
Environmental Science
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

2/
22

/2
02

5 
1:

14
:5

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Cottonseed extra
aDepartment of Civil, Architectural and E

Texas at Austin, Austin, Texas, 78712, USA.
bDepartment of Chemical Engineering, Uni

78712, USA

† Electronic supplementary informa
https://doi.org/10.1039/d2va00205a

‡ These authors contributed equally to th

Cite this: Environ. Sci.: Adv., 2023, 2,
227

Received 26th August 2022
Accepted 22nd November 2022

DOI: 10.1039/d2va00205a

rsc.li/esadvances

© 2023 The Author(s). Published by
ct as a coagulant for water
treatment†

Mekayla DePaolis,‡a Sophie De Respino,‡a Laxmicharan Samineni, b Scott Brightona

and Manish Kumar *a

Coagulation is an important unit process of water treatment to decrease suspended and dissolved

contaminants. However, the use of chemical coagulants, such as alum and ferric chloride, contributes to

growing health concerns regarding aluminum exposure and sustainability concerns due to high sludge

volumes. Bio-coagulants represent low-cost, sustainable alternatives to chemical coagulants. In this

work, cottonseed meal extract, with an average protein content of 77.0 ± 13.5 mg mL−1, was investigated

for its coagulation effectiveness and was shown to decrease turbidity by 90%, regardless of initial

turbidity (62.5–717 NTU) and the age of extract (2–218 days). Varying doses of cottonseed meal extract

protein (0.77–3.83 mg L−1) on turbidity removal were also investigated. The cottonseed meal extract was

separated into carbohydrate and protein fractions to determine the active component and it was found

that the protein fraction was primarily responsible for coagulation activity. The protein extract was

further analyzed to investigate the proteins present in the cottonseed meal extract to identify several

proteins including legumin and vicilin. This work details an effective bio-coagulant, cottonseed meal

extract, which can achieve high turbidity removal due to its protein components.
Environmental signicance

Coagulation is an integral part of water treatment that historically used chemicals to accomplish separation of suspended solids. Due to the high use of chemical
and polymer-based materials, coagulation offers an opportunity to increase the sustainability of water treatment by minimizing the production of waste and
toxic byproducts. The use of biological materials as potential alternatives to decrease the environmental impact of coagulation has been of wide interest over the
years. In this work, we show that cottonseedmeal, a large-scale byproduct of the cotton industry, can be used as an effective coagulant or a supplement to upcycle
this low-value product and improve the sustainability of water treatment.
Introduction

Coagulation is an important water treatment process whereby
dissolved and suspended colloids are destabilized and aggre-
gated in order to remove them in subsequent treatment
processes.1,2 In conventional drinking water treatment, coagu-
lation is commonly accomplished through the use of chemical
coagulants, such as aluminum sulfate (alum) and ferric chlo-
ride (ferric).3 While chemical coagulants are highly effective at
removing colloidal suspensions, there are several concerns
regarding their use. The rst issue is the link between
aluminum exposure and Alzheimer's disease (AD). Aluminum is
recognized as a powerful neurotoxicant and while there remains
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debate over this topic, there are statistically signicant relations
between aluminum exposure and AD.4,5 While most of the
aluminum added during coagulation is removed by ltration
and sedimentation, this process can still result in increased
aluminum concentration.5 The second concern with the use of
chemical coagulants is the large amount of sludge produced.
Hydrous oxide, a byproduct of alum and ferric coagulants, is
non-biodegradable sludge comprised of 99% water, resulting in
a heavy waste that is difficult to dewater, dispose of, and
expensive to transport.6 Sludge is oen disposed of in landlls
due to its non-biodegradability which can lead to landll
concerns like aluminum and iron leachate during acid rain.7,8

The addition of chemical coagulants also results in a decrease
in pH of the water and alkalinity consumption, which results in
more steps later in the water treatment process to account for
these effects.3,6,9 Considering growing health and sustainability
concerns with chemical coagulation, investigations of alterna-
tive coagulants, such as plant-based bio-coagulants, have
increasing importance.

