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Abstract

A novel approach has been undertaken wherein chemically modified wheat straw activated carbon (WSAC) as adsorbent is
developed, characterized, and examined for the removal of COD and color from the cotton dyeing industry effluent. Thirty
experimental runs are designed for batch reactor study using the central composite method (CCM) for optimizing process
parameters, namely biochar dose, time of contact, pH, and temperature, for examining the effect on COD and color-removing
efficiency of WSAC. The experimental data have been modeled using the machine learning approaches such as polynomial
quadratic regression and artificial neural networks (ANN). The determined optimum conditions are pH: 7.18, time of contact:
85.229 min, adsorbent dose: 2.045 g/1, and temperature: 40.885 °C, at which the COD and color removal efficiency is 90.92
and 94.48%, respectively. The nonlinear pseudo-second order (PSO) kinetic model shows good coefficient of determination
(R?~1) values. The maximum adsorption capacity for COD and color by WSAC is at the pH of 7, the temperature of 40 °C,
adsorbent dose of 2 g/l is obtained at the contact time of 80 min is 434.78 mg/g and 331.55 PCU/g, respectively. The COD
removal and decolorization is more than 70% in the first 20 min of the experiment. The primary adsorption mechanism
involves hydrogen bonding, electrostatic attraction, n- interactions, and cation exchange. Finally, the adsorbent is environ-
mentally benign and cost-effective, costing 16.66% less than commercially available carbon. The result of the study indicates
that WSAC is a prominent solution for treating textile effluent. The study is beneficial in reducing the pollutants from textile
effluents and increasing the reuse of treated effluent in the textile industries.

Keywords Adsorption - Artificial neural network - Central composite method - Contaminant removal - Kinetic model -
Pollutants - Textile wastewater - Wheat straw activated carbon

Introduction

The textile industry in India is economically vital within the
country and globally. This industry consists of various wet
processes such as dyeing, bleaching, mercerizing, scouring,
sizing, de-sizing, etc. (Aljerf 2018). Each process uses water
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and a variety of chemicals, such as caustic soda, natural and
artificial dyes, hydrogen peroxide, sodium silicate, starch,
and waxes, resulting in the generation of hazardous textile
effluent (Yaseen and Scholz 2019). The quantity of efflu-
ent generated is enormous and requires complex treatment
before its safe disposal in the environment (Behera et al.
2021). The wastewater is also rich in colored dyes (both
natural and synthetic forms), total dissolved solids (TDS),
COD, BOD, and heavy metals (Keskin et al. 2021). These
pollutants are carcinogenic and pose a severe risk of bio-
magnification on their improper disposal (Yaseen and Scholz
2019). Besides, improper disposal of untreated effluent into
a water body disrupts its ecosystem by blocking the sunlight
(Saravanan et al. 2021; Varsha et al. 2022). The decontami-
nation of effluent before its disposal into water bodies is
essential to avoid adverse health impacts caused by the indi-
rect consumption of dye water (Aljerf 2018). However, the
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large quantity of effluent generated from the textile indus-
try urges the need to be reused rather than disposed of in
the surface water bodies and environment (Agarwal et al.
2022; Agarwal and Singh 2022).

The researchers have proposed various treatment pro-
cesses that are already in practice. These processes entail
physical, chemical, and biological methods. The physical
treatment processes useful for reducing the contaminants
from the textile effluents are gravity settling, stabilization,
ion exchange, membrane filtration, and adsorption (Behera
et al. 2021; Saravanan et al. 2021). Coagulation using chemi-
cals, electrocoagulation, and oxidation are some chemical
treatment processes. The biological methods include aero-
bic and anerobic decomposition using an activated sludge
process (ASP) and rotating biological contractors (RBC).
A combination of biological and physical processes such
as fixed bed bioreactor (FBBR), moving bed biofilm reac-
tor (MBBR), membrane bioreactor (MBR), etc. are also
widely used (Agarwal and Singh 2022). Although the chemi-
cal methods are efficient and capable of treating wastewa-
ter, they are cost-ineffective, and the byproduct (chemical
sludge) is enormous and challenging to store. The biological
treatment processes are complex to manage, cannot immedi-
ately adapt to pollutant concentration, occupy considerable
space, and are costly. The physical treatment process is rela-
tively simple and less costly (Holkar et al. 2016). Adsorption
is an efficient, economic, and accessible practice for treating
textile wastewater to reduce contaminants and color (Beyan
et al. 2021).

