; 
Morales 2021; Pareek et al. 2023). Such regional limitations 
necessitate importing these materials into areas where they 
are not naturally available, consequently increasing opera-
tional costs. Furthermore, natural-based materials often 
face temporal availability issues, as seasonal variations may 
limit year-round access, thus raising concerns about their 
ability to meet the consistent supply demands required for 
large-scale applications (Iber et al. 2021). In the absence 
of importation, identifying and validating locally available 
alternatives suitable for diverse climates is required, further 
complicating the research and development process.

Various studies also raise important sustainability con-
cerns regarding the use of plant-based materials for water 
treatment, as many of these materials are also food or feed 
resources. Their large-scale use may therefore create com-
petition with food supplies. For instance, Moringa oleifera, 
one of the most frequently studied coagulants, is rich in 
proteins and oils, making it a highly valuable nutritional 
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resource (Caspersen and Rasmussen 2024). Although nat-
ural-based materials have demonstrated effective MPs and 
NPs removal, their widespread application could increase 
demand for edible seeds and plants, inflate market prices, 
and exert pressure on land use and food security, especially 
in regions already facing food insecurity (Koul et al. 2022; 
Diver et al. 2023). Consequently, although this approach may 
contribute to the achievement of SDG 6 (Clean Water and 
Sanitation) and SDG 14 (Life Below Water), it may inad-
vertently undermine SDG 2 (Zero Hunger). Therefore, the 
responsible development and deployment of natural-based 
coagulants should extend beyond technical performance to 
consider socioeconomic and food security impact assess-
ments (Koul et al. 2022). To mitigate these risks, the use 
of non-edible residues or waste biomass should always be 
prioritized for scaling up natural-based coagulants, thereby 
avoiding the diversion of resources from the food system 
(Tijjani Usman et al. 2023).

In addition to the availability and sustainability concerns, 
the limited shelf life and instability of natural coagulants/
flocculants pose another significant challenge, as such mate-
rials tend to degrade over time due to their organic nature. 
Plant-based materials are susceptible to microbial contami-
nation, particularly under poor storage conditions, as well 
as biochemical degradation mediated by natural enzymatic 
activity (Tijjani Usman et al. 2023). Although microorgan-
ism-based materials are generally less prone to contamina-
tion due to production under controlled fermentation con-
ditions, improper storage can still result in the growth of 
competing microorganisms, leading to degradation of the 
desired coagulants/flocculants (Lotfigolsefidi et al. 2025). 
The resulting change in the chemical composition of the 
coagulants/flocculants compromises the functional com-
pounds responsible for coagulation/flocculation, ultimately 
reducing overall performance. Therefore, the development 
of effective storage strategies and stabilization techniques is 
essential to maintain the functional integrity of natural-based 
materials for practical water treatment applications.

The efficiency of a process is also a key consideration 
in determining the suitability of natural-based coagulants/
flocculants against synthetic chemicals. Even though nat-
ural-based coagulants are generally more environmentally 
friendly, several materials have demonstrated lower coagula-
tion efficiencies and often require higher dosages or chemi-
cal modifications to achieve removal performance compara-
ble to that of synthetic chemicals (Iber et al. 2021). Unlike 
conventional coagulants and flocculants, the performance 
of natural-based materials is often limited to a narrow pH 
range, limiting their applicability in water bodies with fluc-
tuating physicochemical properties (Diver et al. 2023). Fur-
thermore, the use of natural-based materials may introduce 
excess organic matter into the water, potentially altering 
key parameters such as color and odor or even promoting 

microbial growth and the formation of unwanted biofilms in 
water treatment facilities (Alazaiza et al. 2022; El Bouaidi 
et al. 2022). To mitigate these negative impacts, additional 
pre-treatment to remove undesired contaminants or post-
treatment processes may be necessary, thereby increasing 
the overall operational costs of water treatment (Alnawajha 
et al. 2022).

A major challenge to the large-scale adoption of natu-
ral-based coagulants/flocculants in industrial or environ-
mental applications is ensuring scalability and economic 
viability. While laboratory-scale studies often report 
favorable performance and cost-effectiveness, maintaining 
consistency and quality during scale-up remains a signifi-
cant hurdle (Diver et al. 2023). Thus, economic feasibility 
assessments and pilot-scale trials are essential to validate 
the performance of these materials under industrial condi-
tions while ensuring compliance with stringent environ-
mental regulations (Karnena and Saritha 2022). Adopting 
natural-based materials may also face poor regulatory and 
industry acceptance, as their familiarity with and the con-
fidence in the proven efficacy of synthetic coagulants and 
flocculants may create resistance to adopting newer, less 
standardized alternatives (El Bouaidi et al. 2022). Over-
coming this barrier requires comprehensive data-driven 
evaluations, robust risk assessments, and clear guidelines 
to ensure that natural-based materials meet the operational 
and regulatory standards of the modern water treatment 
process.

