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a b s t r a c t
The behavior of green, eco-friendly coagulants, derived from Strychnos potatorum, Cactus opuntia, 
Moringa oleifera, Cyamopsis tetragonolobus and Portunus sanguinolentus was evaluated and optimized 
for the removal of color and turbidity from simulated paint industry effluent (SPE). A series of 
bench-scale flocculation experiments were conducted in jar test apparatus to examine the optimal 
dose of coagulant, at different initial pH and initial concentration of the effluent. The eluent type 
and concentration were varied, to extract the maximum amount of active coagulant compounds viz, 
proteins (from S. potatorum, M. oleifera), cellulose (from C. opuntia), chitosan (from P. sanguinolentus), 
polysaccharides (from C. tetragonolobus) and to attain the maximum removal efficiency. The obtained 
optimized conditions from the SPE were applied for the treatment of real paint industry effluent. 
All the five coagulants exhibited the maximum removal efficiency at the actual pH of the effluent 
itself. The coagulation kinetic study suggests the order of kinetics, and the model parameters were 
obtained from the linear equations. The time evolution pattern of formation of monomers, dimmers 
and trimmers was evaluated. The comparisons of the green coagulants with chemical coagulants have 
also been studied.
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1. Introduction

The growth in the construction business aided by the easy 
availability of housing loans is the prime driving force for 
the growth of the decorative paint industry. The industrial 
paint sector is witnessing a 50% increase in revenue, mainly 
due to a 10% rise in the manufacture of automobiles [1]. The 
Indian paint industry produces around 940 million liters of 
paint and is valued at approximately USD 2 billion. At pres-
ent, India has more than 20,000 outlets in operation, which is 
probably the highest for any country. 30% of the paint indus-
try’s revenue is derived from the sale of industrial paints [2]. 

Paint manufacturing is a branch of the chemical industry 
and it is a mixture of pigment, binder, solvent and additives. 
The cleaning of vessels and various unit operations is the 
main source of the wastewater (80%) generated in the paint 
industry [3]. Paint wastewater contains high concentrations 
of suspended solids, pigments, color, heavy metals, oil and 
grease. The presence of chemical components in the paint 
effluent can irritate eyes, skin and lungs, and cause nausea, 
headache. It can also contribute to human health risks such 
as Alzheimer’s diseases, respiratory problems; muscle weak-
ness, liver and kidney damage and cancer, and the spoil of 
aquatic system was attributed due to the direct release of this 
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effluent. To respect the environment and the law, the gener-
ated wastewater has to be treated before disposal [4].

Researchers have reported the treatment of paint industry 
wastewater by various methods such as physical–chemical 
treatment [5], bio-oxidation [6], biological treatment [7], 
active sludge treatment [8], microfiltration [9], coagulation–
flocculation processes [10], Fenton oxidation [11], adsorption 
[12], electrochemical oxidation [13] and electro-coagulation 
[4]. Among these, coagulation–flocculation has historically 
attracted considerable attention for its high removal effi-
ciency. It was concluded as that a well-suited method for 
the paint effluent treatment is coagulation [14] due to the 
enormous amount of suspended solids.

Researchers have developed several natural and synthetic 
adsorbents with a modified structure based on nanotechnol-
ogy, co-polymerization techniques in the decolorization of 
synthetic aqueous dye solutions such as fast green dye [15], 
coomassie brilliant blue [16], methylene blue dye [17], mala-
chite green [18], methyl orange, Congo red [19] dyes and rose 
Bengal dye [20]. But the decolorization of paint effluent was 
not addressed much.

The disadvantages associated with using chemical coagu-
lants are ineffectiveness in low temperature water, relatively 
high procurement cost, adverse effects on human health, and 
production of large volumes of sludge and their significant 
effect on pH of treated water. The presence of toxic pollut-
ants in the sludge formed by chemical coagulant leads to 
Alzheimer’s disease in humans, which initiated the develop-
ment of the alternate coagulant [21].

