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ABSTRACT

The use of plants as biocoagulants in water/wastewater treatment is currently emerging. This review article
explores the potential of each plant’s part functioning as a biocoagulant for pollutant removal. Bibliometric
analysis was employed to analyze the development of research in natural and biocoagulants, while descriptive
analysis was used to clearly juxtapose the performance of each plant’s part in treating water/wastewater. Bib-
liometric findings reveal a high increment in the publication of natural coagulants in the year 2016. The key-
words of flocculation, pH, turbidity, and water purification are mentioned to be the closest node related to the
coagulation. Comparison between plant parts showed that research on seeds is dominating the previous literature
(26.31 %), followed by leaves (10.89 %) and peels (5.75 %). Overall performance analysis showed that plant
biocoagulants are superior in removing turbidity (median 83.45 %), while the performance of removing total
suspended solids, chemical oxygen demand, and biological oxygen demand are also considerably good (mean
68.38 %, 71.36 %, 67.16 %, respectively). The seeds and other parts of the plants showed the highest removal of
turbidity among other parts (mean of removal 90 % and median >90 %). Other parts of the plants are composed
mostly of plant extracts, including mucilage (18.47 %), gum (9.67 %), starch (8.36 %), etc. (10.37 %). Overall,
the effectiveness of plant biocoagulants in removing pollutants varies compared to that of commercially available
coagulants. The current development of biocoagulants indicates that research is currently in the integration and
hybridization stage. Future approaches are suggested to focus on upscaling the treatment to an industrial scale,
simplifying the extraction procedures, and conducting species-specific analysis to enhance and polish the current
knowledge of plant bicocoagulants in water/wastewater treatment.

1. Introduction

coagulants, such as ferric/ferrous (FeCls, FeCly, FeSO4) and aluminum
salts (Alx(SO4)3, AlCl3), are often used because they are effective in

In removing suspended particles from water and wastewater, settling
methods become inadequate when the suspension contains fine/ultra-
fine and colloidal particles [94]. In that case, coagulation and floccu-
lation are one of the main treatments often used in water and
wastewater treatment to remove suspended particles [22]. Chemical

aggregating suspended and colloidal particles [65]. However, the res-
idue generated from the process is non-biodegradable, which requires
further treatment [49]. On the other hand, aluminum is reported to have
an important role as a mediator in Alzheimer’s disease [104]. Therefore,
a bio-based coagulant is recommended as an alternative to reduce the

Abbreviations: BOD, Biological oxygen demand; COD, Chemical oxygen demand; G, Velocity gradient; g/L, gram per liter; mg/L, milligram per liter; pH, potential
of hydrogen; RM, Rapid mixing; rpm, Rotation per minute; SM, Slow mixing; ST, Sedimentation time; TSS, Total suspended solids.
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negative impact of the process.

Currently, biocoagulants produced from animals, plants, and mi-
croorganisms have been promising to replace chemical coagulants in
water and wastewater treatment because of their ability to remove
suspended solids, organic compounds, and turbidity with high efficiency
[47]. However, biocoagulants extracted from plants are most investi-
gated due to their abundance, and the resulting residues are biode-
gradable [83]. Previous literature reported that plant-extracted
coagulants contain proteins and carbohydrates that have the potential to
act as active compounds in the aggregation process of suspended par-
ticulates and colloids through mechanisms such as charge neutraliza-
tion, bridging, and adsorption [7,15].

Some researchers reported that all parts of the plant, including seeds,
leaves, stems, and peels, can be extracted and potentially used as a
biocoagulant, such as research from Ahmed et al. [8], where bio-
coagulants extracted from Moringa oleifera leaves can reduce TSS, BOD,
and COD by >70 % from domestic wastewater. On the other hand,
Getahun et al. [36] reported that biocoagulants extracted from Moringa
stenopetala seeds were also able to remove turbidity and color of wet
coffee processing wastewater by >95 %. Dharsana and Prakash [27] also
reported that biocoagulant from banana peel was also able to reduce the
turbidity of river water by 83 %. It was indicated that every part of the
plant has potential as a biocoagulant.

Many review articles have reported the potential of plants as bio-
coagulants. Most of them only focus on the ability to remove pollutants
in general, the extraction methods, and the removal mechanisms.
However, deeper discussions related to which plant parts have the most
potential as biocoagulants are minimal and only found in research ar-
ticles within their discussions. Therefore, to fill the gap, this review
paper aims to investigate which plant parts have the most potential to be
used as biocoagulants to treat water or wastewater. This review sum-
marizes and compares the performance of each part of the plants from
previously published literature in removing pollutants. On the other
hand, the current development of plant biocoagulant is also discussed. In
the end, future approaches and recommendations for research are also
presented in this paper.