Future perspectives

The use of natural-based coagulants and flocculants for 
the removal of MPs and NPs particles presents an appeal-
ing alternative to synthetic chemicals. Nonetheless, their 
potential adoption in large-scale applications is con-
strained by several challenges, including variability in 
material composition, material availability, degradation 
during storage, potential secondary pollution and process 
scalability. Addressing these challenges is essential to 
enhancing their functionality and facilitating integration 
into water treatment systems. As coagulation performance 
is susceptible to the variability of natural-based materi-
als, future research should prioritize the development 
of standardized preparation, extraction, and purification 
methods to achieve consistent performance. This can be 
accomplished by identifying and isolating key active com-
pounds responsible for coagulation efficacy, such as pro-
teins and polysaccharides, thereby enabling more refined 
and reliable preparation protocols. Additionally, regional 
availability must be considered, with efforts directed 
towards identifying and utilizing locally abundant natural 
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coagulants. Storage stability is another critical factor limit-
ing the practical application of natural-based coagulants 
and flocculants. Enhancing their shelf-life with natural 
preservatives could mitigate degradation and microbial 
contamination during storage.

A comprehensive, long-term environmental impact 
assessment on the utilization of natural-based coagulants 
and flocculants is required to evaluate their biodegrada-
bility, the formation of potentially toxic by-products and 
their interactions with MPs and NPs particles. Given that 
natural-based materials may alter water quality param-
eters, such as color, odor, or microbial population, it is 
imperative to understand their fate and transformation in 
aquatic environments to ensure their safe and sustainable 
applications. Despite promising results reported by various 
studies, as summarized in this review, the challenges asso-
ciated with large-scale utilization and economic feasibility 
persist. Future research efforts should focus on generating 
comprehensive datasets that include cost-effectiveness 
analyses, compatibility assessments with existing treat-
ment infrastructure, and rigorous risk evaluations, to facil-
itate industrial decision-making and advance adoption in 
the water treatment process.

Conclusion

The utilization of natural-based coagulants and floc-
culants in the CFS process offers a promising, environ-
mentally sustainable approach for the removal of MPs 
and NPs particles from aquatic environments. Materials 
derived from plants, animals, and microorganisms have 
demonstrated strong potential as alternatives to conven-
tional coagulants, whether applied as substitutes for con-
ventional coagulants in their natural form or chemically 
modified or as coagulant aids in combination with chemi-
cal coagulants. MPs and NPs particles are mainly removed 
through mechanisms such as charge neutralization, elec-
trostatic patching, adsorption bridging, sweep flocculation 
and netting-bridging, with various physicochemical and 
operational parameters significantly influencing the over-
all performance. Despite these advantages, several chal-
lenges persist, including variability in material composi-
tion and availability, degradation during storage, the risk 
of secondary pollution to the environment, and scalability 
constraints, all of which hinder their large-scale applica-
tions. Addressing these challenges requires optimization of 
process parameters and the integration of comprehensive 
life-cycle assessments to ensure the practical viability of 
natural-based coagulants/flocculants. Future research on 
this topic should focus on enhancing the stability, effi-
ciency, and storage properties of these materials, as well 
as conducting pilot-scale studies to bridge the gap between 

laboratory research and real-world applications. Advance-
ment of this technology will position natural-based coagu-
lants and flocculants as viable, eco-friendly alternatives for 
MPs and NPs removal, contributing to the development of 
sustainable water treatment solutions.

Acknowledgements  The authors acknowledge the financial sup-
port provided by Universiti Malaysia Perlis for postdoctoral funding 
(9001-00790).

Author contributions  Muhammad Adli Hanif: Conceptualization, 
investigation and writing—original draft; Naimah Ibrahim: 
Supervision, funding acquisition, writing—reviewing and editing; Ayu 
Wazira Azhari: Resources, writing—reviewing and editing; Farrah Aini 
Dahalan: Writing—reviewing and editing; Masitah Hasan: Writing—
reviewing and editing; Nabilah Aminah Lutpi: Writing—reviewing and 
editing; Norzila Othman: Writing—reviewing and editing; Mohamed 
Hasnain Isa: Writing—reviewing and editing.

Funding  Open access funding provided by The Ministry of Higher 
Education Malaysia and Universiti Malaysia Perlis.

Data availability  The data supporting this study's findings are available 
from the corresponding author upon reasonable request.

Declarations 

Conflict of interest  All authors certify that they have no affiliations 
with or involvement in any organization or entity with any financial 
or non-financial interest in the subject matter or materials discussed 
in this manuscript.