The effective treatment process depends not only on the 
toxin expulsion capacity of the coagulant but also on the 
wealth of the material reachable. So the coagulant might be 
(i) a residue from industry and/or (ii) accessible bounty in 
environment [22]. It is, in this way, attractive to supplant 
these chemical coagulants with plant-based coagulants to 
counter the disadvantages mentioned above.

The following are the advantages of the natural coag-
ulants: material is apparent, it is cost effective, unlikely to 
alter the pH of treated water, and is highly biodegradable. 
In the age of climate change, depletion of the earth’s natu-
ral resources and widespread environmental degradation, 
usage of green coagulants for water and effluent treatment is 
a global sustainable development initiative [23]. The treated 
wastewater can be effective, recycled and reused, within the 
plant as a coolant, diluent or a component of low-cost paint 
and for effective water management.

Researchers have spotted several plant types such as 
Phaseolus vulgaris, gum arabic, Moringa oleifera, Ipomoea 
dasysperma, Strychnos potatorum, Cactus opuntia and Prosopis 
juliflora and as coagulants in the water and wastewater 
treatment [24].

S. potatorum, known as a clearing nut tree, grows in south-
ern and central parts of India, Sri Lanka and Burma. Sanskrit 
writings from India report that the seeds were used to clarify 
turbid surface water over 4,000 years ago [24]. By reviewing 
the literature, it was observed that S. potatorum seeds were 
used as a natural coagulant to clarify turbid water [25,26] and 
as an adsorbent to remove the heavy metals from aqueous 
solution [27,28].

C. opuntia is a cheap and abundantly avail-
able plant. The main constituent of the cactus 

cladode is a heteropolysaccharide with a molecular weight 
of 23–300 × 104 g/mol. Nopal cladode has been utilized in 
the turbidity removal of the synthetic water as a coagulant 
[29]. It was used as a coagulant in the treatment of cosmetic 
industry wastewater [30], toxic textile dyes [31], and the 
poultry slaughterhouse wastewater [32].

M. oleifera is a non-toxic (at low concentrations) tropical 
plant found throughout India, Asia, sub-Saharan Africa and 
Latin America. It is suggested that its active coagulating 
agents are dimeric cationic proteins with molecular mass 
of 12–14 kDa, isoelectric point (pI) between 10 and 11, and 
its main coagulation mechanism is adsorption and charge 
neutralization. Researchers have reported the coagulation 
ability of M. oleifera in the removal of heavy metals [33], 
treatment on tannery effluent and turbidity from water [34].

Guar gum, which structurally comprises a straight chain 
of D-mannose with a D-galactose side chain on approxi-
mately every other mannose unit, has a molecular weight of 
the order of 220,000. As a result of its wide range of prop-
erties, guar gum is the most extensively used gum, both in 
food and industrial applications. It is nonionic and hence 
an effective flocculent over a wide range of pH and ionic 
strengths. The broad vibration due to the presence of inter-
molecular hydrogen bonding/O–H bond stretching is around 
3,340 cm–1 in the case of the water eluted sample > 1 M NaCl 
eluted sample > 1 M KCl eluted sample [35]. The influence 
of the eluent type and concentration on color and turbidity 
removal efficiencies was acknowledged through the intensity 
of a peak in FTIR. In recent days, researchers are testing guar 
gum as a natural coagulant in the potable water treatment 
[36], treatment of tannery wastewater [37] and in the removal 
of COD from wastewater [38].

Seafood processing factory ended with millions of tons 
of crab shells annually worldwide. Land filling of waste dis-
posal is obscure, because of environmental concern and more 
expenses. Finding the new utility of the material could become 
an alternative result and develop gain to the industries [39]. 
The presence of chitosan, in the crab and shrimp shells was 
evaluated. Chitosan is a high-molecular weight linear cationic 
polymer applied for heavy metal adsorption, drinking water 
and effluent treatment [35,40,41]. 465 g of chitosan can be 
gained from about 100 g of crab shell powder [42].

2. Materials and methods

2.1. Paint industry effluent

2.1.1. Simulated paint industry effluent

Analytical grade chemicals were used in the experiments. 
Simulated paint industry effluent (SPE) was made by 
blending different proportions of commercially available 
white primer and acrylic-based blue colorant (5% (v/v)) [43]. 
Five different samples were produced and named as sample 
numbers 1–5 (Table 1).