2. Materials and methods
2.1. Data identification and determination criteria

This comprehensive review has three main analyses to answer the
questions: (i) What is the current status of plant-based coagulant
application for water and wastewater treatment in the world? (ii) What
parts of plants are used the most for biocoagulant? (iii) How does the
selection of the plant’s part as a coagulant affect the overall performance
in water and wastewater treatment? This article used the hypothesis that
a specific plant’s part is being used as a coagulant over the other parts
and that the appropriate selection of the plant’s part affects the overall
plant-based coagulant’s performance. To answer the main questions,
this study employs VOS viewers to assess the co-occurrence of the
related keywords and terms used in the last 15 years [80]. PRISMA 2020
was used as a basic methodology in the identification, determination,
and analysis of the literature used to construct research novelty [42].

In the identification stage, the SCOPUS database was used as the
main population [52,73]. Article metadata was extracted on 1-25 March
2025. The search criteria of “bio coagulant” or “natural coagulant” were
used to assess the number of publications for the last 15 years. A number
of papers were exported as a .csv file, which was then used to generate a
graph of the number of publications over time. In the determination
stage, additional criteria of (i) Abstract, title, or keywords containing
“plant” word; (ii) Manuscript mentions the utilization of specific plant’s
part as coagulant; (iii) English is the main language of the manuscript;
(iv) Paper are published between 2010 and 2025 (Past 15 years); were
included to attain focused discussion. In this stage, the first and second
authors (SBK and MFI) were responsible for determining the used
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literature based on the given constraint for further analysis.
2.2. Data analysis

The selected paper’s metadata was exported from the SCOPUS
database as a .ris file. VOS viewer was then used to construct keyword
and term co-occurrence maps [58]. Minimum co-occurrence was set to
20, with full counting set for keyword co-occurrence and binary
counting set for term co-occurrence analyses [105]. Overlap maps were
generated for both of the co-occurrence maps [87].

In the analysis stage, qualitative content analysis was used to
describe the generated co-occurrence maps to clearly show the current
status of plant-based coagulant utilization in water and wastewater
treatment [19]. Descriptive cluster and link correlation analyses were
used to explain the co-occurrence maps qualitatively [103]. To analyze
the distribution of the plant’s part used as a coagulant, obtained data
was then refined by applying further search criteria of (i) Seeds or seed,
(ii) Leaf or leaves, (iii) Shell or shells or pod or pods, (iv) Stem or stems;
and (v) Flower or flowers; which then later be used to categorize the
findings. The selected plant parts are obtained based on the previous
literature study.

Further analysis was carried out by using a comparative method to
juxtapose the different plant parts’ performance as coagulants [91].
Descriptive analysis was then used to provide current development and
future research approaches [101]. The conclusion was then structured to
answer all the above-mentioned questions based on the obtained
findings.

3. Results and discussions
3.1. Bibliometric findings on the development of biocoagulant research

The selected criteria of “bio coagulant” resulted in 436 documents
(336 research, 41 reviews, and 59 others), while the criteria of “natural
coagulant” resulted in 2385 documents (1802 research, 174 reviews,
and 409 others) for the past 15 years. The number of publications per
annum for the last 15 years is illustrated in Fig. 1.

Fig. 1 shows that research on “bio coagulant” and “natural coagu-
lant” is gaining interest over the past 15 years. A high increment of
publication in both keywords appears from 2015 onwards, suggesting
the rise of eco-friendly coagulants for water treatment. In terms of
keyword selection, natural coagulant is far more used as compared to
the bio coagulant. After refinement by applying “plant” search criteria
for both “bio coagulant” and “natural coagulant” the total document was
reduced to 523 articles in the last 15 years, concluding that approxi-
mately 25 % of the paper included in the identification phase discussing
plant-based coagulant. The keyword and term co-occurrence maps
produced using the selected 523 articles metadata are presented in
Fig. 2.

Based on the keyword co-occurrence map (Fig. 2a), coagulation is
the main link among other keywords (most occurring keywords in the
dataset). “Flocculation,” “pH,” “turbidity,” and “water purification” are
mentioned to be the closest node to the main link, suggesting that
coagulation is highly related to flocculation, while pH and turbidity
were the most analyzed parameter for water purification. “Plant
extract,” “natural coagulant,” “Moringa oleifera,” and “wastewater
treatment” are mentioned to be the raising topic on this link. Referring
to the plant-based coagulant, keywords of “seed,” “seeds,” “plant
extract,” “plant extracts,” and “Moringa oleifera” appeared to have high
co-occurrence among the selected articles (co-occurrence > 20) [105].
This result may suggest that the seed is the most utilized part of the plant
as a coagulant. In addition, plant extract (unspecified) is also mentioned
by most of the researchers discussing the plant-based coagulant.