Open Access  This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

Abdul Rahman AMNA, Rusli A, Abdullah MK et al (2024) A review 
of microplastic surface interactions in water and potential captur-
ing methods. Water Sci Eng. https://​doi.​org/​10.​1016/j.​wse.​2023.​
11.​008

Acarer S (2023) Microplastics in wastewater treatment plants: sources, 
properties, removal efficiency, removal mechanisms, and interac-
tions with pollutants. Water Sci Technol 87:685–710. https://​doi.​
org/​10.​2166/​wst.​2023.​022

Alazaiza MYD, Albahnasawi A, Ali GAM et al (2022) Application 
of natural coagulants for pharmaceutical removal from water and 
wastewater: a review. Water (Switzerland) 14:140. https://​doi.​org/​
10.​3390/​w1402​0140

Alfonso MB, Nakano H, Jandang S et al (2024) Small microplastic 
ingestion by the calanoid Centropages furcatus in the Gulf of 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.wse.2023.11.008
https://doi.org/10.1016/j.wse.2023.11.008
https://doi.org/10.2166/wst.2023.022
https://doi.org/10.2166/wst.2023.022
https://doi.org/10.3390/w14020140
https://doi.org/10.3390/w14020140


	 International Journal of Environmental Science and Technology (2026) 23:313313  Page 24 of 26

Thailand. Sci Total Environ 930:172837. https://​doi.​org/​10.​1016/j.​
scito​tenv.​2024.​172837

Ali I, Tan X, Xie Y et al (2023) Recent innovations in microplastics and 
nanoplastics removal by coagulation technique: implementations, 
knowledge gaps and prospects. Water Res 245:120617. https://​doi.​
org/​10.​1016/j.​watres.​2023.​120617

Ali SK, Abdou MM, Emara MM et al (2025) Eco-friendly solutions: a 
comprehensive review of natural coagulants for sustainable water 
treatment. Environ Geochem Health 47:535. https://​doi.​org/​10.​
1007/​s10653-​025-​02803-3

Alioua W, Lapointe M (2023) Fiber-based super-bridging agents enable 
efficient contaminant removal via settling and screening: impact 
on microplastics, textile fibers, and turbidity. J Environ Chem Eng 
11:110195. https://​doi.​org/​10.​1016/j.​jece.​2023.​110195

Alnawajha MM, Kurniawan SB, Imron MF et al (2022) Plant-based 
coagulants/flocculants: characteristics, mechanisms, and possible 
utilization in treating aquaculture effluent and benefiting from 
the recovered nutrients. Environ Sci Pollut Res 29:58430–58453. 
https://​doi.​org/​10.​1007/​s11356-​022-​21631-x

Amelia TSM, Wan Mohd Khalik WMA, Ong MC et al (2021) Marine 
microplastics as vectors of major ocean pollutants and its hazards 
to the marine ecosystem and humans. Prog Earth Planet Sci 8:12

Andriamahefazafy M, Touron-Gardic G, March A et al (2022) Sustain-
able development goal 14: To what degree have we achieved the 
2020 targets for our oceans? Ocean Coast Manag 227:106273. 
https://​doi.​org/​10.​1016/j.​oceco​aman.​2022.​106273

Avazpour S, Noshadi M (2024) Enhancing the coagulation process 
for the removal of microplastics from water by anionic poly-
acrylamide and natural-based Moringa oleifera. Chemosphere 
358:142215. https://​doi.​org/​10.​1016/j.​chemo​sphere.​2024.​142215

Badawi AK, Salama RS, Mostafa MMM (2023) Natural-based coagu-
lants/flocculants as sustainable market-valued products for indus-
trial wastewater treatment: a review of recent developments. RSC 
Adv 13:19335. https://​doi.​org/​10.​1039/​d3ra0​1999c

Bhuyan MS (2022) Effects of microplastics on fish and in human 
health. Front Environ Sci 10:827289. https://​doi.​org/​10.​3389/​
fenvs.​2022.​827289

Blackburn K, Green D (2022) The potential effects of microplastics 
on human health: what is known and what is unknown. Ambio 
51:518–530. https://​doi.​org/​10.​1007/​s13280-​021-​01589-9

Caspersen AM, Rasmussen LV (2024) Moringa oleifera as a potential 
avenue to improve food security in rural Malawi. Trees People 
18:100667. https://​doi.​org/​10.​1016/j.​tfp.​2024.​100667

Chandra S, Walsh KB (2024) Microplastics in water: occurrence, fate 
and removal. J Contam Hydrol 264:104360. https://​doi.​org/​10.​
1016/j.​jconh​yd.​2024.​104360

Chen Z, Liu X, Wei W et al (2022) Removal of microplastics and nano-
plastics from urban waters: separation and degradation. Water Res 
221:118820. https://​doi.​org/​10.​1016/j.​watres.​2022.​118820

Chen J, Cai S, Wang Y, Huang H (2024a) Enhanced removal of poly-
ethylene microplastics from water through polymeric ferric sulfate 
with laminarin. Process Saf Environ Prot 183:307–314. https://​
doi.​org/​10.​1016/j.​psep.​2024.​01.​036

Chen J, Lin J, Li W et al (2024b) Coagulative removal of polyethylene 
microplastics using polyaluminum chloride in conjunction with 
laminarin. Chem Eng Res des 212:230–239. https://​doi.​org/​10.​
1016/j.​cherd.​2024.​11.​015