2.1.2. Real paint industry effluent

The real (water sourced) paint industry effluent (RPE)
was collected from paint industry located in Chennai, South 
India. The physico–chemical properties of both SPE and RPE 
are listed in Table 2.
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2.2. Coagulant

2.2.1. Plant based

The seeds of S. potatorum, M. oleifera, C. tetragonolobus 
(guar gum) and the pods of C. opuntia were collected from 
Thirumayam, a rural area of Pudukottai district, South India. 
The seeds were washed thoroughly with distilled water, sun 
dried for 48 h, powdered and sieved through 0.5 mm sieve. 
The thorns present in the pods of C. opuntia were completely 
removed before washing thoroughly with distilled water, 
after which the pods were sliced into small pieces, and dried 
in a convection oven at 100°C for 1 h with periodical supervi-
sion. The dried material was powdered using a conventional 
mixer and sieved through a 0.5 mm sieve (Figs. 1(a)–(d)).

2.2.2. Animal based

Clean P. sanguinolentus (crab) shells sourced from 
Jegathapattinam situated on the eastern coast were pur-
chased from the local seafood market of Pudukottai, South 
India. The shells of three red-spotted crab were cleaned 

completely with distilled water to separate the smooth 
tissues within, sun dried for 2 h, crushed using a standard 
kitchen blender and the powder was screened through a 
0.5 mm sieve (Fig. 1(e)).

2.3. Equipment

A conventional six stirrer arrangement jar test appara-
tus (Deep Vision, India) with a base floc illuminator with 
an inbuilt speed regulator (up to 300 rpm) and timer was 
used for the batch mode of the coagulation procedure. The 
length and breadth of stirrer paddles are 8 cm and 22 cm, 
respectively (Fig. 2). 

2.4. Preparation of coagulant extract 

To extract the active components from the natural coag-
ulants, the known amount of the prepared coagulant pow-
der was suspended in 100 mL of solvent termed as eluent. 
The suspension was stirred for 15 min to excerpt the active 
compounds. After 15 min of settling span, the clarified liquid 
was collected from the top, called as eluate and was used as 
a coagulant for further studies. The presence of active com-
pounds which are responsible for the coagulation was tabu-
lated in Table 3 for all the five coagulants.

2.5. Experimental setup

2.5.1. Coagulation–flocculation–sedimentation

To execute the treatment process, known volume of coag-
ulant eluate was added in a liter of SPE. The jar test apparatus 
(Fig. 2) was used for the coagulation study and agitated at a 
rapid mixing of 200 rpm for 2 min and slow mixing at 80 rpm 
for 20 min followed by the settling period span of 60 min. 
After this, 50 mL of clarified sample was collected to measure 
the residual color and turbidity. The experimental procedure 
was repeated to study the effect of operational variables viz, 
eluent type, eluent concentration, coagulant dose, coagulant–
eluate volume, initial pH and initial effluent concentration.

All the experiments were rerun minimum thrice for 
consistency and the mean was taken for the outcome. The 
plot was made for the mean value with the reproducibility 
greater than 98%. At the end of the setting period, the amount 
of sludge formed was noted. The optimized conditions to 
treat a liter of SPE (Table 4) and the maximum removal effi-
ciencies obtained at the optimized conditions (Table 5) are 
consolidated.

The optimized treatment conditions obtained from the 
SPE were applied on the treatment of the RPE collected 
from the paint factory by following the same experimental 
procedure. The results and the kinetics are discussed in the 
present study.