Bio-coagulants represent a new class of water treatment
materials that provide biodegradable alternatives to
Environ. Sci.: Adv., 2023, 2, 227–234 | 227
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conventional chemical coagulants. Bio-coagulants produce
a lower volume of sludge than metal salts and do not consume
the alkalinity of the water in their coagulative process.10 In areas
that lack extensive water treatment infrastructure, bio-
coagulants could serve as an effective point-of-use water treat-
ment method, especially if the coagulant is produced in the
same area.11 Bio-coagulants could also replace or supplement
chemical coagulants to mitigate sustainability concerns, sludge
disposal, and cost. However, a disadvantage of bio-coagulants is
the addition of organic matter to the water. This can increase
microbial activity and require disinfection as an additional
treatment process.12 Disinfection of organic-rich water then
leads to further issues, such as the creation of toxic disinfection
byproducts.13

Some bio-coagulants that have been investigated include
common bean seed extract, chitosan, algal alginate, Moringa
oleifera seed extract, and various other organic substances.14–18

Bio-coagulants are composed of various constituents including
polysaccharides and proteins, both of which can contribute to
coagulative mechanisms like adsorption, charge neutralization,
and polymer bridging.7,19 Some bio-coagulants, like Moringa
oleifera seed extract, have a suspected mechanism of coagula-
tion: cationic protein MO2.1 and chitin-binding protein
MoCBP.20,21 However, most coagulation mechanisms of other
bio-coagulants remain unknown.22–24

The goal of this work was to investigate the coagulative
ability of cottonseed (Gossypium hirsutum) extract and elucidate
the potential mechanism for coagulation. Cottonseed, common
bean (Phaseolus vulgaris), jack bean (Canavalia ensiformis), and
other beans contain vicilin-type storage proteins that exhibit
features useful to water treatment.25–27 The vicilin proteins bind
to fungal cell walls and plasma membranes, resulting in fungal
growth inhibition, a process similar to that of chitin-binding
proteins.26 The presence of vicilin in cottonseed is an indi-
cator that it may also show coagulative abilities found in seeds
with chitin-binding proteins such as Moringa oleifera.

Cottonseed meal was selected to study as a potential coag-
ulant source due to its genetic similarity to leguminous bio-
coagulants and its status as a non-food plant product. Cotton-
seed meal is a waste byproduct of cotton and cottonseed oil
production. For every 45.4 kg of cotton ber produced, 70.3 kg
of cottonseed are produced.28 Cottonseed meal is a byproduct of
cottonseed oil production, and the US Department of Agricul-
ture (USDA) National Agricultural Statistics Service estimates
that 22 679 kg of cottonseedmeal will remain in inventory at the
end 2022.29 Currently, cottonseed meal is used as a livestock
feed protein supplement and a sustainable fertilizer due to its
high protein and nutrient content.30,31 The proteins that make
this meal useful in agriculture may also lend their properties to
coagulative mechanisms that can be utilized in the water
treatment process. This work investigated the potential of
cottonseed extract for its coagulative abilities and determined
the potential mechanism of this plant-based bio coagulant.