Further analysis of the term co-occurrence map (Fig. 2b) revealed
that the keywords of "natural organic matter," "water treatment plant,"
"coagulation," "ferric chloride,” "poly aluminum chloride," and
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Fig. 1. Number of publications on “natural coagulant” and “bio coagulant” indexed by SCOPUS for the last 15 years.

"sedimentation" appeared to be established term among the selected
articles. The keywords “natural coagulant,” “Moringa oleifera,” “seeds,”
and “wastewater treatment” are among the currently emerging terms,
suggesting an increasing interest in eco-friendly coagulants for waste-
water treatment. The appearance of “M. oleifera,” “Moringa oleifera
seed,” “Moringa oleifera,” and “seed” in the co-occurrence link empha-
sizes that seed is the most used plant’s part as coagulant based on the
bibliometric finding. Besides the plant’s part, plant extract was also
highlighted in the term co-occurrence map as “tannin” showed 24 co-
occurrences, and “protein” showed 55 co-occurrences among the
selected articles. Additionally, M. oleifera was revealed as one of the
most used plant species to be used as a coagulant. Based on the term co-
occurrence map, the plant-based coagulant is also highly related to the
removal of turbidity, chemical oxygen demand, suspended solids, and
natural organic matter.

3.2. Selection of plant’s part based on literature

After applying the further criteria for plant’s part composition, seed
dominated the research by 26.31 %, followed by leaf (10.89 %), peel
(5.75 %), and stem 5.66 % as depicted in Fig. 3. Based on the compo-
sition, the “other parts” part comprises up to 46.86 % of the total arti-
cles. The majority of these “other parts” articles dealt with the plant
extracts, as previously highlighted in Fig. 2. Plant extracts, such as
mucilage, gum, and starch, are mentioned to be contributed to the
“other parts” with tannin [39], protein [11], and polysaccharides [33]
were obtained from the purification of the plant but the corresponding
extracted part was not specified or not mentioned in the title, abstract,
and also keyword sections.

3.3. Comparative performance of selected plant part as biocoagulant

To enhance the given discussion on the plant’s part selection for
biocoagulant, the performance of plant biocoagulant in treating several
pollutant parameters is tabulated in Table 1. In accordance with Fig. 3,
previous research also mentions much research about the utilization of
seed parts as coagulants for water/wastewater treatment. In addition to

that, Moringa sp. dominated the plant species used as a biocoagulant.
Moringa sp., especially its seeds, is known to contain a rich amount of
protein [51,86], which may function as a coagulating agent during the
treatment process.

Based on the summarized data, most of the articles discuss the per-
formance of biocoagulants in treating turbidity parameters, while some
of them also mention the removal of color, total suspended solids (TSS),
chemical oxygen demand (COD), and biological oxygen demand (BOD).
Turbidity removal varies from 0 to 99.99 %, while it ranges between 1.2
t0 99.24 % for TSS, from 14 to 99.89 % for COD, and from 14 % to 97.91
% for BOD. Plant biocoagulants also exhibit the potential to remove
some metal ions, oil, and nutrients. For comparison, alum removed
63.03 % COD and 91.64 % color from industrial wastewater [79], 90 %
turbidity from river water [69], 51.82 % TSS and 70.02 % COD from
palm oil mill effluent [92], 99.08 % turbidity, 98.71 % TSS, 97.29 %
color, and 75.31 % COD from aquaculture wastewater [6]. Table 1 is
also represented as boxplot charts, as shown in Fig. 4 and Fig. 5.

Based on Fig. 4, it can be seen that the highest removal of turbidity is
higher than the highest removal of TSS, COD, and BOD, as also observed
for the mean and median of removals. Some values of extremely low
outliers are observed for turbidity, TSS, and COD removals, which may
be subjected to different operational parameters and biocoagulant types.
From this finding, it can be concluded that plant biocoagulant showed
an exceptional performance for turbidity removal. However, high vari-
ability of the obtained turbidity removal may suggest a further optimi-
zation is needed to obtain more stable removal values. The COD and
BOD removal data are relatively more stable than turbidity. However, a
lower mean and median value may be subjected to the contribution of
plant biocoagulant itself to the organic matter, reducing the overall
performance of organic removal from water/wastewater. Since turbidity
removal data dominate the structure, further deeper analysis of the
performance of each plant part is conducted based on the turbidity
removal and summarized in Fig. 5.