Chouchene K, da Costa JP, Chamkha M et al (2023) Effects of micro-
plastics’ physical and chemical properties on aquatic organisms: 
state-of-the-art and future research trends. Trends Anal Chem 
166:117192. https://​doi.​org/​10.​1016/j.​trac.​2023.​117192

Costigan E, Collins A, Hatinoglu MD et al (2022) Adsorption of 
organic pollutants by microplastics: overview of a dissonant lit-
erature. J Hazard Mater Adv 6:100091. https://​doi.​org/​10.​1016/j.​
hazadv.​2022.​100091

Dey M, Singh RK (2022) Neurotoxic effects of aluminium exposure 
as a potential risk factor for Alzheimer’s disease. Pharmacol Rep 
74:439–450. https://​doi.​org/​10.​1007/​s43440-​022-​00353-4

Diver D, Nhapi I, Ruziwa WR (2023) The potential and constraints 
of replacing conventional chemical coagulants with natural 
plant extracts in water and wastewater treatment. Environ Adv 
13:100421. https://​doi.​org/​10.​1016/j.​envadv.​2023.​100421

Eamrat R, Rujakom S, Pussayanavin T et al (2024) Optimizing bio-
coagulant aid from shrimp shells (Litopenaeus vannamei) for 
enhancing microplastics removal from aqueous solutions. Envi-
ron Technol Innov 33:103457. https://​doi.​org/​10.​1016/j.​eti.​2023.​
103457

El Bouaidi W, Libralato G, Douma M et al (2022) A review of plant-
based coagulants for turbidity and cyanobacteria blooms removal. 
Environ Sci Pollut Res 29:42601–42615. https://​doi.​org/​10.​1007/​
s11356-​022-​20036-0

Elkhalifa AEO, Alshammari E, Adnan M et al (2021) Okra (Abelmos-
chus esculentus) as a potential dietary medicine with nutraceutical 
importance for sustainable health applications. Molecules 26:696. 
https://​doi.​org/​10.​3390/​MOLEC​ULES2​60306​96

Esmaeili Nasrabadi A, Eydi M, Bonyadi Z (2023a) Utilizing Chlorella 
vulgaris algae as an eco-friendly coagulant for efficient removal 
of polyethylene microplastics from aquatic environments. Heliyon 
9:e22338. https://​doi.​org/​10.​1016/j.​heliy​on.​2023.​e22338

Esmaeili Nasrabadi A, Zahmatkesh Anbarani M, Bonyadi Z (2023b) 
Investigating the efficiency of oak powder as a new natu-
ral coagulant for eliminating polystyrene microplastics from 
aqueous solutions. Sci Rep 13:20402. https://​doi.​org/​10.​1038/​
s41598-​023-​47849-4

Eydi Gabrabad M, Bonyadi Z, Davoudi M, Barikbin B (2024a) Micro-
plastic removal using Okra (Abelmoschus esculentus) seed from 
aqueous solutions. Appl Water Sci 14:217. https://​doi.​org/​10.​
1007/​s13201-​024-​02249-5

Eydi Gabrabad M, Yari M, Bonyadi Z (2024b) Using Spirulina platen-
sis as a natural biocoagulant for polystyrene removal from aque-
ous medium: performance, optimization, and modeling. Sci Rep 
14:2506. https://​doi.​org/​10.​1038/​s41598-​024-​53123-y

Facchino M, Pietrelli L, Menegoni P et al (2025) Greener microplastics 
removal: progressive replacement of iron-based coagulants with 
sodium alginate and chitosan to enhance sustainability. ChemPlu-
sChem 90:e202400736. https://​doi.​org/​10.​1002/​cplu.​20240​0736

Gao Y, Liu Y (2022) Removal of microplastics by coagulation treat-
ment in waters and prospect of recycling of separated microplas-
tics: a mini-review. J Environ Chem Eng 10:108197. https://​doi.​
org/​10.​1016/j.​jece.​2022.​108197

Gao W, Mo A, Jiang J et al (2023) Removal of microplastics from water 
by coagulation of cationic-modified starch: an environmentally 
friendly solution. Sci Total Environ 904:166787. https://​doi.​org/​
10.​1016/j.​scito​tenv.​2023.​166787

Gola D, Kumar Tyagi P, Arya A et al (2021) The impact of microplas-
tics on marine environment: a review. Environ Nanotechnol Monit 
Manag 16:100552. https://​doi.​org/​10.​1016/j.​enmm.​2021.​100552

He J, Wang W, Ni F et al (2024) A novel hydrophobic chitosan-polya-
luminum chloride composite flocculant for effectively simultane-
ous removal of microplastic and antibiotics composite pollution. 
Sep Purif Technol 337:126420. https://​doi.​org/​10.​1016/j.​seppur.​
2024.​126420

Hegarty S, Hayes A, Regan F et al (2021) Using citizen science to 
understand river water quality while filling data gaps to meet 
United Nations sustainable development goal 6 objectives. Sci 
Total Environ 783:146953. https://​doi.​org/​10.​1016/j.​scito​tenv.​
2021.​146953