2.6. Parameters evaluation

The coagulation ability of the natural coagulants was 
analyzed in terms of residual color and turbidity. Using the 
standard methods, the parameters given in Table 2 was mea-
sured [42]. At λmax 612 nm (SPE) and 285 nm (RPE) in a SL 
218 double UV visible spectrophotometer (Elico, India) the 

Table 1
Concentration of SPE (made up to 1,000 mL)

Sample 
number

White primer 
(mL)

Blue colorant 
(mL)

Initial COD 
(mg/L)

1 48 2 3,100
2 46 4 4,224
3 44 6 5,650
4 42 8 6,258
5 40 10 7,693

Table 2
Physico-chemical characteristics of paint effluent

Parameters Concentration (except for pH, 
color and turbidity, viscosity)
Real 
wastewater (RPE)

Simulated 
wastewater 
(SPE)

pH at 25°C 7.03 7.6
Color Dark black Blue
Total dissolved 
solids, mg/L

1,234 304

Total suspended 
solids, mg/L

300 6,880

Oil and grease, mg/L 15 19
Sulfate as SO4, mg/L 115 24
Chemical oxygen 
demand (COD), mg/L

1,760 7,693

Biochemical oxygen 
demand, mg/L 
(3 d incubated at 27°C)

880 2,648

Turbidity, NTU 198.5 7,760
Viscosity, kg/m.sec 0.015 0.0144
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residual color was measured. Turbidity was measured using 
a digital nephelo-turbidity meter 132 (Elico, India) and it 
was expressed in nephelometric turbidity units (NTU). pH is 
adjusted using a digital pH meter MKVI (Elico, India).

3. Modeling of coagulation kinetics

For a wastewater treatment plant to be economical, one 
of the most important parameters is equilibrium time. Taking 
RPE as the target of treatment and several coagulants as the 
subject of investigation, the effect of the settling period on the 
percentage removal of pollutants such as color and turbidity 
was evaluated. It became evident that a longer settling time 

(a)

(b)

(c)

(d)

(e)

Fig. 1. (a) Seeds and powder of S. potatorum, (b) C. opuntia pods and powder, seeds and powder of (c) M. oleifera, seeds and powder of 
(d) C. tetragonolobus, and (e) P. sanguinolentus (crab) shells and powder.

Fig. 2. Jar test apparatus.
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effected greater pollutant removal, and that a 60 min contact 
period was sufficient to reach equilibrium. Data gathered 
from this part of the investigation were utilized to under-
stand kinetics models.

Kinetic sorption data using natural green coagulants were 
useful in comprehending the dynamic process of pollutant 
removal from RPE in terms of the rate constant. The param-
eters of coagulant kinetics make significant contributions by 
providing valuable information necessary for designing and 
modeling the sorption process [43]. In turn, sorption kinetics 
is vital for enumerating the coagulant–pollutant interaction 
as well as system conditions, and can be applied successfully 
in the control of water pollution. Rapid kinetics is one of 
the most crucial considerations for removal processes, and 
depends upon mechanism and reaction rates. Solute uptake 
rate determines the residence time required for completion of 
the sorption reaction, and can be evolved from kinetic anal-
ysis [44]. Information on the kinetics of pollutant uptake is 
essential for deciding optimum operating conditions for a 
full-scale batch process [45].

Several kinetic models were therefore tried and tested 
during the course of the present study. Selection of the 
most suitable model was based on (a) comparison of the 
experimental and simulated data, and (b) evaluation of the cor-
relation between coagulation properties and model theory [46].

An understanding of the adsorption mechanism, and 
identification of potential rate-controlling processes such 
as chemical reaction, diffusion control and mass transport, 
was gained by the use of kinetic models to test the experi-
mental data. The models taken for the investigation included 
first-order model, second-order model, pseudo-first order, 
Elovich, Bangham, intraparticle diffusion and Avrami 
(Table 6). Microsoft Excel spreadsheets were used to compute 
the values of experimentally determined (qe,exp), calculated 
(qe,cal), and correlation coefficient (R2), along with the kinetic 
rate constants [47].

The cluster size distribution for the coagulation–
flocculation as a function of time can be generally termed as:

Nm(t) = 4No
m (kt)m – 1 (2 + kNot)–(m + 1)

  (1)

for monomer m = 1, dimmer m = 2, and trimmer m = 3, 
respectively.