Referring to Fig. 5, the highest turbidity removal is shown by the
seed part, with the highest mean obtained by both seeds and other parts
(90 %). In Fig. 5, data for turbidity removal by stem part is very limited
(only one data); thus, whiskers analysis cannot be conducted on this
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part. The most consistently high turbidity removal is obtained by other
parts, which shows the smallest removal range. However, some outliers
can be seen to be far below the range. Even though seeds have a bigger
range, and both seeds and other parts have the same mean, the median
of the data is higher on other parts. This suggests that other parts of the
plants (including mucilage, extract, etc.) performed more consistently in
terms of turbidity removal. Other parts category includes the extract of
some specific bioactive compounds, which may directly perform better
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as compared to a raw plant’s part. Since the other parts plot have two
outliers while seeds have no outliers, it can be said that the performance
of both of these parts is similar.

Protein is mentioned as one of the most contributed extracts from
plants part towards coagulation processes. It is a high molecular weight
complex molecule including several cationic functional groups [93].
This compound enhances the coagulation process by providing posi-
tively charged functional groups or by facilitating interparticle bridging
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within the suspension [53]. Following the protein, polysaccharides are
also mentioned to play crucial roles in the coagulation process by
facilitating charge neutralization, interparticle bridging, and complex-
ation [16,32].

Data of the flower part showed a tall bar with a very wide inter-
quartile gap, low mean, and also low median. This was due to a signif-
icant difference in the turbidity removal performance by Musa sp. flower
(>90 % efficiencies) and others (below 20 %). In general, flowers are
seen to contain a minimum amount of compound that can function as a
coagulant. However, there might be some specialties for Musa sp. spe-
cies, which then become future opportunities to conduct species-specific
research.

Since M. oleifera seems to be the most used species as a plant bio-
coagulant, while protein and polysaccharides were mentioned to play an
important role in coagulation and flocculation processes, Table 2 is
constructed based on the previous literature to analyze the composition
of these compounds in each part of the plants.

Based on Table 2, the seeds of M. oleifera are high in protein content,
which may be the basis for understanding why seeds are performing well
as plant biocoagulants. The presence of cationic protein may assist the
coagulation and flocculation processes by aiding the charge neutrali-
zation mechanism [10,98]. Leaves and peels of M. oleifera were also
mentioned to be rich in carbohydrates, which may also assist the
coagulation and flocculation processes via bridging mechanisms [24,
60]. Contradict record is obtained for shells/pods part of M. oleifera, in
which it shows low content of both protein and carbohydrate, yet it
performed better than leaves and peels as plant biocoagulants (Fig. 5).
Different plant species may pose different characteristics of their plants
part [40,53], which make the performance of pollutant removal distinct.
Similarly, the content of protein and carbohydrate in flower parts of
M. oleifera is considerably high as compared to other parts, but the use of
M. oleifera’s flower as plant biocoagulant is currently limited, and flower
parts shows a very inconsistent performance of pollutant removal based
on Fig. 5.

3.4. Current development and challenges of plant biocoagulant

Research on plant biocoagulants is not new and has already passed
some development stages (Fig. 6). Fig. 6 depicts the progression of plant
biocoagulants from conventional usage to contemporary hybrid appli-
cations. Plant biocoagulants were originally employed in ancient times
for domestic purposes, highlighting their historical importance in water
purification. As understanding advanced, their application broadened to
small-scale industries, especially in food processing, where plant ex-
tracts functioned as natural coagulating agents. This initiated a research
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development phase, wherein plants were identified as feasible sub-
stitutes for synthetic coagulants in wastewater treatment, generating
interest in their extensive environmental uses.

Subsequently, efforts were directed towards process improvement,
concentrating on identifying critical aspects affecting the performance
of plant biocoagulants, including dose, pH sensitivity, and many more.
Currently, hybridization entails the amalgamation of plant-derived bio-
coagulants with other treatment methods, like wetlands for resource
reclamation and nanocomposites for more sophisticated and advanced
removal, to improve efficiency and sustainability. This advancement
underscores a transition towards environmentally sustainable and
innovative water treatment systems in accordance with sustainable
development objectives.

Referring to Section 3.3, it is clear that plant variability significantly
impacts the effectiveness of the plant biocoagulant in removing pollut-
ants. Different plant species, and even variations from different sources
within the same species, have shown distinct coagulation performances
[3]. It may also be influenced by several factors, such as the plant’s age
and the season of collection. The differences in overall performance,
even within the same species, result from the varying biochemical
properties of the selected plant part used as a biocoagulant [74].

Some of the used plant parts as biocoagulant are actually edible and
serve medicinal purposes, which raises the potential for competition
with food and medicinal resources. For example, M. oleifera seeds are
known as an antioxidant agent that is widely used in the supplement
industry [37]. However, the shells of these plants are considered
byproducts [20]. The use of banana and cassava peels also poses mini-
mal potential food competition since waste is being used as plant bio-
coagulant materials [27,48]. Appropriate selection of the plant’s part to
be used as biocoagulant is a crucial step to avoid potential competition.