A potential drawback to using cottonseed meal as livestock
feed is it contains a toxic substance called gossypol that limits
its consumption.31–33 While this could also be a concern when
considering its use as a water treatment substance, gossypol is
228 | Environ. Sci.: Adv., 2023, 2, 227–234
insoluble in water and it only makes up 0.9–1.3% of cottonseed
meal.34,35 Furthermore, the effects of gossypol can be mitigated
by neutralization with soluble iron salts which could be
accomplished by using cottonseed serum as a coagulant aid to
ferric chloride instead of a complete replacement.34 Cottonseed
meal has a high crude protein content of ∼45% and has already
been ground and defatted through the processing to produce
cottonseed oil.31 A previous study investigated the use of whole,
milled cottonseed as a coagulant, aer oil extraction by hexane
followed by dissolution in distilled water. This work only re-
ported a turbidity decrease of 55.51% for cottonseed serum
induced coagulation and did not investigate coagulation
mechanisms of the cottonseed meal extract.36 Another study on
cottonseed extract in coagulation reported 35–40% turbidity
removal of slaughterhouse wastewater.37 No study has investi-
gated the mechanism of coagulation for cottonseed meal or
optimized for higher turbidity removals. In this work, we
studied the coagulation efficiency and underlying mechanism
of cottonseed meal to address this particular gap in literature.
Methods and materials
Cottonseed extract preparation and characterization

Cottonseed extract was prepared using cottonseed meal 6–2–1
from Down to Earth Fertilizer. 1 g of cottonseed meal was mixed
with 50 mL of 0.15 M NaCl for 5 minutes using a magnetic stir
bar. The mixture was then vacuum ltered using a 20 mm glass
ber lter, retaining the liquid fraction of cottonseed meal
extract, termed cottonseed serum for the remainder of this
work.

Carbohydrates present in cottonseed serum were deter-
mined using the total carbohydrate assay kit from Sigma-
Aldrich. The standard curve and samples were prepared per
the manufacturer's instructions and absorbance was measured
at 490 nm using a BioTek plate reader. The total protein
concentration of the cottonseed serums was evaluated using the
Bradford Dye Reagent from Thermo Scientic. The standard
curve and samples were prepared per the manufacturer's
instructions using 0.15 M NaCl as background and absorbance
was measured at 595 nm using a BioTek plate reader aer 2
minutes of incubation.

To study the components of the cottonseed serum sepa-
rately, acetone precipitation of the proteins within the serum
was performed. Acetone at −20 °C was mixed with 10 mL of
cottonseed serum at a 4 : 1 ratio and vortexed for 15 seconds.
This mixture was incubated at −20 °C for at least 60 minutes.
Following incubation, the acetone serum mixture was centri-
fuged at 3803g for 10 minutes at 4 °C. The supernatant,
presumably containing the polysaccharide fraction of the
serum, was puried using a rotary evaporator for an hour to
evaporate the acetone. The water bath temperature, condenser
temperature, and vacuum were set to 40 °C, −10 °C, and 390
mbar respectively during evaporation. The protein pellet ob-
tained aer evaporation was subjected to acetone precipitation
to remove any remaining polysaccharide fraction before sus-
pending in 10 mL of 0.15 NaCl.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Gel electrophoresis and mass spectrometry

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS–PAGE) was used to evaluate the protein fractions from
cottonseed serum. A protease-inhibited cottonseed serum was
utilized as an SDS–PAGE gel sample. Briey, 0.3 g of cottonseed
meal was mixed with 5 mL of a 2 M phenylmethylsulfonyl
uoride (PMSF) solution in 0.15 M NaCl. Aer mixing for 5
minutes, the solution was vacuum ltered with a 20 mm glass
lter to remove solid organics.

12 mL of the protease-inhibited cottonseed serum was loaded
onto a Novex™ 16% Tricine pre-cast SDS–PAGE gel from
Thermo Fisher Scientic. To visualize protein bands, Laemmli
buffer was added to the serum before loading and heated to 90 °
C for 10 minutes. Coomassie staining was used aer the sepa-
ration of the proteins for 40 minutes at 150 V in a gel electro-
phoresis setup.