4. Results and discussion

4.1. RPE treatment

The RPE was treated using the optimized treatment 
conditions procured from the SPE for all the five green 

Table 3
Presence of active compounds in natural coagulants

Coagulant Active compounds Method Reference

S. potatorum Protein SDS-PAGE and Bradford method [50]
C. opuntia Cellulose Glucose solution [51]
M. oleifera Protein SDS-PAGE and Bradford method [34]
C. tetragonolobus Polysaccharides FTIR spectrum [53]
P. sanguinolentus Chitosan FTIR spectrum [52]

Table 4
Optimized values of operational parameters to treat a liter of SPE

Coagulant Eluent and concentration Dose and eluate volume Initial pH Initial concentration Reference

S. potatorum 3 N NaCl 2 g, 100 mL 7 7,693 mg/L Sample 5 [50]
C. opuntia 3 N NaCl 3 g, 100 mL 7 [51]
M. oleifera 1 N NaCl 3 g, 80 mL 8 –
C. tetragonolobus 1 N KCl 5 g, 100 mL 8 [53]
P. sanguinolentus 3 N NaCl 3 g, 100 mL 9 [52]

Table 5
Comparison of the treatment efficiency of the green coagulants on SPE and RPE under optimum conditions

Coagulants SPE RPE
Color removal % Turbidity removal % Color removal % Turbidity removal %

S. potatorum 98.21 85.57 84.70 89.57
C. opuntia 88.37 82.60 64.82 79.78
M. oleifera 95.2 88.6 88.77 92.00
C. tetragonolobus 85.2 84.7 86.37 88.72
P. sanguinolentus 92.3 86.65 86.81 89.57
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coagulants. The treatment expertise was graded using color 
and turbidity and shown in Figs. 3(a) and (b) and listed in 
Table 5. 

In the course of settling span, the color removal effi-
ciency was swelled up for all the green coagulants till the 
end of the 60th min. The maximum removal was viewed as 
84.70%, 64.82%, 88.77%, 86.37% and 86.81% for S. potatorum, 
C. opuntia, M. oleifera, C. tetragonolobus and P. sanguinolentus, 
respectively.

Akin orientation was noted for the removal of turbidity. 
The maximal removal efficiency was observed at the end of 
the 60th min and the values are 89.6%, 79.8%, 92.0%, 88.7% and 
89.6% for S. potatorum, C. opuntia, M. oleifera, C. tetragonolobus 
and P. sanguinolentus, respectively. The reasons and the 
discussions behind the influence of the operating variables 
on removal efficiency were elaborated in detail [48–51].

The treatability of the green coagulants using color and 
turbidity removal efficiency was compared in Fig. 4. It was 
noticed that among the five green coagulants M. oleifera 
revealed its maximum capacity in the treatment of RPE, 
both in color and turbidity removal. The photographs of 
treated samples using five green coagulants are shown in 
Fig. 5.

4.2. Kinetic studies

4.2.1. First order

The residual turbidity (NTU) of the RPE was measured 
as a function of time and then it was transformed into con-
centration (mg/L) by multiplying with the factor 2.3 [34]. It 
was detected that the turbidity concentration was decreased 
with increase in time. The reason is that, when the reaction is 
in progress, the number of particles available for the coagu-
lation is reduced.

To study the coagulation kinetics, with time, a physical 
property which influences the treatment efficiency was also 
studied, by keeping further parameters viz, pressure drop, 
temperature, film/pore diffusion as constant. The linear 
form of first-order equation is given in Table 6. The plots 

were made between time and ln(Co/C) (Fig. 5), the model 
parameters such as linear regression coefficient (R2), rate 
constant k1 (1/min), t0.5 (min), β (m3/kg s), D (kg2/m s), KRc, 

Table 6
Linear form of kinetic models

Models Linear equation

First-order kinetic 
model
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Fig. 3. (a) Color removal efficiency and (b) turbidity removal 
efficiency.
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Fig. 4. Comparison of performance of green coagulants.

Table 7
Model parameters

Parameter First-order kinetic 
model

Second-order kinetic 
model

t0.5 (min) 0.6931/k1 0.6931/k2 
β (m3/kg s) 2k1 2k2

D (kg2/m s) kB T/β kB T/β
KRc (1/min) 4 kBT/3µ 4 kBT/3µ
E k1/KRc k2/KRc
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E are tabulated in Tables 7 and 8. In Fig. 6(a), the plots are 
linear but do not pass through the origin and show a nega-
tive intercept, indicating that the process was not in acknowl-
edgement with the experimental values for all the five green 
coagulants.