As also discussed by Ahmad et al. [7], there is currently no stan-
dardized procedure for the extraction of plant biocoagulant. There is no
protocol for extracting specific species and their respective plant parts to
achieve the best yield of bioactive compounds. The extraction of
bioactive compounds has demonstrated relatively higher efficiency in
pollutant removal due to the direct utilization of functional compounds
as biocoagulant [4]. Given that the extraction of plant parts for use as
biocoagulant is costly and time-consuming, selecting appropriate spe-
cies may reduce the time and resources required, ultimately lowering
extraction costs.

Currently, the average price of alum varies between 2 and 5.8 USD/
kg [48,61], while the cost of dried plant biocoagulants is higher, esti-
mated to be 3.3 USD/kg for cassava peels [48] and up to 52.3 USD/kg
for okra shells [56]. Even though the cost of materials is relatively high,
the operational cost of plant biocoagulant is estimated to be lower. The
use of commercially available coagulants, such as alum and ferric
chloride, generated sludge that contains metals (Al, Fe, etc.), which
makes it harder for further utilization (especially using anaerobic
digestion) and disposal [50,106]. The overall operational costs of
coagulation and flocculation in wastewater treatment are calculated to
be 1.5 USD/m°® for alum, 1.5 USD/m® for M. oleifera, and 0.025 for
USD/m? avocado seed extract [106]. A comprehensive techno-economic
analysis of the capital and operational costs of using plant biocoagulant
in coagulation-flocculation is currently still limited, which needs to be
explored further.

3.5. Future approaches

The efficacy of plant-based coagulants in removing pollutants,
particularly turbidity and suspended solids, is indisputable. Nonethe-
less, the majority of the documented investigations were performed at a
laboratory scale, and the use of plant-based coagulants in a true indus-
trial context remains constrained. One of the pilot-scale research used
tannin derived from bark (Acacia mearnsii) and wood (Schinopsis bal-
ansae), revealing divergent results compared to the majority of
laboratory-scale studies [39]. Multiple aspects must be taken into
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Table 1
Performance of plant biocoagulant in treating water pollutants.
Plant species Part Operational condition* Used for Removal Reference
Pine Cones Dose 50 mL/L Industrial wastewater Zinc 98.82 % [13]
pH 10 Copper 90.58 %
ST 30 min
Pine Cones Dose 3 g/L Industrial wastewater COD 76 % [2]
pH 8.83
RM 200 rpm 5 min
SM 90 rpm 15 min
ST 60 min
Corn and potato Extracts (starch) RM 300 rpm 1 min Artificial turbid wastewater Turbidity 97.57 % [76]
SM 60 rpm 25 min Color 73.28 %
Cotton Extracts RM 200 rpm 1 min Drinking water Turbidity 90 % [25]
SM 60 rpm 3 min
ST 30 min
Moringa oleifera Extracts RM 245 rpm 2 min Steelworks wastewater Oil 67 % [57]
SM 45 rpm 15 min
Palm petiole Extracts (lignin) Concentration 300-1000 mg/L  Artificial turbid and dye wastewater Turbidity 98.2 % [107]
RM 300 rpm 3 min
SM 60 rpm 20 min
ST 60 min
Spirodela polyrhiza Extracts RM 200 rpm 1 min Urban wastewater COD 73.22 % [75]
SM 10 rpm 30 min
ST 60 min
Ziziphus mauritiana Extracts RM 200 rpm 1 min Urban wastewater COD 82.48 % [751
SM 10 rpm 30 min
ST 60 min
Allamanda cathartica Flower - Groundwater Turbidity 0 % [26]
TSS 1.2 %
Calotropis Procera Flower RM 100 rpm 2 min Artificial turbid wastewater Turbidity 20 % [77]
SM 35 rpm 20 min
ST 30 min
Hibiscus rosasinenensis Flower - Groundwater Turbidity 0 % [26]
TSS 5.6 %
Ixora coccinea Flower - Groundwater Turbidity 0 % [26]
TSS 12 %
Musa sp. Flower - Iron ore wastewater Turbidity 98.73 % [18]
TSS 99.24 %
Musa sp. Flower pH 6.25 Iron ore wastewater Turbidity 97.58 % [97]
Mixing speed 85 rpm
Aloe vera Gum Dose 0.8 mL/L Artificial turbid wastewater Turbidity 99.13 % [14]
pH 12 TSS 94.0 %
Cassia obtusifolia Gum RM 150 rpm 5 min Artificial turbid wastewater TSS 86.9 % [102]
SM 50 rpm 25 min COD 36.2 %
ST 5 min
Cassia obtusifolia Gum RM 150 rpm 5 min Agro-industrial wastewater TSS 93.92 % [85]
SM 10 rpm 15 min COD 61.15 %
Cassia obtusifolia Gum RM 150 rpm 5 min Industrial wastewater TSS 87.3 % [88]
SM 10 rpm 15 min COD 40.2 %
Cassia obtusifolia Gum RM 150 rpm 5 min Agro-industrial wastewater TSS 80 % [84]
SM 15 rpm 30 min COD 47 %
ST 60 min
Fenugreek Gum RM 295 rpm 3 min Arsenic-containing wastewater As 90 % [99]
SM 25 rpm 20 min
Flaxseed Gum RM 295 rpm 3 min Arsenic-containing wastewater As 90 % [99]
SM 25 rpm 20 min
Sesbania Gum RM 150 rpm 1 min Drinking water Turbidity 98.3 % [21]
SM 30 rpm 15 min
Mangifera indica Kernels Dose 0.5 g/L Artificial turbid wastewater Turbidity 92.9 % [71]
Mixing 30 min
ST12h
Azadirachta indica Leaves RM 180 rpm 5 min Artificial turbid wastewater Turbidity 67.2 % [46]
SM 50 rpm 15 min
ST 30 min
Conocarpus lancifolius Leaves RM 180 rpm 5 min Artificial turbid wastewater Turbidity 75.5 % [46]
SM 50 rpm 15 min
ST 30 min
Mixed neem, cassava, and wild betel Leaves Dose 0.79 mg/L Aquaculture wastewater Turbidity 85.17 % [6]
RM 180 rpm 3 min TSS 80.28 %
SM 10 rpm 20 min Color 59.42 %
ST 30 min COD 54.63 %
Moringa oleifera Leaves Dose 0.1 - 1.5 g/L Domestic wastewater Turbidity 53.7 % [8]