Hu P, Su K, Sun Y et al (2022) Efficient removal of nano- and micro-
sized plastics using a starch-based coagulant in conjunction with 

https://doi.org/10.1016/j.scitotenv.2024.172837
https://doi.org/10.1016/j.scitotenv.2024.172837
https://doi.org/10.1016/j.watres.2023.120617
https://doi.org/10.1016/j.watres.2023.120617
https://doi.org/10.1007/s10653-025-02803-3
https://doi.org/10.1007/s10653-025-02803-3
https://doi.org/10.1016/j.jece.2023.110195
https://doi.org/10.1007/s11356-022-21631-x
https://doi.org/10.1016/j.ocecoaman.2022.106273
https://doi.org/10.1016/j.chemosphere.2024.142215
https://doi.org/10.1039/d3ra01999c
https://doi.org/10.3389/fenvs.2022.827289
https://doi.org/10.3389/fenvs.2022.827289
https://doi.org/10.1007/s13280-021-01589-9
https://doi.org/10.1016/j.tfp.2024.100667
https://doi.org/10.1016/j.jconhyd.2024.104360
https://doi.org/10.1016/j.jconhyd.2024.104360
https://doi.org/10.1016/j.watres.2022.118820
https://doi.org/10.1016/j.psep.2024.01.036
https://doi.org/10.1016/j.psep.2024.01.036
https://doi.org/10.1016/j.cherd.2024.11.015
https://doi.org/10.1016/j.cherd.2024.11.015
https://doi.org/10.1016/j.trac.2023.117192
https://doi.org/10.1016/j.hazadv.2022.100091
https://doi.org/10.1016/j.hazadv.2022.100091
https://doi.org/10.1007/s43440-022-00353-4
https://doi.org/10.1016/j.envadv.2023.100421
https://doi.org/10.1016/j.eti.2023.103457
https://doi.org/10.1016/j.eti.2023.103457
https://doi.org/10.1007/s11356-022-20036-0
https://doi.org/10.1007/s11356-022-20036-0
https://doi.org/10.3390/MOLECULES26030696
https://doi.org/10.1016/j.heliyon.2023.e22338
https://doi.org/10.1038/s41598-023-47849-4
https://doi.org/10.1038/s41598-023-47849-4
https://doi.org/10.1007/s13201-024-02249-5
https://doi.org/10.1007/s13201-024-02249-5
https://doi.org/10.1038/s41598-024-53123-y
https://doi.org/10.1002/cplu.202400736
https://doi.org/10.1016/j.jece.2022.108197
https://doi.org/10.1016/j.jece.2022.108197
https://doi.org/10.1016/j.scitotenv.2023.166787
https://doi.org/10.1016/j.scitotenv.2023.166787
https://doi.org/10.1016/j.enmm.2021.100552
https://doi.org/10.1016/j.seppur.2024.126420
https://doi.org/10.1016/j.seppur.2024.126420
https://doi.org/10.1016/j.scitotenv.2021.146953
https://doi.org/10.1016/j.scitotenv.2021.146953


International Journal of Environmental Science and Technology (2026) 23:313	 Page 25 of 26  313

polysilicic acid. Sci Total Environ 850:157829. https://​doi.​org/​10.​
1016/j.​scito​tenv.​2022.​157829

Hu P, Sun Y, Li P et al (2023) Evaluation of the nanoplastics removal 
by using starch-based coagulants: roles of the chain architec-
ture and hydrophobicity of the coagulant. Sep Purif Technol 
319:124045. https://​doi.​org/​10.​1016/j.​seppur.​2023.​124045

Huang L, He W, Zhang Y et al (2023) Chitosan enhances poly alu-
minum chloride flocculation system removal of microplas-
tics: effective, stable, and pollution free. J Water Process Eng 
54:103929. https://​doi.​org/​10.​1016/j.​jwpe.​2023.​103929

Iber BT, Okomoda VT, Rozaimah SA, Kasan NA (2021) Eco-friendly 
approaches to aquaculture wastewater treatment: assessment of 
natural coagulants vis-a-vis chitosan. Bioresour Technol Rep 
15:100702. https://​doi.​org/​10.​1016/j.​biteb.​2021.​100702

Iwuozor KO, Adeniyi AG, Emenike EC et al (2023) Prospects and chal-
lenges of utilizing sugarcane bagasse as a bio-coagulant precursor 
for water treatment. Biotechnol Rep 39:e00805. https://​doi.​org/​10.​
1016/j.​btre.​2023.​e00805

Karnena MK, Saritha V (2022) Contemplations and investigations 
on green coagulants in treatment of surface water: a criti-
cal review. Appl Water Sci 12:150. https://​doi.​org/​10.​1007/​
s13201-​022-​01670-y

Khan MT, Ahmad M, Hossain F et al (2023) Microplastic removal by 
coagulation: a review of optimizing the reaction conditions and 
mechanisms. Water Emerg Contam Nanoplastics 2:22. https://​doi.​
org/​10.​20517/​wecn.​2023.​39