Numerous bio-sorbents such as sugarcane bagasse, date
palm waste, maize straw, pepper straw, cotton straw, wheat
straw, rice husk, corn cobs, and banana peel have been investi-
gated for the removal of dyes, organic matter, ions, and heavy
metals (Homagai et al. 2010; Zhang et al. 2019). Cueva-Orjuela
et al. (2017) mentioned that the 95% removal of basic red dye
is possible using sugarcane bagasse-based activated carbon.
Yadav et al. (2021) have used sugarcane bagasse for biosorp-
tion of methylene blue dye (98.39% removal) and have car-
ried out kinetic, isotherm, and thermodynamic modeling. Nayl
et al. (2017) have used the date palm seed adsorbent to remove
BOD and COD from treated sewage and have achieved 92.8
and 95.4% removal efficiency, respectively. Beyan et al. (2021)
have studied the adsorption of BOD (95%) and COD (92%)
from the textile effluent using the activated carbon of sugar-
cane bagasse. Adewoye et al. (2021) studied the adsorption of
total organic carbon (TOC) using functionalized multi-walled
carbon nanotubes and observed a 93.6% removal efficiency.
Assila et al. (2020) have used the naturally available minerals
for adsorption studies for the removal of COD (88-79%) and
heavy metals (Cr—39% and Cu-28%) from textile effluents.
Ghosh et al. (2021) have achieved 99% removal efficiency of
methylene blue using the Lathyrus sativus husk as an adsor-
bent. Mohammadi et al. (2021) have studied the removal of
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2-naphthol and acid orange (AO7) dye from the aqueous solu-
tions using wheat bran as an adsorbent and have achieved maxi-
mum removal efficiency of 99%. Ata et al. (2012) used wheat
bran for Coomassie brilliant blue dye adsorption and observed
95.70% removal efficiency. Zhang et al. (2019) have prepared
activated carbon using wheat bran for the adsorption of methyl-
ene blue, and 89% removal efficiency is observed. Many studies
have been found on using bio-adsorbents for treating artificial
dye water. Limited studies have focused on using WSAC for
textile effluent treatment and determining the detailed effect
of adsorbent on the treated textile effluent quality (Sun et al.
2021; Tee et al. 2022). Wheat straw remains after wheat culti-
vation and is readily available, cheap, and nonhazardous. The
polymeric structure of the wheat straw has cellulose content
(45%), hemicellulose (28%), and lignin (20%) (Kapoor et al.
2016). Wheat straw contains hydroxyl, carbonyl, and carbox-
ylic groups with the potential of adsorbing dyes through ion
exchange, making it an attractive, inexpensive, and effective
adsorbent (Dai et al. 2018; Rangabhashiyam et al. 2013).

The research gaps ascertained based on the summary of
relevant literature: (1) The studies on using wheat straw as
an adsorbent are minimal; (2) Most studies have focused
mainly on dye removal using artificial dye solutions. The
studies using real textile effluent for experimental work are
limited; (3) The impact of the addition of WSAC on the
COD and color of the effluent has not been studied. No study
has comprehensively examined the effect of adsorbents on
industrial textile effluents.

This work emphasizes using widely available agricultural
waste, i.e., wheat straw, as an adsorbent for removing hazard-
ous contaminants from the textile industry wastewater. The
experiments are performed following the scheme generated
by the CCM. The process parameters are optimized to find
the ideal condition for contaminants removal by varying the
adsorbent dose (g/1), time of contact (min), initial pH, and
temperature (°C) using the CCM. The study also compares
the two prediction models, ANN and quadratic polynomial
regression. However, finding the overall treated effluent qual-
ity is paramount for establishing this method as a solution for
treating textile effluents. This study would help the industries
reuse the treated wastewater rather than dispose of it to com-
mon effluent treatment plant (CETP).

