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Abstract

In this study, avocado pear seed (PS) and moringa oleifera seed (MOS) were processed and characterized by proximate analysis,
Fourier transform infrared (FTIR) spectroscopy, and point of zero charge (pHpzc) determination before they were applied as bio-
coagulants for the treatment of paint wastewater (PWW) with high total dissolved solids (TDS). Coagulation—flocculation was
employed as the primary treatment mechanism, with adsorption investigated as a complementary removal process. Characterization
confirmed the presence of functional groups, proteins, and carbohydrates associated with coagulation—flocculation, and the relatively
high pHpzc values implied positively charged bio-coagulant surfaces at the optimum treatment pH, enabling charge neutralization
and electrostatic attraction of dissolved species. The effects of pH, coagulant dosage and contact time on TDS removal were studied
using coagulation—flocculation tests. The initial TDS concentration of the raw PWW decreased from 2524.43 mg L™ to 165.54
mg L™" (93% removal) and to 100.13 mg L ~"(96% removal) after treatment with PS and MOS, respectively. The treatment data
were subjected to adsorption, kinetic, diffusion, and equilibrium isotherm analyses. The analyses revealed that both bio-coagulants
followed the pseudo-second-order kinetic (R* > 0.98) and Langmuir isotherm (R2 > 0.99) models, indicating that adsorption occurred
mainly through surface interactions at available active sites. Although MOS achieved a higher overall TDS removal, PS exhibited
slightly more favorable adsorption behavior. These results show the potential of avocado pear seed and Moringa oleifera seed
bio-coagulants as promising, biodegradable, and environmentally sustainable alternatives to conventional chemical coagulants for
industrial wastewater treatment.
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l. Introduction solved solids (TDS) and contain a complex mixture of

stabilizers, pigments, toxic ions, surfactants, and other
With the rapid rise of industry, the quantity of wastewa- persistent compounds that pose a serious risk to public
ter generated by production processes has increased dra- health and the environment [1,2]. High TDS levels in
matically. Effluents from such industries, particularly the astewater result in large volumes of salt, limit light pen-
paint industry, are usually rich in solids such as total dis- etration in receiving water bodies, and adversely affect
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aquatic life. It also poses a risk of contaminating ground-
water and agricultural soils [3]. Consequently, discharge
regulations for industrial effluents in most urban cities
have become increasingly stringent [3]. Treatment of paint
wastewater (PWW) has generally been based on a chemi-
cal coagulation—flocculation process using standard jar-test
methods to establish appropriate coagulant dosages and
mixing conditions in accordance with the findings of [4,5].
The most widely used coagulants are inorganic coagulants
because they are effective at destabilizing colloidal and sus-
pended particles. The most common are aluminum- and
iron-based salts [5]. These chemicals are effective but pro-
duce large amounts of sludge and may also cause residual
metal ions in the treated wastewater, raising concerns over
secondary contamination and increasing the expense and
complexity of sludge management as reported in [1-3,5].
These problems have driven increased research interest in
more sustainable and biodegradable treatment alternatives.
Plant-based coagulants, also known as bio-coagulants,
are gaining attention as environmentally friendly alterna-
tives for wastewater treatment because of their biodegrad-
ability, availability, low cost, and smaller environmental
footprints than traditional chemical coagulants [1-5]. The
recent studies by Miyah et al. [6], Jabar et al. [7], and
Zhang et al. [8] on green remediation materials stressed
the increasing importance of sustainable adsorbents and
bio-based treatment technologies in wastewater purifica-
tion. The active components of the plant-seed-derived ma-
terials, avocado pear seed (PS) and moringa oleifera seed
(MOS), promote both coagulation—flocculation and adsorp-
tion processes [9]. For example, studies reported in [9,10]
indicate that PS consists primarily of polysaccharides and
lignocellulosic matter that contribute to particle bridging
and aggregation, whereas MOS includes cationic proteins
and charged functional groups that facilitate electrostatic
attraction and binding of dissolved substances. Moreover,
these plant-based materials have substantial adsorption ca-
pacity for dissolved particles in addition to their coagulat-
ing ability, making them good candidates for reducing TDS
in complex industrial effluents [10]. As stated by Obiora-
Okafo et al. [11], functional groups are important because
the performance of adsorption-based treatment systems de-
pends on surface functional groups, electrostatic interac-
tions, adsorption kinetics, and mass transfer processes that
influence the contaminant removal efficiency and uptake.
Many studies [12—14] have demonstrated the ef-
fectiveness of bio-coagulants for the reduction of tur-
bidity, color, and chemical oxygen demand in wastew-
ater, but limited studies are available on TDS removal
from paint wastewater by a synergistic adsorption-assisted
coagulation—flocculation process. Moreover, most of the
published research is focused on treatment efficiency, and

there are limited detailed mechanistic explanation based
on adsorption isotherms, kinetic modelling, diffusion anal-
ysis, and surface-charge characterization [13,14]. Under-
standing the adsorption kinetics is important, as it aids
in the identification of rate-controlling steps, better pre-
diction of system performance, comparison of different
coagulants used, and optimization of process conditions
for possible scale-up [15-17].