Koul B, Bhat N, Abubakar M et al (2022) Application of natural coagu-
lants in water treatment: a sustainable alternative to chemicals. 
Water (Switzerland) 14:3751. https://​doi.​org/​10.​1016/​B978-0-​12-​
822933-​0.​00012-7

Kurniawan SB, Imron MF, Chik CENCE et al (2022) What compound 
inside biocoagulants/bioflocculants is contributing the most to 
the coagulation and flocculation processes? Sci Total Environ 
806:150902. https://​doi.​org/​10.​1016/j.​scito​tenv.​2021.​150902

Lapointe M, Jahandideh H, Farner JM, Tufenkji N (2022) Super-bridg-
ing fibrous materials for water treatment. NPJ Clean Water 5:11. 
https://​doi.​org/​10.​1038/​s41545-​022-​00155-4

Lapointe M, Kurusu RS, Hernandez LM, Tufenkji N (2023) Removal 
of classical and emerging contaminants in water treatment using 
super-bridging fiber-based materials. ACS ES&T Water 3:377–
386. https://​doi.​org/​10.​1021/​acses​twater.​2c004​43

Leiviskä T, Santos SCR (2023) Purifying water with plant-based sus-
tainable solutions: tannin coagulants and sorbents. Groundw Sus-
tain Dev 23:101004. https://​doi.​org/​10.​1016/j.​gsd.​2023.​101004

Li P, Zhang J, Shen Y et al (2024) Efficient, quick, and low-carbon 
removal mechanism of microplastics based on integrated gel coag-
ulation-spontaneous flotation process. Water Res 259:121906. 
https://​doi.​org/​10.​1016/j.​watres.​2024.​121906

Lotfigolsefidi F, Davoudi M, Sarkhosh M, Bonyadi Z (2025) Removal 
of microplastics by algal biomass from aqueous solutions: perfor-
mance, optimization, and modeling. Sci Rep 15:501. https://​doi.​
org/​10.​1038/​s41598-​024-​84114-8

Magalhães S, Paciência D, Rodrigues JMM et al (2024) Insights on 
microplastic contamination from municipal and textile industry 
effluents and their removal using a cellulose-based approach. Pol-
ymers (Basel) 16:2803. https://​doi.​org/​10.​3390/​polym​16192​803

Magalhães S, Norgren M, Alves L et al (2025) Tailored cellulose-
based flocculants for microplastics removal: mechanistic insights, 
pH influence, and efficiency optimization. Powder Technol 
456:120838. https://​doi.​org/​10.​1016/j.​powtec.​2025.​120838

Mamun AA, Prasetya TAE, Dewi IR, Ahmad M (2023) Microplastics 
in human food chains: food becoming a threat to health safety. 

Sci Total Environ 858:159834. https://​doi.​org/​10.​1016/j.​scito​tenv.​
2022.​159834

Mebarki M, Joge Ngale G, Lapointe M (2025) Fibrous super-bridging 
agents simultaneously improve contaminants removal and sludge 
dewatering via a very compact three-in-one process. NPJ Clean 
Water 8:11. https://​doi.​org/​10.​1038/​s41545-​025-​00445-7

Morales D (2021) Oak trees (Quercus spp.) as a source of extracts with 
biological activities: a narrative review. Trends Food Sci Technol 
109:116–125. https://​doi.​org/​10.​1016/j.​tifs.​2021.​01.​029

Nabi I, Bacha A, Zhang L (2022) A review on microplastics separation 
techniques from environmental media. J Clean Prod 337:130458. 
https://​doi.​org/​10.​1016/j.​jclep​ro.​2022.​130458

Nakazawa Y, Abe T, Matsui Y et al (2021) Differences in removal rates 
of virgin/decayed microplastics, viruses, activated carbon, and 
kaolin/montmorillonite clay particles by coagulation, flocculation, 
sedimentation, and rapid sand filtration during water treatment. 
Water Res 203:117550. https://​doi.​org/​10.​1016/j.​watres.​2021.​
117550

Nayeri D, Mousavi SA (2022) A comprehensive review on the coagu-
lant recovery and reuse from drinking water treatment sludge. J 
Environ Manag 319:115649. https://​doi.​org/​10.​1016/j.​jenvm​an.​
2022.​115649

Ojha PC, Satpathy SS, Ojha R et al (2024) Insight into the removal of 
nanoplastics and microplastics by physical, chemical, and biologi-
cal techniques. Environ Monit Assess 196:1055. https://​doi.​org/​
10.​1007/​s10661-​024-​13247-0

Owodunni AA, Ismail S (2021) Revolutionary technique for sustain-
able plant-based green coagulants in industrial wastewater treat-
ment—a review. J Water Process Eng 42:102096. https://​doi.​org/​
10.​1016/j.​jwpe.​2021.​102096