For performing mass spectrometry on the protein fraction,
the same amount of serum was loaded and then run at 150 V to
form a <5 mm wide band in a 12% hand-cast SDS–PAGE gel.
This band was incised and analyzed at the University of Texas
Austin Center for Biomedical Research Support Biological Mass
Spectrometry Facility (RRID:SCR_021728) where they completed
digestion and liquid chromatography-mass spectroscopy (LC-
MS) to identify proteins within the serum. Following LC-MS
identication, the online ExPASy ProtParam tool was used to
nd the molecular weight, theoretical pI, amino acid compo-
sition, and overall charge for selected proteins.38
Fig. 1 (A) Varying doses of cottonseed serum were analyzed for
turbidity removal. (B) Initial turbidity ranging from 62.5–717 NTU was
investigated for the effect on coagulation. (C) Various pH values were
analyzed for turbidity removal using cottonseed serum and FeCl3.
Jar tests

To determine the coagulation efficiency of cottonseed serum,
jar tests were carried out using a Phipps & Bird Stirrer Model
7790-400. Water used in the jar tests was tap water that was
retained in a jug for at least 24 hours to reduce chlorine resid-
uals. The untreated tap water characteristics are included in ESI
(Table S1†). Synthetic turbid water stock solution was prepared
by suspending kaolin in tap water at a concentration of 5 mg
mL−1. The stock solution was mixed for at least 24 hours to
ensure suspension and hydration of the kaolin.

For each set of jar test experiments, 200 mL of retained tap
water was added to each reactor. Kaolin stock solution was
added to obtain the desired initial turbidity, using a Hach
portable turbidimeter Model 2100P. The turbidimeter was
calibrated using formazin standards (0, 20, 100, 800 NTU). The
target initial turbidity was 100 NTU unless otherwise noted. The
volume of cottonseed serum added to each experiment was
converted to protein concentration using the Bradford Dye
results. Aer the desired amount of coagulant was added, the
samples were mixed at 200 rpm for 1 minute and then 60 rpm
for 30 minutes to simulate conventional coagulation and oc-
culation. The reactors were allowed to settle for 30 minutes
before turbidity values were taken again. DI water was added in
place of cottonseed serum as a control. The volume of DI water
added was equivalent to the volume of cottonseed serum added
for each experiment. In cases where cottonseed serum volume
varied, the maximum volume was used for the control. The pH
of the initial and nal water was recorded using a Mettler
© 2023 The Author(s). Published by the Royal Society of Chemistry
Toledo FiveEasy pH probe. Initial and nal dissolved organic
carbon (DOC) was measured using a TOC-L Shimadzu Total
Organic Carbon (TOC) Analyzer. Samples were ltered by 0.45
mm lters and acidied using phosphoric acid to a pH < 2.
Experiments were performed in triplicate and standard devia-
tion is included in the Results and discussion section.

Jar tests were also conducted using a groundwater sample.
The composition is detailed in ESI (Table S2†). The groundwater
was used without pH adjustment (pH 8.50) and at pH 6, 7, and
8. When pH was adjusted, hydrochloric acid was used. For DOC
Environ. Sci.: Adv., 2023, 2, 227–234 | 229

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2va00205a


Environmental Science: Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

2/
22

/2
02

5 
1:

14
:5

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
and groundwater matrix experiments, FeCl3 (Sigma-Aldrich,
97%) was used for a coagulant comparison. 1 mL of 1 g L−1

FeCl3 stock solution was used to reach a nal concentration of
5 mg L−1 for all FeCl3 experiments. An overview of jar testing
parameters and treated water quality is included in ESI (Tables
S3 and S4†).
Results and discussion
Cottonseed serum coagulation efficacy

Cottonseed serum was effective in removing up to 90% turbidity
with varying serum doses at an initial turbidity of 94 ± 3.9 NTU
(Fig. 1A). The protein doses shown in Fig. 1A correlate to
additions of 2–10 mL of cottonseed serum into 200 mL of
simulated turbid water. The average protein content for
cottonseed serum was 77.0 ± 13.5 mg mL−1, resulting in the
optimum protein dosing to range from 2–4 mg L−1. Moringa
oleifera seed extract has been shown to reduce turbidity by 86%
using a protein dose of 7.9 mg L−1.39 Comparatively, cottonseed
serum can be used as an effective clarifying agent at lower
protein concentrations. A more comprehensive review of
various bio-coagulants is included in work done by Kurniawan
et al.7 A table summarizing Kurniawan's ndings with addi-
tional information on coagulation mechanism is included in
ESI (Table S5†).