RM 300 rpm 1 min
SM 300 rpm 30 min
ST 45 min

TSS 71.9 %
COD 71.9 %
BOD 71.47 %

(continued on next page)
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Plant species Part Operational condition* Used for Removal Reference
Neem Leaves Dose 0.31 mg/L Aquaculture wastewater Turbidity 82.7 % [5]
RM 180 rpm 3 min TSS 81.4 %
SM 10 rpm 20 min Color 65.8 %
ST 30 min
Piper sarmentosum Leaves Dose 2 g/L Coffee processing wastewater Turbidity 66.9 % [83]
RM 300 rpm 5 min
SM 180 rpm 30 min
ST 30 min
Trichanthera gigantea Leaves Dose 1.5 g/L Coffee processing wastewater Turbidity 63.3 % [83]
RM 300 rpm 5 min
SM 180 rpm 30 min
ST 30 min
Ziziphus spina-christi Leaves Dose 0.5 g/L River water COD 14 % [66]
BOD 32.42 %
Aloe vera Mucilage Dose 1.65 g/L Coffee processing wastewater Turbidity 96.74 % [36]
pH 8.94 Color 99.99 %
SM 70 rpm 19 min
Aloe vera Mucilage Dose 1.65 g/L Coffee processing wastewater COD 96.94 % [35]
pH 8.94
SM 70 rpm 19 min
Austrocylindropuntia subulata Mucilage Dose 160 g/L Artificial turbid wastewater Turbidity 99 % [64]
RM 200 rpm 2 min
SM 40 rpm 30 min
Cactus Mucilage RM 100 rpm 2 min Textile wastewater Turbidity 53.19 % [100]
SM 40 rpm 60 min TDS 97 %
COD 25.37 %
Hylocereus undatus Mucilage RM 200 rpm 1 min Dye wastewater Turbidity 95 % [55]
SM 40 rpm 10 min
ST 60 min
Lallemantia Mucilage RM 120 rpm 5 min Saline oily wastewater COD 87.35 % [16]
SM 40 rpm 45 min
ST 60 min
Okra Mucilage RM 200 rpm 5 min Palm oil mill effluent TSS 88.19 % [59]
SM 30 rpm 30 min COD 30.56 %
Stenocereus griseus Mucilage RM 100 rpm 1 min Domestic wastewater Turbidity 67.24 % [29]
SM 40 rpm 30 min TSS 70.42 %
ST 60 min Color 72.12 %
COD 67.87 %
Artocarpus heterophyllus Peels RM 100 rpm 4 min Artificial turbid wastewater Turbidity 75 % [78]
SM 40 rpm 25 min
ST 60 min
Banana Peels RM 200 rpm 2 min River water Turbidity 83 % [27]
SM 20 rpm 10 min
ST 30 min
Cassava Peels Dose 500 mg/L Domestic wastewater Turbidity 77.04 % [48]
RM 50-200 rpm 1-2 min TSS 83.45 %
SM 20-50 rpm 30 min COD 30.43 %
ST 60 min
Guarana Peels RM 160 rpm 1 min Domestic wastewater Turbidity 88 % [28]
SM 40 rpm 15 min
ST 120 min
Hylocereus undatus Peels RM 200 rpm 1 min Dye wastewater Turbidity 90 % [67]
SM 30 rpm 10 min TSS 70 %
COD 20 %
Musa balsibiana Peels Dose 15 mL/L Lake water Turbidity 87.13 % [43]
RM 200 rpm 5 min TSS 82.15 %
SM 40 rpm 10 min
ST 15 min
Pomegranate Peels Dose 0.1 - 1.5 g/L Domestic wastewater Turbidity 85.18 % [8]
RM 300 rpm 1 min TSS 85 %
SM 300 rpm 30 min COD 88.09 %
ST 45 min BOD 97.91 %
Arachis hypogea Seeds Dose 15 mg/L River water Turbidity 75.4 % - 85.0 % [9]
SM 40 rpm 15 min
ST 30 min
Avocado Seeds Dose 900 mg/L Artificial turbid and dye wastewater Turbidity 99.64 % [106]
pHO9
Cassia fistula Seeds Dose 0.6 g/L Artificial Cu-containing wastewater Copper 45.43 % [23]
RM 200 rpm 5 min
SM 20 rpm 5 min
ST 30 min
Cassia fistula Seeds Dose 12.3 g/L Textile wastewater Color 94 % [68]