Panigrahi C, Kamal S, Qin J et al (2024) Removal of pristine and UV-
weathered microplastics from water: Moringa oleifera seed pro-
tein as a natural coagulant. Environ Eng Sci 41:477–489. https://​
doi.​org/​10.​1089/​ees.​2024.​0135

Pareek A, Pant M, Gupta MM et  al (2023) Moringa oleifera: an 
updated comprehensive review of its pharmacological activities, 
ethnomedicinal, phytopharmaceutical formulation, clinical, phyto-
chemical, and toxicological aspects. Int J Mol Sci 24:2098. https://​
doi.​org/​10.​3390/​ijms2​40320​98

Peydayesh M, Suta T, Usuelli M et al (2021) Sustainable removal of 
microplastics and natural organic matter from water by coagula-
tion-flocculation with protein amyloid fibrils. Environ Sci Technol 
55:8848–8858. https://​doi.​org/​10.​1021/​acs.​est.​1c019​18

Prasetyo S, Santos CA, Sugih AK, Kristianto H (2025) Utilization 
of chitosan as a natural coagulant for polyethylene microplastic 
removal. Sustain Chem Environ 9:100225. https://​doi.​org/​10.​
1016/j.​scenv.​2025.​100225

Raj S, Mahanty B, Hait S (2024) Coagulative removal of polystyrene 
microplastics from aqueous matrices using FeCl3-chitosan system: 
experimental and artificial neural network modeling. J Hazard 
Mater 468:133818. https://​doi.​org/​10.​1016/j.​jhazm​at.​2024.​133818

Ramakrishnan D, Sathiyamoorthy M (2025) Enhancing the remedia-
tion of polyamide microplastics: a comparative study of natural 
and synthetic coagulants. Front Environ Sci 13:1620074. https://​
doi.​org/​10.​3389/​fenvs.​2025.​16200​74

Rodrigues F, Faria M, Mendonça I et al (2024) Efficacy of bacterial cel-
lulose hydrogel in microfiber removal from contaminated waters: 
a sustainable approach to wastewater treatment. Sci Total Environ 
919:170846. https://​doi.​org/​10.​1016/j.​scito​tenv.​2024.​170846

Sönmez VZ, Akarsu C, Sivri N (2025) Rhamnolipid: nature-based 
solution for the removal of microplastics from the aquatic envi-
ronment. Integr Environ Assess Manag 21:350–359. https://​doi.​
org/​10.​1093/​inteam/​vjae0​37

https://doi.org/10.1016/j.scitotenv.2022.157829
https://doi.org/10.1016/j.scitotenv.2022.157829
https://doi.org/10.1016/j.seppur.2023.124045
https://doi.org/10.1016/j.jwpe.2023.103929
https://doi.org/10.1016/j.biteb.2021.100702
https://doi.org/10.1016/j.btre.2023.e00805
https://doi.org/10.1016/j.btre.2023.e00805
https://doi.org/10.1007/s13201-022-01670-y
https://doi.org/10.1007/s13201-022-01670-y
https://doi.org/10.20517/wecn.2023.39
https://doi.org/10.20517/wecn.2023.39
https://doi.org/10.1016/B978-0-12-822933-0.00012-7
https://doi.org/10.1016/B978-0-12-822933-0.00012-7
https://doi.org/10.1016/j.scitotenv.2021.150902
https://doi.org/10.1038/s41545-022-00155-4
https://doi.org/10.1021/acsestwater.2c00443
https://doi.org/10.1016/j.gsd.2023.101004
https://doi.org/10.1016/j.watres.2024.121906
https://doi.org/10.1038/s41598-024-84114-8
https://doi.org/10.1038/s41598-024-84114-8
https://doi.org/10.3390/polym16192803
https://doi.org/10.1016/j.powtec.2025.120838
https://doi.org/10.1016/j.scitotenv.2022.159834
https://doi.org/10.1016/j.scitotenv.2022.159834
https://doi.org/10.1038/s41545-025-00445-7
https://doi.org/10.1016/j.tifs.2021.01.029
https://doi.org/10.1016/j.jclepro.2022.130458
https://doi.org/10.1016/j.watres.2021.117550
https://doi.org/10.1016/j.watres.2021.117550
https://doi.org/10.1016/j.jenvman.2022.115649
https://doi.org/10.1016/j.jenvman.2022.115649
https://doi.org/10.1007/s10661-024-13247-0
https://doi.org/10.1007/s10661-024-13247-0
https://doi.org/10.1016/j.jwpe.2021.102096
https://doi.org/10.1016/j.jwpe.2021.102096
https://doi.org/10.1089/ees.2024.0135
https://doi.org/10.1089/ees.2024.0135
https://doi.org/10.3390/ijms24032098
https://doi.org/10.3390/ijms24032098
https://doi.org/10.1021/acs.est.1c01918
https://doi.org/10.1016/j.scenv.2025.100225
https://doi.org/10.1016/j.scenv.2025.100225
https://doi.org/10.1016/j.jhazmat.2024.133818
https://doi.org/10.3389/fenvs.2025.1620074
https://doi.org/10.3389/fenvs.2025.1620074
https://doi.org/10.1016/j.scitotenv.2024.170846
https://doi.org/10.1093/inteam/vjae037
https://doi.org/10.1093/inteam/vjae037