The study consists of an introduction in the “Introduc-
tion” section, in which the literature is reviewed and the gaps
are identified. This section also consists of the formulation of
study objectives, followed by a research methodology in the
“Methodology” section. The “Results and discussion” sec-
tion has results and discussion explaining the characteriza-
tion of the adsorbent, the design of the experiment for batch
reactor study, mathematical modeling using the polynomial
regression model and ANN, kinetic study, desorption study,
and the economic feasibility of the adsorbent. Finally, the
study outcomes are concluded in the “Conclusion” section.
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Methodology

An extensive literature review of the existing studies helped
identify the gaps and design the different parts of the current
study. The textile effluent has been collected and preserved
for the research, and alongside, the adsorbent is prepared. The
independent and response variables are selected based on the
literature review. Furthermore, the batch reactor experiments are
conducted per the CCM experimental scheme. COD and color
are measured for the treated effluent. The contaminant removal
efficiency by the WSAC for these response variables is calcu-
lated. A statistical model is formed, and the optimum condition of
the independent variable for the maximum output is determined.
Another prediction model using ANN is developed for compari-
son with quadratic regression. In addition, other studies such as
kinetic, desorption, and economic feasibility are also performed.
Figure 1 represents the overall outline of the research study.

Material and methods
Water source

The textile effluent sample is collected from the cotton dye-
ing industry in Balotra, Rajasthan, India, and is stored at
4 °C in a cleaned polypropylene bottle. The physicochemical
characteristics and the key constituents of the textile effluent
are shown in Table 1. The permissible limit for the inland
disposal of treated effluent given by the Central Pollution
Control Board (CPCB 1986) is listed in Table 1.

Wheat straw activated carbon preparation

The locally available wheat straw prepares adsorbent using
the physical-chemical treatment process. The wheat straw
was washed from the deionized water, dried in the sun for
2 days, and then soaked in 0.5 M H,SO, in the ratio of 1:3
(w/w) wheat straw for 24 h. The impregnated wheat straw
is soaked and cleaned with distilled water to remove the
leftover acid placed on the sieve for air drying. The acid
treatment creates a suitable environment for ring-opening
in the lignocellulosic matrix (Gao et al. 2020). The chemi-
cally treated wheat straw was soaked in 1 M NaOH for 24 h
to remove the residual acid and was cleaned with deionized
water, followed by air drying. The chemically active wheat
straw was air-dried for 24 to 48 h and was carbonized in
a muffle furnace at 450 °C for an optimal 2 h. The dried
particles of the activated carbon are pulverized and sieved
through a 250-um sieve. The activated carbon of wheat straw
is used for experimental purposes.

Characterization of wheat straw activated carbon

FTIR is performed to determine the functional groups on
the bio-adsorbent's surface. A PerkinElmer FTIR system
ranging from 400 to 4000 cm™ in the transmittance mode
is used to collect the spectra. The morphology of the bio-
adsorbent is characterized by FESEM-EDX (FEI, Apreo S
LoVac FESEM, Thermo Fisher Ins). The pore volume, spe-
cific surface area, and mean pore diameter are also measured
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Table 1 Textile effluent analysis

o Parameters (unit) Value Permissible limit for inland disposal
used in this study
Turbidity (NTU) 9.71 -
pH 5.3 5.5-9.0
COD (mg/l) 1313 250
Temperature (°C) 20 °C Shall not exceed 5 °C above the
receiving Water temperature
TDS (mg/l) 7480 -
Color (Platinum Cobalt unit, PCU) 911 150
BOD—5 days (mg/l) 157.73 30
Total Organic Carbon (TOC) (mg/1) 331.7 -
Metal ions (Cr**, Pb>*, Cu?*, and Zn>) (mg/l)  0.0895, 0.8285, (0.1, 0.1, 3.0, 5.0)
2.946, 2.498

using the Bruneuer—Emmett—Teller (BET) surface area ana-
lyzer (Microtrac Bel, BEL SORP mini II).