Though the linear regression coefficient (R2) values are 
greater than 0.9 for all the plots, it can be confirmed only the 
scope of linearity of the plots.

4.2.2. Pseudo-first-order kinetic model 

The parameters of the pseudo-first-order kinetics model 
(Table 6) calculated from the linear plot of log (qe – qt) vs. t 
(Fig. 6(b)) and together with the corresponding correlation 
coefficients (R2) are summarized in Table 9. It is evident 
that in every case, the correlation coefficients for the 
pseudo-first-order kinetic model (R2 > 0.9), were higher, and 
that the calculated values of qe,cal derived from the kinetics 
model were near the experimental values (qe,exp). This is a 
clear indication that the pseudo-first-order kinetics model 
was reliable in its description of the adsorption kinetics 
mechanism [47]. The findings revealed that pollutant 
adsorption on natural coagulants was in compliance with the 
pseudo-first-order mechanism and second, that the chemical 
sorption process controlled the sorption rate [43].

4.2.3. Elovich model

The Elovich model parameters were evaluated from the 
slope and intercept of the linear plot of t vs. qt (Fig. 6(c)). The 
αE (mg/min g) is related to the rate of chemisorption (initial 
adsorption rate) and βE (g/mg) is related to surface cover-
age (desorption constant) (Table 6). Interpretations of the 

Elovich equation are usually connected to the heterogeneous 
surfaces [48]. The Elovich equation data and the correlation 
coefficients values obtained, R2, are listed in Table 9. 

The kinetic curve of sorption demonstrated good fitness 
with the model (R2 > 0.95), thus reinforcing the feasibility of 
the Elovich model. The Elovich equation does not predict any 
definite mode of function, but it is useful in describing the 
phenomenon of adsorption by highly heterogeneous adsor-
bents [52]. The large values of αE (>1) elicited in the trial run 
of this model implied that the model was capable of explain-
ing heterogeneity of surface coagulants; the small values of 
βE (<1) indicated non-occurrence of the chemisorption reac-
tion. This means that the model can be safely used for accu-
rate prediction of experimental data. This model supports 
the hypothesis that the heterogeneous sorption mechanism 
is probably responsible for pollutant uptake. The experi-
mental results confirmed that the adsorption rate could be 
maximized under optimal experimental conditions [53]. 

4.2.4. Bangham model

The application of Bangham’s equation (Table 6) to kinetic 
data served the purpose of checking whether pore diffusion 
was the only rate-controlling step in the adsorption system 
or not, where, kB (mg/g min) and 1/mB are the sorption rate 
constants (Fig. 6(d)).

Larger values of kB (>1) under conditions of optimum 
individual design variable quantities, were indicative of the 
suitability of material for pollutant removal [53] (Table 9). 
The graph for each coagulant was found to be linear with 
good correlation coefficient (>0.9). These findings can be 
interpreted as follows: the kinetics mechanism confirmed 
Bangham’s equation and therefore the theory that adsorption 

Fig. 5. RPE samples after the treatment.

Table 8
Model parameters of First-order kinetic model

First order S. potatorum C. opuntia M. oleifera C. tetragonolobus P. sanguinolentus

R2 0.957 0.982 0.944 0.916 0.99
k1 (1/min) 0.038 0.025 0.041 0.034 0.038

t0.5 (min) 18.24 27.72 16.90 20.39 18.24

β (m3/kg s) 0.076 0.05 0.082 0.068 0.076

D (kg2/m s) 5.505 × 10–20 8.369 × 10–20 5.103 × 10–20 6.15 × 10–20 5.506 × 10–20

KRc (1/min) 3.72 × 10–18 3.72 × 10–18 3.72 × 10–18 3.72 × 10–18 3.72 × 10–18

E 1.02 × 1016 6.72 × 1015 1.10 × 1016 9.14 × 1015 1.02 × 1016
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of pollutant from RPE onto natural coagulants was pore 
diffusion controlled.