Studies [16,18] described the pseudo-first-order and
pseudo-second-order kinetic models as the most com-
monly used for the description and deduction of adsorp-
tion behavior and governing mechanisms. Specifically,
the pseudo-first-order model is related to physisorption,
which includes weaker attraction forces such as van der
Waals forces, hydrogen bonding, or electrostatic attrac-
tion, without significant electron exchange or bond for-
mation [18]. The pseudo-second-order model is related
to chemisorption, in which there are stronger interactions
involving the sharing or exchange of electrons between
functional groups on the surface of the adsorbent and
the species-of the adsorbate [19]. A previous study [20]
showed that-the Elovich model is useful for systems with
heterogeneous surfaces and varying activation energies.
These models enable the quantitative estimation of char-
acteristics such as adsorption capacity and rate constants,
which are needed for the comparison of processes and the
design of full-scale systems [16,18-20].

The mass-transfer processes are important to the ef-
fectiveness of the treatment process, in addition to the
surface reaction kinetics. This is where the Weber—Morris
intra-particle diffusion model is used. The model is mainly
applied to determine whether the rate of adsorption is con-
trolled by diffusion within the pores of an adsorbent [21].
In ref. [22] it is noted that adsorption rarely occurs in a sin-
gle step but instead follows a sequence that begins with
external mass transfer across the boundary layer (film dif-
fusion), continues with intra-particle diffusion, and con-
cludes with equilibrium adsorption. The non-zero inter-
cepts of the linear plots of the Weber—Morris model are
attributed to the combined effect of boundary-layer re-
sistance and intra-particle diffusion. Then, the slope of
the plot reveals the intra-particle diffusion rate constant,
and the intercept indicates the magnitude of film diffusion
effects [21,22]. Understanding these transport phases is
critical for identifying rate limitations and improving the
treatment efficiency of the process [2].

Isotherm analysis, apart from adsorption kinetics,
provides essential information on adsorption capacity, sur-
face properties, and the type of adsorbent-adsorbate inter-
actions [15,23]. Commonly used models are the Lang-
muir isotherm, which assumes monolayer adsorption on a
homogeneous surface with finite active sites [15], and the
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Freundlich isotherm, which explains adsorption on hetero-
geneous surfaces with variable adsorption energies [23].
The Temkin isotherm addresses adsorbent-adsorbate inter-
actions and assumes that the heat of adsorption decreases
linearly with increasing surface coverage [24]. Therefore,
isotherm modelling can contribute to understanding the
adsorption mechanisms and the feasibility of adsorbent
materials for applications in wastewater treatment.
Unlike previous studies that primarily focus on one
bio-coagulant or adsorbent for pollutant removal from
different industrial effluents [9,10,12—14], the present
study is focused on the utilization and comparative eval-
uation of two readily available and low-cost plant-based
bio-coagulants, PS and MOS, for the treatment of paint
wastewater with a high concentration of TDS using an
adsorption-assisted coagulation—flocculation technique.
The paper also discusses the mechanisms involved in TDS
removal under different operating settings, such as pH, co-
agulant dosage, and contact time, as well as the treatment
performance. It should be noted that the experimental sys-
tem investigated in the present study is the same as that
reported in our previous publication, which focused on the
optimization and predictive modeling of TDS removal us-
ing response surface methodology (RSM) and artificial
neural network (ANN) [25]. In contrast, the objectives
of this study are fundamentally different and are to: (i)
assess the effectiveness of PS and MOS as sustainable
bio-coagulants for TDS removal from paint wastewater;
(i1) optimize the coagulation—flocculation process by in-
vestigating the effect of pH, bio-coagulant dosage and
contact time on TDS removal; (iii) characterize the bio-
coagulants and determine their surface properties through
proximate analysis, Fourier transform infrared (FTIR)
spectroscopy and point of zero charge (pHpzc); (iv) an-
alyze the contribution of adsorption through adsorption
capacity, isotherm, kinetic, and Weber—-Morris intra-
particle diffusion analyses; and (v) compare the perfor-
mance of PS and MOS and suggest a mechanistic pathway
for TDS removal from paint wastewater. The findings of
this study could support the development of sustainable
and low-cost treatment systems for industrial wastewater
management, particularly in regions where conventional
chemical coagulants are costly or less accessible.

2. Materials and Methods

2.1. Equipment, Reagents, and
Bio-Coagulant Preparation

Whatman No. 1 filter paper. The mixing and settling pe-
riods during the jar test procedures were recorded using
a stopwatch. The primary materials used were avocado
pear seeds (PS), moringa oleifera seeds (MOS), and paint
wastewater (PWW). pH correction was also carried out us-
ing distilled water, sodium hydroxide, hydrochloric acid,
ethylenediaminetetraacetic acid (EDTA), and appropriate
buffer solutions. The seed materials were washed to re-
move impurities, then dried in an oven at 60 °C for 24
h. They were then milled into a powder and sieved to
obtain a homogeneous particle size, as described in [26].
The resultant powders were employed as bio-coagulants
and stored in sealed containers at room temperature until
needed.