During storm events, turbidity levels can increase to over 100
NTU.40,41 To understand how cottonseed serum would perform
if utilized for treating source waters with high turbidities, an
initial turbidity range of 62.5–717 NTU was explored as this
covers the range of most wastewaters and remains below the
maximum detection limit of the turbidimeter without requiring
dilution. A total protein dose of 1.16 mg L−1 was used for
studying the effect of initial turbidity. For waters with initial
turbidities greater than 62.5 NTU, the turbidity removal
remained near 90% (Fig. 1B), showing cottonseed serum's
Fig. 2 (A) The effect of increasing cottonseed serum age on turbidity rem
(DOC) values for cottonseed (CS) serum (0.77 mg L−1 protein dose) and 5
from the control value.

230 | Environ. Sci.: Adv., 2023, 2, 227–234
potential as an initial water treatment step for a variety of
feedwater types.

Fig. 1C shows the effect of adjusting the pH on the ground-
water matrix. Ferric (5 mg L−1 dose) remains an effective
coagulant at all pH values tested, while cottonseed serum
effectiveness decreases with decreasing pH. This result may be
due to the mixed protein content of cottonseed serum. At pH
values above a protein's isoelectric point (pI), proteins have
a negative charge and at pH values below the pI, proteins are
positively charged.42 The mixed protein content of cottonseed
serum likely includes proteins with varying pIs which can lead
to charge neutralization and less destabilization of kaolin
particles at different pH values.

The ability of cottonseed serum to coagulate synthetically
turbid waters aer being stored for longer time periods at −20 °
C was evaluated (Fig. 2A). The protein dose for each experiment
is shown in Fig. 1C. Aer being preserved for over 200 days,
cottonseed serum still removed over 90% of turbidity. The
protein content of the 218 day-old serum decreased by about
47.7% when compared to the 2 day-old serum but was still
effective at treating turbid waters with an average turbidity
removal of 91 ± 0.45%. The capability of this material to dras-
tically decrease turbidity, even aer over 6 months, shows its
ability to withstand transport and storage over long periods of
time.

The increase in organic carbon due to the use of biological
coagulants is one of the concerns reported in the literature.43–45

A large increase in organic carbon could pose issues in large-
scale water treatment as high DOC can decrease the effective-
ness of disinfection methods and provide a food source for
microorganisms, promoting their growth.46 The dissolved
organic carbon (DOC) of the water before and aer it was
treated with varying amounts of cottonseed serum and DI water
(control) was measured to understand the impact of using
cottonseed meal as a coagulant. Initial turbidity for DOC
oval was evaluated from 2 to 218 days. (B) Dissolved Organic Carbon
mg L−1 ferric dose. Note that DOC values shown are the DOC increase

© 2023 The Author(s). Published by the Royal Society of Chemistry
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experiments was 112.3 ± 23.3 NTU. Utilizing cottonseed serum
in combination with a conventional coagulant did not decrease
DOC values. A dose of 5 mg L−1 was selected for FeCl3 to
minimize sludge production while maintaining high turbidity
removal. Depending on environmental factors, the dose of
chemical coagulants like alum and ferric can range from 2 to
30 mg L−1.47 A comparison of sludge generation between FeCl3
and cottonseed serum is included in ESI (Fig. S1†). The
conventional coagulant and cottonseed serum perform identi-
cally in coagulation and sludge generation. However, use of the
cottonseed serum imparts an addition of DOC to the water. Due
to the high DOC imparted to the treated water by cottonseed
serum, it may be best for cottonseed serum to be used as a point
of use water treatment method and to avoid storing treated
water for long periods of time. pH was measured before and
aer treatment and information can be found in the ESI (Table
S6†). pH increased slightly with increasing cottonseed dose (pH
range 8.03–8.6).
Fig. 3 (A) Total carbohydrate and protein dose of cottonseed serum
in mg L−1 of each fraction as a result of acetone precipitation on
cottonseed serum. (B) Turbidity removal and protein dose of cotton-
seed serum and its protein and carbohydrate fractions through protein
precipitation by acetone.
Proposed cottonseed serum coagulation mechanism