4.2.5. Intraparticle diffusion model

According to this model (Table 6), a graph plotted with 
solute adsorbed qt against the square root of the contact time 
t0.5, should be a straight line passing through the origin when 
intraparticle diffusion is the controlling step (Fig. 6(e)). kid 
is the intraparticle diffusion rate constant. A line that fails 
to pass through the origin would indicate some degree of 
film diffusion control, which would mean that intraparticle 
diffusion is not the only rate limiting step. The correlation 
coefficient (R2 > 0.9) was in good agreement with the model 
parameters (Table 9) [28].

4.2.6. Avrami model

From the slope and intercept of the linear plot of 
(ln [–ln (1 – qt/qe)]) against ln t (Fig. 6(f)), the Avrami model 
parameters mAv and kAv were calculated to understand the 
influence of operational parameters (Table 9). The Avrami 
model values varied according to the nature of the coagulant 
used for treating the effluent. Irrespective of prevailing 
conditions, the mAv value was greater than 1, and linear 
regression coefficient was above 0.9 [55,56].

The kinetics of pollutant binding onto a coagulant was 
substantiated by the Avrami model, which affirmed that the 
reaction was located on the surface active sites of the solid 
support. The mAv values served to verify the effect of contact 
time on the adsorption mechanism, and also assisted in 
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Fig. 6. Kinetic plots of green coagulants. (a) First-order kinetic model, (b) pseudo-first-order kinetic model, (c) Elovich model, 
(d) Bangham model, (e) intraparticle diffusion model and (f) Avrami model.
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Table 9
Kinetic model parameter values

Model parameters S. potatorum C. opuntia M. oleifera C. tetragonolobus P. sanguinolentus

Pseudo-first order R2 0.900 0.977 0.914 0.942 0.951
k’ 0.048 0.037 0.044 0.035 0.055
qe(eqn) 301 144 191 108 191
qe(exp) 225 134 151 89 150

Elovich R2 0.985 0.976 0.989 0.993 0.955
αE 16 589 25 0.305 1001
βE 0.256 0.473 0.389 0.650 0.397

Intraparticle 
diffusion

R2 0.925 0.977 0.942 0.892 0.973
kid 30.8 17.2 20.38 11.85 20.69
I –27.9 –8.8 –16.8 –14.3 –10.5

Bangham R2 0.983 0.999 0.996 0.975 0.986
mB 1.088 1.420 1.127 0.761 1.339
kB 5.470 7.379 4.188 0.460 7.621

Avrami R2 0.947 0.987 0.970 0.996 0.983
mAv 1.468 1.088 1.395 1.787 1.355
kAv × 10-5 0.968 20.8 1.71 0.0384 4.35

Table 10
Time growth of cluster size distribution per liter

Time (min) 0 10 20 30 40 50 60

S. potatorum
Monomer particles count 457 166 85 52 35 25 19
Dimmer particles count 0 66 48 34 25 19 15
Trimmer particles count 0 26 27 13 18 15 12
Total particles count 457 258 161 109 78 58 45

C. opuntia
Monomer particles count 457 272 181 129 96 75 60
Dimmer particles count 0 62 67 60 52 44 38
Trimmer particles count 0 14 25 28 28 26 24
Total particles count 457 349 273 217 176 146 122

M. oleifera
Monomer particles count 457 138 65 38 25 17 13
Dimmer particles count 0 62 41 27 19 14 11
Trimmer particles count 0 28 25 19 15 11 9
Total particles count 457 228 131 84 58 43 33

C. tetragonolobus
Monomer particles count 457 193 106 67 46 34 26
Dimmer particles count 0 68 55 41 31 25 20
Trimmer particles count 0 24 28 26 21 18 15
Total particles count 457 284 190 134 99 76 60

P. sanguinolentus
Monomer particles count 457 160 81 49 32 23 17
Dimmer particles count 0 65 47 33 24 18 14
Trimmer particles count 0 27 27 22 17 14 11
Total particles count 457 252 155 104 74 55 43
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quantifying the areas covered by heterogeneous reactions. 
The value also, made it possible to determine whether the 
adsorption process is limited by surface reaction (mAv > 1) or 
not [57].