2.2. Sampling of Paint Wastewater

Paint wastewater (PWW) was obtained from an offline
storage tank at Legacy Paints Limited, located in the
Emene Industrial Layout, Enugu, Nigeria. After collec-
tion, the samples were kept at 4 °C and analyzed within
24 h to preserve their stability. The initial TDS concentra-
tion was determined before any treatment was applied.

2.3. Treatment Mechanism and
Experimental Approach

In this work, the coagulation—flocculation process was
examined as the main mechanism. We also evaluated
adsorption as a supplementary mechanism contributing
to TDS removal because PS and MOS bio-coagulants
include surface functional groups capable of interacting
with dissolved species. The bio-coagulants were charac-
terized by FTIR and pHpzc investigations, and their ad-
sorption behavior was evaluated by contact-time studies,
kinetics, and equilibrium isotherm modeling to estimate
their impact.

2.3.1. Coagulation-Flocculation Experiments

The influence of operating parameters on TDS removal
from paint wastewater was studied by jar test experiments
in 500 mL beakers under controlled laboratory settings us-
ing the approach described in [26]. The effect of three im-
portant operational factors (pH, bio-coagulant dosage, and
contact time) was examined. The effluent was adjusted to
pH 2, 4, 6, 8 and 10 prior to treatment. Bio-coagulant
doses were 1, 2, 3, 4, and 5 g per 500 mL of wastewa-
ter with an initial TDS content of 200 mg/L. Contact time
was assessed at 10, 20, 30, 40, and 50 min. The dose of

The experiments were conducted utilizing laboratory equip- bio-coagulant required for each experiment was added to
ment such as mortar and pestle, graduated cylinders, beakers, 500 mL of wastewater in a beaker at room temperature.

electronic balance, magnetic stirrer, pH meter, oven, and

The coagulation—flocculation process consisted of rapid
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mixing (150 rpm, 2 min), moderate mixing (40 rpm, 20
min), and settling under quiescent conditions. Aliquots
were taken at 10 min intervals up to 50 min after treatment
to investigate the effect of contact time on TDS removal
kinetics. The TDS concentration of each sample was de-
termined, and the removal efficiency was computed using
Equation (1) [25]:
Co -G

TDS removal(%) = —c. X
0

100 )
where Cy is the initial TDS concentration (mg/L) and C;
is the final TDS concentration (mg/L) after coagulation—
flocculation treatment. The optimum operational settings
derived from the experimental investigation were further
validated by independent verification studies.

2.4. Optimum Operating Conditions and
Validation

To wvalidate the optimum operating parameters obtained
from the experimental study, validation experiments were
performed at the predicted optimum pH, dosage, and con-
tact time. The experimental TDS removal efficiencies were
compared with the corresponding predicted values, and the
percentage deviation was calculated to evaluate the accu-
racy and reproducibility of the treatment procedure.

2.5. Bio-Coagulant and Wastewater
Characterization

The physicochemical properties of the bio-coagulants and
paint wastewater were characterized to_provide informa-
tion on their composition, surface chemistry, charge be-
havior, and treatment potential. Proximate composition
analysis, FTIR, pHpzc determination, and wastewater
characterization were carried out using standard analyt-
ical procedures.

2.5.1. Proximate Composition Analysis

Selected proximate composition parameters of PS and
MOS, including protein, carbohydrate, moisture, ash con-
tent, surface area, and yield, were determined using the
procedure of [27]. The investigation evaluated the com-
positional properties of the bio-coagulants and their poten-
tial influence on coagulation—flocculation and adsorption
processes.

2.5.2. Fourier Transform Infrared (FTIR) Analysis

FTIR spectroscopy was used to identify the functional
groups responsible for adsorption, charge neutralization,
and pollutant binding during wastewater treatment. FTIR

analysis was performed in the selected wavenumber range,
and the obtained spectra confirmed the presence of func-
tional groups.

2.5.3. Point of Zero Charge (pHpzc)
Determination

The pH point of zero charge (pHpzc) of PS and MOS was
found using the pH drift method. Solutions with different
initial pH values were prepared and contacted with the bio-
coagulants until equilibrium was attained. The pHpzc was
obtained from the intersection of the ApH versus initial
pH (pHi) plot at ApH = 0. The pHpzc was used to study
the surface charge properties of bio-coagulants and their
interaction with dissolved species at different pH settings.

2.5.4. Physicochemical Characterization of Paint
Woastewater

The performance of the bio-coagulants was evaluated
by characterizing. the paint wastewater before and after
treatment. The parameters, including total solids (TS), to-
tal suspended;solids (TSS), total dissolved solids (TDS),
chemical oxygen demand (COD), biological oxygen de-
mand (BODS), pH, and electrical conductivity, were mea-
sured according to conventional procedures [10,12,13,
28].

2.6. Adsorption Capacity, Kinetic and
Diffusion Models

2.6.1. Adsorption Capacity

Adsorption capacities were calculated from the experimen-
tal data to explore the role of adsorption in TDS removal
during coagulation—flocculation treatment, and the data
were fitted to kinetic and diffusion models. The adsorp-
tion capacity at time t (g;) and the equilibrium adsorption
capacity (g.) of PS and MOS for TDS removal were calcu-
lated using Equations (2) and (3), respectively [22,29]:

P o
m

g = GGV 3)
m

where C, is the equilibrium TDS concentration (mg/L),
V' is the solution volume (L), and m is the mass of bio-
coagulant (g).