To determine the mechanism of cottonseed serum coagulation,
the serumwas separated into protein and carbohydrate isolates.
Acetone protein separation by precipitation was carried out to
separate the fractions. The measured carbohydrate and protein
content of each fraction is shown in Fig. 3A. The average
carbohydrate content of cottonseed serum had 21 times higher
concentration than protein content. It is possible to have many
non-covalent interactions between these two macromolecules,
including electrostatic interactions.48 A phenomenon termed
“associative separation,” which refers to the attraction between
two biopolymers, may contribute to the coagulative ability of
this serum,48,49 so it was necessary to separate the two macro-
molecules and evaluate the coagulation ability of each fraction.

While the protein fractions still contain a signicant amount
of carbohydrate, experiments with these isolates can still give
insight into which ingredients of the cottonseed serum are
actively causing coagulation. The relative amount of carbohy-
drate to protein in the carbohydrate fraction is large enough to
assume that the carbohydrate is the dominant constituent. The
protein dose in the carbohydrate fraction was 0.12 mg L−1.
Similarly, although the protein fraction has carbohydrates
(8.9 mg L−1), the ratio of protein to carbohydrate is larger than
in both the carbohydrate isolate and the original cottonseed
serum.

The coagulative ability of the cottonseed serum and both its
protein and carbohydrate fractions can be seen in Fig. 3B. When
the concentration of carbohydrates was relatively high with
respect to protein, the turbidity removal of the serum decreased
drastically. This indicates that the 0.12 mg L−1 protein dose of
the carbohydrate isolate is not sufficient to maintain high
turbidity removal. When both carbohydrate and protein are
present in the serum it functions as an effective coagulant. This
indicates that the proteins within the serum are a necessary
component of the coagulation effectiveness. While it cannot be
determined whether the total carbohydrate is imperative to the
function of the serum, in high concentrations with little to no
© 2023 The Author(s). Published by the Royal Society of Chemistry
protein (0.12 mg L−1 protein) it renders the cottonseed serum
ineffective.
Cottonseed serum protein identication

To further analyze the proteins present in cottonseed serum
responsible for the coagulation activity, gel electrophoresis and
mass spectrometry analyses were performed. Using mass spec-
trometry analysis, 280 total proteins were detected with 1331
total unique peptides. A table of the 65 most abundant proteins
can be found in the ESI (Table S7†). Seed storage proteins such
as vicilin and legumin proteins were among the most abundant
identied peptides. These results substantiate previous studies
which report that 60–70% of the protein in cottonseed meal
Environ. Sci.: Adv., 2023, 2, 227–234 | 231
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Fig. 4 (A) The table shows the top eight proteins with high peptide sequence similarity to proteins present in cottonseed serum sorted by
decreasingmolecular weight. The protein chargewas calculated using ProtParam and positively charged proteins are in bold. A full list of proteins
identified is available in the ESI.† (B) The SDS–PAGE gel of a protease inhibited sample of cottonseed serum shows bands near 55 kDa and 10–20
kDa.

Environmental Science: Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

2/
22

/2
02

5 
1:

14
:5

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
belongs to these families.50–52 These proteins include vicilin
GC72-A, vicilin C72, legumin A, and legumin B. The top eight
identied proteins selected based on molecular weights of the
bands from gel electrophoresis and the corresponding SDS–
PAGE gel are shown in Fig. 4A and B.