RM 200 rpm 5 min
SM 20 rpm 5 min
ST 30 min

(continued on next page)
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Plant species Part Operational condition* Used for Removal Reference
Cyamopsis tetragonoloba Seeds RM 200 rpm 1 min Domestic wastewater COD 73.22 % [75]
SM 10 rpm 30 min
ST 60 min
Date Seeds RM 200 rpm 15 min Industrial wastewater TSS 99 % [1]
SM 60 rpm 30 min COD 59.45 %
ST 60 min
Grape Seeds SM 3 - 30 min Artificial Cr-containing wastewater Cr 99.7 % [30]
ST 30 min—24 h
Moringa oleifera Seeds RM 200 rpm 3 min Hospital wastewater Turbidity 86.11 % [70]
SM 45 rpm 30 min COD 60.12 %
ST 60 min
Moringa oleifera Seeds RM 226 rpm 3 min Oil and grease containing wastewater ~ Oil 82.43 % [62]
SM 90 rpm 4 min
Moringa oleifera Seeds RM 200 rpm 3 min Hospital wastewater Turbidity 64 % [70]
SM 45 rpm 30 min COD 38.36 %
ST 60 min
Moringa oleifera Seeds RM 200 rpm 3 min River water Turbidity 88.5 % [45]
SM 45 rpm 30 min Color 87.1 %
ST 60 min TDS 92.1 %
COD 52.6 %
Moringa stenopetala Seeds Dose 0.82 g/L Coffee processing wastewater Turbidity 98.37 % [36]
pH 8.76 Color 98.53 %
SM 73 rpm 28 min
Moringa stenopetala Seeds Dose 0.82 g/L Coffee processing wastewater COD 98 % [35]
pH 8.76
SM 73 rpm 28 min
Olive Seeds RM 200 rpm 5 min Industrial wastewater TSS 99 % [44]
SM 90 rpm 15 min COD 86.3 %
ST 30 min
Pinus halepensis Seeds Dose 3-12 mL/L Artificial dye wastewater Color 86 % [41]
pH 3-10
RM 200 rpm 3 min
SM 110 rpm 30 min
ST 40 min
Tamarindus indica Seeds Dose 0.6 g/L Artificial Cu-containing wastewater Copper 53.49 % [23]
RM 200 rpm 5 min
SM 20 rpm 5 min
ST 30 min
Trichosanthes cucumerina Seeds Initial turbidity 150 NTU Artificial turbid wastewater Turbidity 99.5 % [63]
G 708.9/s
Trigonella Foenum-Graecum Seeds pH 4.4-49 Palm oil mill effluent Turbidity 94.97 % [54]
Mixing time 30 min TSS 92.7 %
COD 63.11 %
Vigna unguiculata Seeds Initial turbidity 150 NTU Artificial turbid wastewater Turbidity 99.5 % [63]
G 708.9/s
Watermelon Seeds 1:4 seeds and alum River water TDS 98.26 % [31]
ST 25 min TSS 96.10 %
COD 95.26 %
Castanea sativa Shells Concentration 10 mg/L Aquaculture wastewater Turbidity 90 % [95]
pH 4-8 Phosphorus 32 %
RM 150 rpm 1 min
SM 20 rpm 3 min
Crescentia cujete Shells Dose 1 g/L River water Turbidity 84.3 % [17]
pH 7.12
RM 150 rpm 1 min
SM 25 rpm 29 min
Peanut Shells Dose 50 mg/L Dairy wastewater Turbidity 88.74 % [96]
RM 250 rpm 30 s Color 98.75 %
SM 30 rpm 15 min COD 99.89 %
Peanut Shells RM 250 rpm 10 s Dairy wastewater Turbidity 93.66 % [72]
SM 30 rpm 20 min Color 56.98 %
ST 30 min
Acanthus sennii Stems Dose 0.98 g/L Coffee processing wastewater Turbidity 97.52 % [36]
pH 8.6 Color 99.19 %
SM 76 rpm 21 min
Acanthus sennii Stems Dose 0.98 g/L Coffee processing wastewater COD 97.43 % [35]