2.6.2. Kinetic Models

The experimental TDS removal data were fitted to kinetic
models to understand the adsorption mechanism using
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pseudo-first-order (PFO), pseudo-second-order (PSO),
Elovich, and Weber—Morris intra-particle diffusion mod-
els. Rate constants and model parameters for PFO, PSO
and Elovich were obtained from linearized graphical plots
according to Equation (4), Equation (5) and Equation (6),
respectively [21,29]:

Inln (¢ —qe) =Ilnlng. — Kit 4)
t 1 t
R — + — 5
qt KZQe2 Ge ( )
1
g = =Inin (1 + aft) (6)

B

where t is the contact time (min), K is the pseudo-first-
order rate constant (min~'), K is the pseudo-second-
order rate constant (g/mg-min), « is the initial adsorption
rate (mg/g-min), and f3 is the desorption constant related
to surface coverage (g/mg).

2.6.3. Diffusion Model

The intra-particle diffusion rate constant, K;
(mg/g-min®%), was obtained from the Weber—Morris intra-
particle diffusion model given by equation (7) by plotting
Q¢ VS t3 [21,29]. The slope of the plot gives K;4.

qt = Kidt% +C @)

where t2 is the square root of time (min).and ' is the in-
tercept (mg/g) representing the thickness of the boundary
layer.

2.7. Adsorption Isotherm Models

To further evaluate the nature of adsorbate-adsorbent inter-
actions, the equilibrium data collected from coagulation—
flocculation tests carried out at varied TDS concentrations
were fitted to the adsorption isotherm models. The data
were fitted to Langmuir, Freundlich and Temkin models
to characterize the equilibrium relationship between TDS
adsorption capacity and residual concentration in solution
and to analyze the adsorption mechanism and surface fea-
tures of PS and MOS. The model parameters for Lang-
muir, Freundlich and Temkin were calculated from the lin-
ear plots of the transformed data according to Equations
(8), (9), and (10), respectively [23]:

Ce 1

de B QmawKL

Ce

qmam

@®)

where C. is the equilibrium concentration (mg/L), g,qz 18
the maximum monolayer adsorption capacity (mg/g), and
K1, is the Langmuir constant related to adsorption affinity
(L/mg).

Inlin C,
n

Inlng. =Inin Kp + 9

where K is the Freundlich adsorption capacity constant
and % represents adsorption intensity or surface hetero-

geneity.

ge=BlilninC,+ Blnlin A (10)

where A is the Temkin equilibrium binding constant (L/g),
and B is related to the heat of adsorption and adsorbate—
adsorbent interactions.

3. Results and Discussion

3.1. Characterization of Bio-Coagulants
and Paint Wastewater

The bio-coagulants were characterized for proximate com-
position as shown in Table 1. A significant difference
was observed in protein and carbohydrate content. MOS
had more protein (37.16%) than PS (18.96%), but PS con-
tained more carbohydrate (53.08%) than MOS (44.63%).
These results suggest that the MOS coagulant increased
electrostatic interactions and binding of dissolved species
in the wastewater sample, while the PS coagulant in-
creased adsorption [10,30]. This behavior can be ex-
plained by their protein and carbohydrate composition.
This conclusion agrees with what has been reported in the
literature on bio-coagulants.

From the FTIR spectra in Table 2, it can be observed
that important functional groups such as hydroxyl (C-O
stretch), carboxyl (C=O stretch), and amine (N-H bend
and N-H stretch) groups were involved in the adsorption
process. These functional groups are important for TDS
removal, since they can interact with dissolved ions and
organic matter commonly found in PWW [30].