Previous studies on legume seed vicilin proteins illustrate
their cell wall binding abilities, traditionally responsible for
antimicrobial properties, that could be responsible for the
coagulationmechanisms in cottonseed serum.26,27 The presence
of these vicilin proteins in other seeds that can coagulate
waters, across various studies, may indicate that the mecha-
nisms of coagulation in cottonseed are at least partially
dependent on vicilin seed storage proteins.27,53–56 2S albumin
proteins with antimicrobial properties share high homology to
cotton vicilin proteins.55 Chitin binding 2S albumin proteins
withinM. oleifera contain an amino acid sequence that is highly
homologous to the cationic proteins (MO2.1 and MO2.2) within
M. oleifera that is believed to be responsible for their coagulative
abilities.22,24,57 A sequence alignment and structural alignment
between a cottonseed meal serum protein (2S albumin seed
storage protein-like) and chitin-binding 2S albumin precursor
from M. oleifera shown in Fig. S2† demonstrate the homology
between the two proteins.

The top eight most abundant proteins in the cottonseed
serum reveal two positively charged proteins, vicilin C72 and
legumin B (Fig. 4A) Kaolin particles are negatively charged at pH
values greater than 2,58 indicating the importance of electro-
static interactions between kaolin and coagulant. Cationic
vicilin C72 and legumin B proteins may provide a charge
neutralization mechanism to coagulate kaolin particles and
reduce turbidity.

The charge of each investigated protein was calculated using
ProtParam on the ExPASy server.38 The results of this analysis
can be found in Fig. 4A. Vicilin C72 and legumin B were found
to have an overall positive charge. These cationic proteins may
cause destabilization of water contaminants in solution
232 | Environ. Sci.: Adv., 2023, 2, 227–234
through particle bridging or patch occulation as they are
positively charged polymers that can adsorb onto negatively
charged contaminants.

Conclusions

Conventional coagulants pose sustainability and health
concerns, prompting work in alternative coagulants such as bio-
coagulants. This work found that a bio-coagulant, cottonseed
serum, can effectively coagulate synthetically turbid waters
under a variety of conditions. The primary agent responsible for
coagulation was determined to be the protein content of
cottonseed serum. Mass spectrometry analysis of the protein
fraction found vicilin, vicilin-like proteins, and legumins to be
the most abundant. The positively charged proteins found in
cottonseed serum at the highest peptide sequence matches
(legumin B, vicilin C72) potentially interact with negatively
charged contaminants, linking particles together through
bridging. Furthermore, previous work has identied a 16.3 kDa
protein within cottonseed that exhibited antifungal properties,
which may be useful in identifying other applications of the
cottonseed serum.56

Cottonseed serum was as effective in turbidity removal as
a conventional coagulant, ferric chloride (5 mg L−1 dose).
Because protein was found to be the primary agent responsible
for coagulation, the protein dose can be compared to the ferric
dose. A lower protein dose (by mass) achieves a similar reduc-
tion in turbidity to the conventional coagulant. Furthermore,
the sludge produced by cottonseed meal is a biodegradable
organic waste, unlike the conventional coagulants' inorganic
sludge.

However, the DOC increase when using cottonseed serum in
coagulation poses post-treatment challenges that need to be
addressed. Isolating the protein fraction before use in coagu-
lation may reduce DOC levels while maintaining effective
coagulation. Future work should address organic load
© 2023 The Author(s). Published by the Royal Society of Chemistry
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challenges and aim to minimize DOC increase due to cotton-
seed serum.

This work identied cottonseed meal serum as an effective
coagulant and elucidated mechanisms for the coagulative
capability. Proteins within cottonseed serum are necessary for it
to function as a coagulant, potentially due to vicilin and legu-
min proteins. Overall, cottonseed serum is as effective as
a conventional coagulant and more sustainable due to biode-
gradable sludge production.
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