pH 8.6
SM 76 rpm 21 min

" RM: Rapid mixing, RPM: Rotation per minute, SM: Slow mixing, ST: Sedimentation time, G: Velocity gradient.

consideration before expanding the study to a larger scale, which be-
comes the current bottleneck. A laboratory-scale experiment is per-
formed in a controlled setting utilizing a synthetic pollutant to
demonstrate the desired performance in a certain parameter. Never-
theless, numerous factors are overlooked in laboratory studies,

including the concentration of other pollutants [12], the interference of
other pollutants/free ions [90], and the propensity for mechanisms to
alter in the presence of inhibitors [70,82]. Some research mentioned the
increasing of organic content by the use of plant biocoagulant [34]. This
finding may also lead to an increase in biofouling potential if membrane
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Fig. 5. Performance of each plant part in removing turbidity.

Table 2
Protein and carbohydrate contents in each part of M. oleifera (in mg/g dry
weight).

Compound Seed Leaf Peel Shell/Pod  Stem Flower
Protein 35.97% 29.4° 12.15 " 257 8.69 ¢ 14.94 ¢
Carbohydrate 8.67 ° 41.2° 348" 3.7° 26.93 ¢ 57.88 ¢

2 Data extracted from [38].
b Data extracted from [81].
¢ Data extracted from [40].

filtration is used as the integrated treatment [89]. Future approaches
must account for the aspects above to provide unbiased results suitable
for upscaling.

The existing extraction methods employed in coagulant processing
represent a considerable deficiency since they are laborious and un-
economical due to the several phases required. The manufacture of
plant-based biocoagulants involves collection, conditioning (including
washing and drying), extraction, and purification. The preparation

processes and optimal extraction methods of biocoagulants vary ac-
cording to their sources. A standardized and optimal approach for the
synthesis and processing of biocoagulants is becoming challenging [7].
Formulating methods for the production and processing of bio-
coagulants may address this specific issue. Protocols must have a flow-
chart delineating the selection of the best suitable approach depending
on the parameters of the chosen plan. The protocol must also provide the
optimal conditions for achieving the maximum production of bio-
coagulants, depending on the chosen pretreatment. The procedure may
function as a guide and reference for the manufacture and processing of
biocoagulants prior to their application in water or wastewater
treatment.

Last but not least, conducting species-specific analysis on the per-
formance of pollutant removal from water/wastewater is highly sug-
gested as this paper reveals the most used parts of plants that function
well as biocoagulant; future approaches need to account for the emerged
concern on different species performance. As referring to the discussion
of Fig. 5 before, different flower from different plant species exhibits
significantly different turbidity removal performance. Currently,
research that utilizes one species and analyzes each of the parts for
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biocoagulant is not to be found. Compiling the performance of different
plant parts of the same species from different literatures may also face
some limitations due to the differences in environmental and opera-
tional factors. Future researches are suggested to deepen the species-
specific analysis to obtain a clearer understanding of which part of
plants functioned the best as biocoagulants.

4. Conclusion

Plants are increasingly being used as biocoagulants in the treatment
of water and wastewater, with a high increment of publications related
to natural coagulants in the year of 2016. Research on coagulation is
highly related to the keywords of flocculation, pH, turbidity, and water
purification based on the bibliometric findings. Research on the seeds
part of the plant is dominating the prior literature, followed by leaves
and peels. According to overall performance analysis, plant bio-
coagulants are superior at eliminating turbidity. The highest removal of
turbidity was seen in the seeds and other parts of the plants, with a mean
removal of 90 % and a median >90 %. To improve and refine the
existing understanding of plant biocoagulants in water/wastewater
treatment, future approaches are recommended to emphasize scaling up
the treatment to industrial size, streamlining the extraction processes,
and carrying out species-specific studies. This review also highlights the
key limitations, such as plant variability and extraction inconsistencies,
which could contribute to the standardization of extraction protocols
and optimization of the plant’s part functionalization as a biocoagulant.
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