The first assessment of the paint wastewater sample,
as shown in Table 3, showed a significantly polluted efflu-
ent with a high TDS value of 2524.43 mg/L. Other asso-
ciated characteristics such as pH, COD, BODS, Turbidity
and electrical conductivity additionally indicated the com-
plexity of the effluent. TDS concentrations were reduced
to 165.54 mg/L and 100.13 mg/L by PS and MOS treat-
ment, respectively, representing around 93% and 96%
elimination. This result shows the efficiency of both bio-
coagulants for treating paint effluent.
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Table I: Results of proximate composition of PS and MOS.
. Carbohydrate Moisture Ash .
Bio-Coagulant Protemo /Content Content Content Content Y(l;ld
° % % % °
PS 18.96 53.08 9.75 2.23 25.63
MOS 37.16 44.63 9.04 243 30.52
Table 2: Results of FTIR of PS and MOS bio-coagulants for functional group identification.
PS MOS
Peak Functional Class of Peak Functional Class of
Group Compound Group Compound
3283.8 ==C-H stretch Alkynes 3693.8 N-H stretch Amines
2918.5 C-H stretch Alkanes and Alkyls 3287.5 ==C-H stretch Alkynes
2851.4 C-H stretch Alkanes and Alkyls 2918.5 C-H stretch Alkanes and alkyls
2105.9 C==C stretch Alkynes 2851.4 C-H stretch Alkanes and alkyls
1997.9 - - 2117.1 C==C Stretch Alkynes
1953.1 - - 1990.4 - -
1733.2 C=0 stretch Aldehydes 1729.5 C=0 stretch Esters
1617.7 N-H bend Amines 1610.2 N-H bend Amines
1420.1 - - 1438.8 - -
1375.4 CH3C-H bend Alkanes and Alkyls 1367.9 - -
1237.5 C-O stretch Alcohol 1315.8 C-F stretch Alkyl halides
1319.5 C-F stretch Alky! halides 12002~ CO-Csym. &asym. Ethers
Stretch
1151.7 C-O stretch Alcohol 1155.5 C-O stretch Alcohol
779.0 C-H bend Aromatic compound 779.0 C-H bend Aromatic compound
1010.1 C-F stretch 663.5 ==C-H bend Alkynes
- - 1028.7 C-O stretch Alcohol
Table 3: Results of characterization of paint wastewateér pre- and post-treatment.
Parameter TS TSS TDS COD BODs Turbidity H Conductivity
mg/L mg/L mg/L mg/L mg/L NTU P uS/em
Pre-treatment 2599.67 75.24 252443  2374.58 1586.11 48.17 6.16 509
Post-treatment, PS 171.87 6.33 165.54 215.82 172.67 3.383 6.33 96.05
Post-treatment, MOS 106.46 6.33 100.13 411.95 398.22 3.41 6.42 103.65

3.2. Effects of Process Parameters
3.2.1. Effects of pH on TDS Removal

As shown in Figure 1, both PS and MOS exhibited the
highest TDS removal at pH 4, and removal effective-
ness declined gradually as pH increased. MOS performed
somewhat better than PS in the examined pH range. To
further understand the effect of pH on the surface func-
tional groups of PS and MOS, the pHpzc values were ex-
amined. This explains the better elimination of pollutants
under acidic conditions.

3.2.2. pH Point of Zero Charge (pHpzc)

The pHpzc of PS and MOS was calculated using the pH
drift method to be 7.60 and 8.25, respectively (Table 4
and Figure 2). These values suggest that both of the
bio-coagulants were positively charged at the optimum
pH due to protonation of the functional groups on the
bio-coagulant surfaces. This agrees with the results of
Ali et al. [31] who found that the adsorption of anions
is favored when pH < pHpzc, whereas the adsorption of
cations is preferred at pH > pHpzc. Thus, in this investi-
gation with pH < pHpzc, the pHpzc value of MOS (8.25)
shows that MOS has a stronger positive surface charge at
a wider pH range, resulting in a greater adsorption contri-
bution to TDS removal than PS.
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Figure |I: Plot of TDS removal efficiency against pH for PS and MOS bio-coagulants.

Table 4: Optimum pH and pHpzc values of PS and MOS.

Bio-Coagulant Optimum pH pHpzc
PS 4.00 7.60
MOS 4.00 8.25
(b)
(a) 3
2
1 / 2 /
1
0
0 5 10 15 0
T T . 0 5 10 15
- L]
g -2 2
-3 3
-4 4
_5 . g e -5
Initial pH Initial pH

Figure 2: Point of zero charge (pHpzc) of (a) PS and (b) MOS used for TDS adsorption.

3.2.3. Effects of Dosage on TDS Removal The first observed increase is due to the presence of ac-
o . tive sites and charge-neutralizing species, which facilitate
As shown in Figure 3, both PS and MOS achieved the particle destabilization, bridging, and the development of

highest TDS elimination at a dose of 4 g across the 1-5  genser flocs, thereby boosting removal efficiency, accord-
g range, after which TDS removal decreased. PS consis- jng to Al-Hanaktah et al. [32].

tently performed slightly worse than MOS at all dosages.
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Figure 3: Plot of TDS removal efficiency against dosage for PS and MOS bio-coagulants.

3.2.4. Effect of Contact Time on TDS Removal

Figure 4 shows that TDS removal increased sharply from
10 to 40 min and then reached a near-equilibrium’ state
for both PS and MOS. The rapid initial increase was due
to the availability of abundant active sites and the strong
concentration gradient between the wastewater and the

bio-coagulant surface, similar to reports by Pushpalatha
et al. [33]. Similar to previous results, MOS demon-
strated slightly higher removal efficiencies than PS dur-
ing the contact period, confirming the increased availabil-
ity of active functional groups for interaction with pollu-
tants [32,33].

__ 120
S
=~ 100
o
° 80
(7]
S 60
2
S 40
o
2
(1]
o)
2 o0
0 20

Contact time (min)
—@—PS —8—MOS

40 60

Figure 4: Plot of TDS removal efficiency against contact time for PS and MOS bio-coagulants.
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3.2.5. Validation of Optimum Operating
Conditions

Table 5 shows the validation results for optimum dosage,
optimum pH, and optimum contact time, and the predicted
and experimental TDS removal efficiencies for PS and

Table 5: Validation of optimum operating conditions.