The pH for the WSAC at the point of zero charges (pHpy(,
was measured by the pH drift method. A total of 50 ml of
0.01 M NaCl was added to the flasks, and the initial pH
values were adjusted to 2, 3,4, 5 ...12 using 0.1 M HCl and
0.1 M NaOH solutions. The 0.2 g of WSAC is added to each
flask and shaken in an orbital shaker for 24 h. The final pH of
the filtered solution is measured (Tran et al. 2016).

Biosorption studies on wheat straw activated
carbon

Batch experiments are performed to study the interactive effect
of the factors, namely contact time, initial pH, the dose of adsor-
bent (WSAC), and temperature, on the COD and color removal
efficiency (%) of the WSAC. The pH of the textile wastewater
is adjusted using 0.1 M HCl and 0.1 M NaOH solutions. After
adjusting the pH, 100 ml of textile industry wastewater was taken
in a conical flask and placed in a temperature-controlled orbital
shaker at 100 rpm. The samples from each experimental run are
filtered and tested for COD using the closed reflux colorimetric
method (Rice et al. 2012). The color was measured spectropho-
tometric single wavelength method given by Rice et al. (2012).

The WSAC’s adsorption capacity for different response
parameters is estimated using Eq. (1):

(c,-c,)v

1
W ey

q: =
here, V (1) is the effluent volume, W (g) represents the
adsorbent weight, and g, is the adsorption capacity for COD
in mg/g and for color in PCU/g at time . The percentage
removal of the contaminants in the different experimental
runs is computed using Eq. (2):

S =% 100
= @)

o

% removal efficiency =
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where C, and C, represent the concentration of the COD in
mg/l and color in PCU before and after adsorption in the
effluent, respectively.

Adsorption reversibility study

The adsorption reversibility study was performed using des-
orbing agents such as methanol, deionized water (pH=2),
0.1 M NaCl, and 0.1 M HCI. The mass 0.05 g (m,) of con-
taminant-loaded adsorbent is added to 0.025 1 (V) of the
desorbing agent. The experiments are performed at the equi-
librium condition. A mass equilibrium equation (Eq. (3))
is used to find the mass of contaminants remaining on the
adsorbent surface after desorption g, (mg/g) mass, while
Eq. (4) is used to find the percentage of desorption (Leyva-
Ramos et al. 2011; Tran et al. 2017a).

q(} - qe qd - qe m2 2 (3)

% Desorption = K )

9

where C, are the concentration of COD in mg/1 and color in
PCU in the desorbing agent; g, is the COD in mg/g and color
in PCU/g adsorbed at the equilibrium condition; and in case
of the adsorption is reversible, the g, represents the desorbed
mass of COD in mg/g and color PCU/g.

Experimental design

RSA is a statistical method for analyzing the combined
effect of input variables (process parameters) on responses.
The trial version of Design expert 13 is used to design the
batch experiments following the CCM of RSA. The CCM
helps reduce the number of experimental runs required and
optimize the process parameters based on the target set (K
et al. 2021). The full factorial CCM generates the experiment
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scheme required to form the quadratic model. The CCM
identifies the combined effect of the 5-level, 4 factors on the
performance of the biochar in removing the color and COD
from textile effluent.

The independent variables considered the performance
indicators of WSAC in treating textile effluent are the time
of contact (A), adsorbent dose (B), initial pH (C), and tem-
perature (D). Each independent variable is coded with the
five levels: —a,—0.5, 0,4+ 0.5,+ a, where a=1. The coded
level for independent factors in the design of the experiment
is presented in Table 2. The number of experimental runs for
the CCM of RSA is calculated using Eq. (5):

S=25+2"+s, &)

where S is the number of experiments, s represents the num-
ber of numeric factors, and s, is the replicates of the center
point. A total of thirty experiments are considered under
Eq. (5). These consist of sixteen cubical points and eight
axial points, followed by the six replicas of center points
to estimate the pure error. The experimental design by the
CCM is given in Supplementary Table Al. All the experi-
ments are duplicates, and the mean value of the responses
(percent removal of COD and color) is reported.