	 International Journal of Environmental Science and Technology (2026) 23:313313  Page 26 of 26

Tabinda AB, Maqsood A, Ansar J et al (2025) Assessment and treat-
ment of microplastics in different environmental compartments of 
Kallar Kahar Lake-a case study. Environ Monit Assess 197:271. 
https://​doi.​org/​10.​1007/​s10661-​025-​13713-3

Tang S, Gao L, Zhao T, Tian A (2024) Enhancing the removal effi-
ciency of microplastics in drinking water treatment. J Water Pro-
cess Eng 57:104630. https://​doi.​org/​10.​1016/j.​jwpe.​2023.​104630

Tijjani Usman IM, Ho YC, Baloo L et al (2023) Comprehensive review 
of modification, optimisation, and characterisation methods 
applied to plant-based natural coagulants (PBNCs) for water and 
wastewater treatment. Sustainability 15:4484

Wang C, Zhao J, Xing B (2021) Environmental source, fate, and toxic-
ity of microplastics. J Hazard Mater 407:124357. https://​doi.​org/​
10.​1016/j.​jhazm​at.​2020.​124357

Wibowo YG, Lululangin BRG, Safitri H et al (2023) Rapid and highly 
efficient adsorption of dye and heavy metal on low-cost adsor-
bent derived from human feces and Chlorella vulgaris. Environ 
Nanotechnol Monit Manag 20:100905. https://​doi.​org/​10.​1016/j.​
enmm.​2023.​100905

Wiśniowska E, Moraczewska-Majkut K, Nocoń W, Popenda A (2024) 
Microplastics removal from natural surface water by coagulation 
process. Desalin Water Treat 319:100462. https://​doi.​org/​10.​
1016/j.​dwt.​2024.​100462

Yu Z, Li X, Li Z et al (2024) Behaviour of M. aeruginosa—micro-
plastic composite pollutants in coagulation and sludge storage. 
Sci Total Environ 955:177176. https://​doi.​org/​10.​1016/j.​scito​tenv.​
2024.​177176

Zahmatkesh Anbarani M, Esmaeili Nasrabadi A, Bonyadi Z (2023) 
Use of Saccharomyces cerevisiae as new technique to remove 
polystyrene from aqueous medium: modeling, optimization, and 
performance. Appl Water Sci 13:166. https://​doi.​org/​10.​1007/​
s13201-​023-​01970-x

Zhang Y, Fu S, Chen L (2024) Enhanced removal of polystyrene 
microplastics through coagulation using polyaluminum ferric 
chloride with Opuntia Milpa Alta particles. J Environ Chem Eng 
12:113802. https://​doi.​org/​10.​1016/j.​jece.​2024.​113802

Zhao H, Sun S, Cui Y et al (2024) Sustainable production of bacterial 
flocculants by nylon-6,6 microplastics hydrolysate utilizing Bru-
cella intermedia ZL-06. J Hazard Mater 465:133435. https://​doi.​
org/​10.​1016/j.​jhazm​at.​2024.​133435

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s10661-025-13713-3
https://doi.org/10.1016/j.jwpe.2023.104630
https://doi.org/10.1016/j.jhazmat.2020.124357
https://doi.org/10.1016/j.jhazmat.2020.124357
https://doi.org/10.1016/j.enmm.2023.100905
https://doi.org/10.1016/j.enmm.2023.100905
https://doi.org/10.1016/j.dwt.2024.100462
https://doi.org/10.1016/j.dwt.2024.100462
https://doi.org/10.1016/j.scitotenv.2024.177176
https://doi.org/10.1016/j.scitotenv.2024.177176
https://doi.org/10.1007/s13201-023-01970-x
https://doi.org/10.1007/s13201-023-01970-x
https://doi.org/10.1016/j.jece.2024.113802
https://doi.org/10.1016/j.jhazmat.2024.133435
https://doi.org/10.1016/j.jhazmat.2024.133435

	Natural-based coagulantsflocculants for microplastics and nanoplastics removal via coagulation–flocculation: a systematic review
	Abstract
	Graphical abstract

	Introduction
	Methodology
	Identification
	Screening
	Data extraction and analysis

	Results and discussion
	List of included studies
	Classification of natural-based coagulantsflocculants
	Plant-derived
	Animal-derived
	Microbial-derived

	Comparison of conventional and natural-based coagulantsflocculants
	Removal mechanism
	Charge neutralization and electrostatic patching
	Adsorption bridging
	Sweep flocculation
	Netting-bridging

	Factors affecting removal performance
	pH
	Coagulantsflocculants dosage
	Interfering substances
	Stirring speed and duration
	MPs and NPs properties
	Temperature


	Key challenges
	Future perspectives
	Conclusion
	Acknowledgements 
	References