MOS, together with their percentage deviations. Experi-
mental and predicted TDS removal efficiencies agree well,
as the percentage deviations for each bio-coagulant are
less than 1% [34]. This confirms the adequacy, reliability,
and reproducibility of the optimization model, as stated by
Obinna et al. [34].

Wastewater + Optimum Optimum Opt.l mum Pre(.ilcted Experimental Percentage
Coagulant Dosage H Time, (Optimum) TDS, % Deviation, %
& ©@ P (min) nTDS, % s, 7
PWW + PS 4.00 4.00 40.00 93.53 92.87 0.71
PWW + MOS 4.00 4.00 40.00 97.24 96.49 0.78

3.3. Effect of Contact Time on
Adsorption Capacity

The effect of contact time on the adsorption capacity (q;)
for PS and MOS coagulants is shown in Figure 5. In
both cases, a quick uptake is observed in the first 20-30
min, followed by a gradual attainment of equilibrium be-
tween 40 and 50 min. The results suggest that the adsorp-
tion was a two-step process. The rapid initial rise in qt
is consistent with findings reported in [5,22] and was at-
tributed to the occupation of available active sites on the
bio-coagulant surfaces. This may be related to the pres-
ence of key functional groups (—OH, -COOH, and —-NH)

and surface charge effects that promote attraction of dis-
solved ions [5,30]. After 40 min, the adsorption rate de-
creased and qt approached equilibrium. This suggests that
most of the readily available binding sites were occupied
and intra-particle diffusion became the rate-limiting phase.
The difference in the maximum adsorption capacity mea-
sured for MOS (95.01 mg/g) and PS (93.01 mg/g) is re-
lated to their protein content and the density of cationic
sites, which increase interactions with negatively charged
species in the wastewater sample [22,30]. This behav-
ior shows the combined effect of surface adsorption and
intra-particle diffusion mechanisms on the efficient TDS
removal.

100
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Figure 5: Plot of adsorption capacity (qt) against contact time.
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3.4. Adsorption Kinetics and Diffusion
Analysis

The adsorption kinetics of TDS removal by PS and MOS
were evaluated using pseudo-first-order, pseudo-second-
order, Elovich, and Weber—Morris intra-particle diffusion
models, and the resulting parameters are summarized in

Table 6. The combined kinetic and diffusion results sug-
gest that TDS removal by both bio-coagulants occurred
through a multi-step adsorption process involving surface
interactions and mass-transfer effects, with the pseudo-
second-order model providing the most suitable descrip-
tion of the adsorption behavior.

Table 6: Adsorption kinetic and intra-particle diffusion model parameters.

Model Parameters PS MOS R*(PS) R?(MOS)
Pseudo-first-order ki (min~!) 0.5055 0.6630 0.716 0.7968
Pseudo-second-order qe (mg/g) 123.46 117.65 0.9899 0.9925
k2 (gmg™" min™") 0.000549 0.000847
Elovich o (mg g™ min™") 15.84 24.31 0.9693 0.9436
B (gmg™h) 0.0337 0.0385 - -
Intra-particle diffusion kid (mg g~' min=%%) 11.961 10.348 0.9241 0.8793
C (mg/g) 14.696 28.039 - -

3.4.1. Pseudo-First-Order Model

The pseudo-first-order model shown in Figure 6 provided
relatively high-rate constants (k; = 0.5055 min~" for PS
and 0.6630 min~' for MOS) but low correlation coeffi-
cients (R2 = 0.7160 for PS and R2 = 0.7968 for MOS),
indicating that it did not sufficiently describe the adsorp-
tion process [5,19].

3.4.2. Pseudo-Second-Order Model

The pseudo-second-order model (Figure 7) was found
to be the best fit (R = 0.9899 for PS and 0.9925 for
MOS) with equilibrium adsorption capacities of 123.46
and 117.65 mg/g and rate constants of 0.000549 and
0.000847 g mg~! min~! for PS and MOS, respectively,
indicating that surface adsorption was the dominant mech-
anism for TDS removal [19,20,35].

3.4.3. Elovich Model

The Elovich model (Figure 8) parameters further revealed
appreciable initial adsorption rates of o« = 15.84 and 24.31
mg g~! min~! for PS and MOS, respectively, with a
better fit (R?) than the pseudo-first-order model and the

Table 7: Adsorption isotherm model parameters.

Weber—Morris intra-particle diffusion model. This result
confirmed the presence of energetically heterogeneous ad-
sorption sites [19,20].

3.4.4. Weber-Morris Intra-Particle Diffusion Model

The constants of the Weber—Morris diffusion model (Fig-
ure 9) revealed a slightly higher intra-particle diffusion
rate for PS (kid = 11.961 mg g~! min~%3) than for MOS
(10.348 mg g~ min—%3), while the higher intercept value
for MOS (C = 28.039 mg/g) indicated a greater effect of
the boundary-layer diffusion [19,21].