A mathematical model is created to develop the relation-
ship between the response and process parameters using the
observation from each experimental run (Beyan et al. 2021).
This empirical model follows the second-order polynomial
equation as given in Eq. (6). It also optimizes the process
parameters (Singh Solanki et al. 2019). The quadratic poly-
nomial equation is:

>~

-1

k
N=X e
=j+

j=1 1=

k
XX, + ZaXZ D X+ a ()
j=1

+1

Y; is the response variable (COD and color (%) removal
efficiency) and i ranges from 1 to 9; X; and X; are the values
of the chosen independent variables (j and / ranging from 1
to k), where k is the number of process parameters consid-
ered in the study (k=4); a; is the intercept while @;, a;;, and

a;, are the linear, quadratic, and interaction coefﬁc1ents of
the respective terms.

ANOVA and determination coefficient (R?) are used to

evaluate the mathematical model created using the quadratic

regression statistically. Better the value of the coefficient of
determination R, better is the fit of the polynomial equa-
tion to experimental data (Biswas et al. 2017). The quadratic
model is validated using the ANOVA at a 95% confidence
level. The performance of the adsorbent is optimized by set-
ting the goal of each response variable to maximize, and
process parameters are set to be in the range considered
in this study. In the case of multiple optimum conditions,
the desirability value forms the basis of its selection, while
in the case of a single optimum condition, the desirability
value does not play a significant role in its selection. The
validation experiment for the optimized condition is also
performed.

Artificial neural network (ANN) prediction modeling

ANN are computerized models based on the functioning of
the human brain and nervous system. The neural network
consists of inputs, targets (experimental data), and outputs
(the predicted values after training the network). In the pre-
sent study, the neural network is developed using the nnstart
tool of MATLAB 2019a software. Three-layered feed-forward
network types with backpropagation error consisting of the
input, hidden, and output layers are trained using the Leven-
berg—Marquardt training function (Wali and Tyagi 2020). The
nonlinear activation function tansig maps the input layer to the
hidden layer and the output layer. In the network, the num-
ber of neurons in the input layer depends on the number of
process parameters, and the number of neurons in the output
layers depends on the number of response parameters. The
input datasets consist of four process parameters (adsorbent
dose, contact time, pH, and temperature) that are normalized
on a scale of O to 1. The output data consists of the experimen-
tal results for the COD and color removal efficiency by the
WSAC. The neural network randomly divides the dataset of 30
samples into 70% for training, 15% for validation, and 15% for
testing. The number of neurons is changed to find the optimal
number of hidden layer neurons, and the network is trained
again and again until the best R-value and the minimum mean
square error (MSE) are obtained. The output values, weights
of the trained network, and the regression plot data are stored
in the excel file for the best-trained network for different hid-
den layer neurons.

Table 2 Coded levels for the

- > Factors Symbols Coded levels
four independent variables
—a -0.5 0 +0.5 +a
Time of contact (min) A 40 60 80 100 120
Adsorbent dose (g/L) B 1.5 2 2.5 3
Initial pH C 5 6 7 8 9
Temperature (°C) D 30 35 40 45 50
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Kinetic modeling

The kinetic study is essential for determining the pollutant
uptake rate by the adsorbent and understanding the controlling
mechanism (Aljerf 2018). The adsorption rate is essential for
scaling up the adsorption process from the lab scale to the pilot
and industrial levels (Lima et al. 2021). The batch adsorption
experiments are performed for the kinetic study by varying
the adsorbent dose, contact time, and pH (Aljerf 2018). The
temperature is kept at the optimum condition obtained from
the RSA analysis. The experimental data is used to study the
nonlinear pseudo-first-order (PFO) by Lagergren (1898), PSO
kinetic by Blanchard et al. (1984), and intraparticle diffusion
models by Weber Jr. and Morris (1963). The equations for the
nonlinear PFO, PSO, and intraparticle diffusion models are
represented in Egs. (7)—(9).

g =q,(1—-e™) @)
2
q;kyt
g = —er (8)
" 1+ kyq,t
g, =k +C )

where g, and g, are the COD (mg/g) and color (PCU/g)
adsorbed at equilibrium and at any time ¢ (min); &, (min™")
is the rate constant for the PFO model; &, (g/mg X min for
COD, g/PCU X min for color) is the equilibrium rate con-
stant for the PSO model; C (mg/g for COD and PCU/g for
color) is the intercept describing the boundary layer thick-
ness, k; (mg/g xmin'/? for COD, PCU/g xmin'/? for color)
is the rate constant for the intra-particle diffusion model.