4.2.7. Cluster size distribution

The growth of aggregating particles as a function of time 
was evaluated for monomers (m = 1), dimmers (m = 2) and 

trimmers (m = 3), respectively, using Eq. (1). The curve trend 
is similar for all the coagulants. The number of monomer 
particles declined rapidly than the total number of particles. 
The least count of particles is viewed in the trimmer. The 
declined nature of monomer particles promoted the 
generation of the dimmer and trimmer particles. The number 
of monomer, dimmer, trimmer and total particle is listed 
in Table 10 and plotted in Figs. 7(a)–(e), for the green 
coagulants [34].

(e)
Fig. 7. Time evolution of the cluster size distribution. (a) S. potatorum, (b) C. opuntia, (c) M. oleifera, (d) C. tetragonolobus and 
(e) P. sanguinolentus.
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5. Conclusions

The coagulation ability of the active component extracted 
from the natural and green coagulant viz, S. potatorum 
(proteins), C. opuntia (cellulose), M. oleifera (proteins), 
C. tetragonolobus (polysaccharides) and P. sanguinolentus 
(chitosan) was examined on SPE and RPE regarding color 
and turbidity. The removal efficiency has been found to be 
influenced by eluent type and concentration, coagulant dose, 
coagulant–eluate volume, initial effluent pH and initial efflu-
ent concentration and coagulation time. It was noticed that 
the treatment ability of the green coagulants is consistent in 
the RPE that of SPE. The coagulation kinetic behavior was 
established using various kinetic models. From the model 
parameters, it was demonstrated that the process followed a 
pseudo-first-order model. The fitness of the data with Elovich 
model reaffirms heterogeneity surface of coagulants and 
absence of chemisorption and Avrami model also supports 
this. The parameters of Bangham model and the larger linear 
regression values made it evident that the removal process 
was pore diffusion controlled. A line that fails to pass through 
the origin in the intraparticle diffusion model would indicate 
some degree of film diffusion control, which would mean 
that intraparticle diffusion is not the only rate limiting step. 
The cluster size distribution as a function of time revealed 
that the destabilization of the monomer particles enhances 
the formation of dimmer and trimmer particles.

This study suggested that being a biodegradable, 
abundance in nature; green coagulants could be the better 
surrogate for the chemical coagulants in the treatment of 
RPE.

Symbols 

Co, Ce, Ct —  Concentration of the solute, at t = 0, at 
equilibrium and time t in the effluent, mg/L

D — Brownian diffusion coefficient, kg2/m s
E — Collision efficiency
I — Thickness of boundary layer, mg/g
kAv — Kinetic constant in the Avrami model
kB —  Kinetic constant in the Bangham model, 

mg/g min
kBo, — 1,381 × 10–23 Boltzmann constant, m2 kg/s2 K
kid —  Kinetic rate constant in the intraparticle 

diffusion model, mg/g min0.5

KRc —  Smoluchowski rate constant for rapid 
coagulation, 1/min

k1, k′ —  Kinetic rate constant in the first-order 
model, 1/min, pseudo-first order model, 
1/min

m — Total mass of adsorbent, g
mAv — Avrami model parameter
mB — Bangham model parameter
N — Order of the coagulation process
No — Initial particle concentration, mg/L
qt, qe —  Total quantity of pollutant adsorbed at time 

t and at equilibrium time, mg/g
qe,exp, qe,eqn —  Equilibrium uptake of pollutants from the 

experiment and model equation, mg/g
R2 — Correlation coefficient
T — Absolute temperature, K

t — Coagulation process time, min
t0.5 —  Time required for 50% removal of initial 

concentration, min
V — Volume of effluent, mL
αE —  Initial adsorption rate in the Elovich model, 

mg/mg
β — Friction factor due to shear stress, m3/(kg s)
βE —  Desorption constant in the Elovich model, 

g/mg
µ — Effluent viscosity, kg m/s
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