3.5. Adsorption Isotherm Analysis

The adsorption equilibrium data for TDS removal by
PS and MOS were fitted to Langmuir, Freundlich, and
Temkin isotherm models, and the resultant model parame-
ters are reported in Table 7. The better fit of the Langmuir
model, along with the positive values of the Freundlich
and Temkin parameters, shows that TDS removal by PS
and MOS mostly occurred via monolayer adsorption with
heterogeneous surface contacts and incremental variations
in the energy of adsorption [15,23].

Model Parameters PS MOS R%(PS) R2(MOS)
Langmuir Qmax (ME/g) 55.56 53.19 0.9935 0.9921
KL (L/mg) 0.0250 0.0161 - -
Freundlich Kf 0.898 2.710 0.9758 0.9588
N 1.273 1.674 - -
Temkin B 43.501 37.254 0.9775 0.9537
A (L/g) 0.0216 0.0300 - -
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Figure 6: Pseudo-first-order model plot for PS and MOS bio-coagulants.
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Figure 9: Weber—Morris intra-particle diffusion model plot for PS and MOS bio-coagulants.

3.5.1. Langmuir Model

The Langmuir model (Figure 10) produced higher corre-
lation coefficients (R? = 0.9935 for PS and 0.9921 for
MOS) compared to other isotherm models. From the de-
rived model parameters in Table 7, the Langmuir maxi-
mum adsorption capacities of 55.56 mg/g for PS and 53.19
mg/g for MOS demonstrate the strong affinity of both bio-
coagulants for dissolved solids [23,24].

3.5.2. Freundlich Model

The Freundlich model (Figure 11) shows favorable param-
eters, with R? = 0.9758 for PS and R? = 0:9588 for MOS.

The adsorption intensity parameter, n > 1 for both bio-
coagulants, indicates favorable adsorption and suggests
the presence of heterogeneous adsorption sites [15,24].

3.5.3. Temkin Model

The Temkin model proposed that the adsorption process
is  affected by adsorbent-adsorbate interactions and that
the heat of adsorption decreases gradually with increas-
ing surface coverage [23,24]. As shown in Figure 12,
both PS and MOS exhibited good linear relationships (R?
= 0.9775 and 0.9537, respectively), indicating that the
Temkin model adequately describes the adsorption behav-
ior of the bio-coagulants.

10 Py =0.018x+0.7209 5.\ - 0.0188x + 1.1705
9 R = 0.9935 e 0.9921 .
8 0
70 e e
o @ e
&; 6 --.....-... .....
(@) 5 ._,..' .......
a4 ERETUSRL 3
3 g
2
1
50 100 150 200 250 300 350 400 450
Ce
® PS ® MOS ceeeeeee Linear (PS)  ceceeeeee Linear (MOS)

Figure 10: Langmuir model plot for PS and MOS bio-coagulants.
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Figure 12: Temkin model plot for PS and MOS bio-coagulants.

3.6. Mechanistic Interpretation of TDS
Removal by PS and MOS Bio-Coagulants

Figure 13 shows the adsorption-assisted coagulation—
flocculation mechanism of PS and MOS for TDS removal.
The treatment procedure starts with adding bio-coagulants

to paint wastewater containing dissolved ions and col-
loidal species. FTIR and proximate analyses indicated
the presence of functional groups, proteins, and carbo-
hydrates, which can interact with dissolved contaminants
and are responsible for charge neutralization. The higher
pHpzc values of both bio-coagulants relative to the op-
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timum treatment pH are consistent with protonation of
surface functional groups and enhanced electrostatic at-
traction to negatively charged dissolved species. The
protonated functional groups on PS and MOS favoured
charge neutralization of dissolved species, leading to the
development of larger aggregates through coagulation—
flocculation and particle-bridging mechanisms. However,
coagulation—flocculation alone did not fully account for
the total removal of dissolved particles. Residual dis-
solved species, after floc formation, were transported from
the bulk solution to the bio-coagulant surface by boundary-

—— N

£ 2

7 e

|

‘ COOH
\* =

)

Surface functional
groups and positive
surface charge (pH,..)

PS/MOS
addition

Paint
wastewater

Charge
neutralization

layer and intra-particle diffusion processes, as described
by the Weber—Morris model. This diffusion stage allowed
contaminants to access the available active sites, thereby
enabling further adsorption. Residual dissolved ions and
molecules were retained on the bio-coagulant surface dur-
ing the adsorption stage, as shown by the best fits of the
pseudo-second-order kinetic and the Langmuir isotherm
models. This reduces particle concentration in the aque-
ous phase and contributes to the overall reduction of TDS
in the treated wastewater.

T
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Figure 13: Schematic illustration of the adsorption-assisted coagulation—flocculation mechanism responsible for TDS removal by PS

and MOS.

3.7. The Superior Performance of MOS
over PS

Table 8 shows why MOS outperformed PS even though
PS exhibited faster diffusion, a slightly higher theoretical
adsorption capacity, and stronger adsorption—model cor-
relations. MOS achieved higher TDS removal because
its protein-rich composition provided more cationic ac-
tive sites. MOS’s higher pHpzc resulted in a stronger
positive surface charge at optimum pH, which enhanced
charge neutralization, destabilization of dissolved species,
and floc formation through coagulation—flocculation and
particle bridging before the adsorption became signifi-
cant. Therefore, we affirm that adsorption favored PS
slightly, whereas coagulation—flocculation favored MOS
more strongly. Since the treatment process was primar-
ily coagulation—flocculation-based, MOS achieved better
overall performance. By contrast, if the treatment process

had been based solely on adsorption, PS would likely have
demonstrated superior overall TDS removal efficiency.

3.8. Comparison with Literature

The results of the present investigation are compara-
ble with other plant-based coagulants used in industrial
wastewater treatment as depicted in Table 9 [28,36—40].
In addition to their high removal performance, PS and
MOS offer advantages such as low cost, biodegradabil-
ity, and local availability. These characteristics sup-
port their potential application as sustainable alternatives
for industrial wastewater treatment. The study provides
a deeper mechanistic understanding of the adsorption-
assisted coagulation—flocculation process for TDS re-
moval. However, the present study was limited to
batch-scale research and did not include advanced sur-
face characterization, thermodynamic evaluation, and bio-
coagulant regeneration tests.
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Table 8: Comparative summary of key performance and mechanistic parameters of PS and MOS.

Parameter PS MOS Better Performer
Protein content (%) 18.96 37.16 MOS
Carbohydrate content (%) 53.08 44.63 PS
pHpzc 7.60 8.25 MOS
Optimum pH 4 4 Similar
Optimum dosage (g) 4 4 Similar
Optimum contact time (min) 40 40 Similar
TDS removal at optimum conditions (%) 93.0 96.0 MOS
Final TDS concentration (mg/L) 165.54 100.13 MOS
Experlmenta'l equilibrium adsorption 93.01 95.01 MOS
capacity, qt,max (mg/g)
Langmuir adsorption capacity, qmax 5556 5319 PS
(mg/g)
Langmuir R? 0.9935 0.9921 PS
Freundlich R? 0.9758 0.9588 PS
Temkin R 0.9775 0.9537 PS
Pseudo-second-order R? 0.9899 0.9925 MOS
Pseudo-second-order ge (mg/g) 123.46 117.65 PS
Pseudo-second-order k, (g mg™! min~—") 0.000549 0.000847 MOS
Pseudo-first-order R? 0.7160 0.7968 MOS
Pseudo-first-order k; (min_]) 0.5055 0.6630 MOS
Elovich R? 0.9693 0.9436 PS
Weber-Morris R? 0.9241 0.8793 PS
Intra-particle dlf}i;lSIO.n (fsonstant, kid 11.96 10,35 PS
(mg g™ min™)
Boundary-layer constant, C (mg/g) 14.70 28.04 MOS

Dominant diffusion characteristic
Overall treatment performance

Faster internal diffusion

High

Stronger film diffusion effect
Higher

Different mechanisms

MOS

Note: Experimental equilibrium adsorption capacity (qt,-max)was obtained from the contact-time study, whereas Langmuir qmax

represents the theoretical monolayer adsorption capacity estimated from equilibrium isotherm modeling.

Table 9: Comparison of TDS removal efficiency of PS and MOS with other bio-coagulants reported in the literature.

Bio-Coagulant Type Wastewater Type TDS Removal (%) Reference

Pear seed (PS) Paint wastewater 93 This study

Moringa oleifera seed (MOS) Paint wastewater 96 This study
Aloe vera Brewery wastewater 95.40 [28]
Cactus opuntia Brewery wastewater 95 [28]
Okra seeds Brewery wastewater 95.25 [28]
Blend: Aloe vera + Cactus opuntia + Okra seeds Brewery wastewater 95.12 [28]
Moringa oleifera seed powder Abandoned mining pond water 23.08 [36]
Watermelon seed coagulant + Alum (1:3 ratio) Gibe River wastewater 98.26 [37]
Carica papaya leaf coagulant Mechanic village seep water 84.34 [38]
Moringa oleifera seed Mechanic village seep water 93.72 [38]
Seamum indicum seed extract Aquaculture wastewater 82 [39]
Okra seeds Tannery wastewater 69 [40]

4. Conclusions

In this study, both bio-coagulants achieved high treatment
efficiencies, with MOS exhibiting superior overall perfor-
mance to PS. The integration of FTIR, pHpzc, kinetic, dif-
fusion, and isotherm analyses enabled the development of
a mechanistic pathway in which charge neutralization and
flocculation were the primary removal processes, while

diffusion and adsorption contributed to the further re-
moval of dissolved solids remaining after coagulation—
flocculation. The findings highlight the potential of PS
and MOS as low-cost, biodegradable, and environmen-
tally sustainable alternatives to conventional chemical co-
agulants for industrial wastewater treatment. Future stud-
ies should investigate the regeneration and reuse of the bio-
coagulants, evaluate their performance under continuous-
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flow and pilot-scale conditions, and assess sludge char- Author Contributions

acteristics and treatment economics. Additional surface
characterization techniques such as SEM, BET, thermo-
dynamic, and zeta potential analyses may further improve
the understanding of the adsorption-assisted coagulation—
flocculation mechanism and support large-scale imple-
mentation.
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