Results and discussion
Wheat straw activated carbon characteristics
FTIR, XRD, and specific surface area analysis

The FTIR fingerprint of the WSAC before and after the
contaminant adsorption is shown in Fig. 2(a). The spectra
of WSAC show the presence of hydroxyl (~OH) carbonyl
(-C=0) functional groups on its surface. The band at
3453 cm™! is observed due to hydroxyl group stretching,
and the weak peak between 2000 and 1650 cm™! is associ-
ated with the C—H bending of aromatic compounds (Yadav
et al. 2021). The peak between 3000 and 2840 cm™! rep-
resents the symmetric C—H stretching vibrations repre-
senting the methyl (-CH;) and methylene (-CH,—) groups
(Tran et al. 2017a). The prominent peaks at 1443 cm™!
show the presence of the carboxylic group (-COOH) on
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the adsorbent surface (Ghosh et al. 2021). The strong and
sharp peaks between 1124 and 1087 cm™! are the infra-
red adsorption band for C—O stretching vibrations for the
secondary alcohol, and the peaks at 876, 879, 619, and
631 cm™! are attributed to the bending modes of aromatic
compounds (Bansal et al. 2009).

The adsorption isotherm of N, for the WSAC, repre-
sented in Fig. 2(b), is a type 1 of the ITUPAC classifica-
tion system. Type 1 isotherms are the typical character-
istic of microporous solids with relatively small external
surfaces, mainly activated carbons (Sing 1985; Thommes
et al. 2015). Furthermore, the formation of wide knee hys-
teria occurs in the adsorption/ desorption isotherms, as
given in Fig. 2(b), which is the H-4 type of hysteria loop
according to the IUPAC nomenclature. This type of loop
is associated with capillary condensation in the mesopores
indicating the presence of micropores and mesopores in
the adsorbent structure (Zazycki et al. 2018). The pore size
distribution data shown in Fig. 2(c) shows the presence of
mesopores and micropores with a diameter greater than
2 nm. The specific surface area (Sggy) of the WSAC is
79.285 m?/g. The mean pore diameter is 2.6025 nm, and
the total pore volume is 0.051584 cm?/g.

Surface morphology

A FESEM-EDX analyzer is used to study the surface
morphology and the elemental composition of the adsor-
bent. The SEM images of the unused and the used WSAC
reveal significant changes in the surface of the WSAC. The
micrograph of unused WSAC indicates the highly porous
materials’ mesopores on its surface, as shown in Fig. 3(a).
The alkali treatment has aided in developing mesopore
(Keey et al. 2018). These pores are the numerous sites
for adsorption and assist in removing the impurities from
the effluent. The micrograph of textile effluent adsorbed
WSAC indicates that the dye molecules and the metal ions
are adsorbed on the pores developed on the surface. The
morphology images, EDX spectra, and the elemental com-
position of the WSAC and the contaminants loaded WSAC
are presented in Fig. 3(a, b) and (c, d), respectively.

Effect of dilution factor, pH, and pHp,¢

pHp, is the pH at which the surface charge at the adsorbent
is zero (Aljerf 2018). The initial and final pH is plotted in
Fig. 4(a), and the point at which initial pH equals final pH
is noted as pHp,. The determination of pHp, is essential
as the adsorbent surface becomes negatively charged when
PHoution > PHzpc and the deprotonation of surface groups
containing the oxygen such as -COOH and —OH occurs,
increasing the possibility of adsorption of cationic ions from
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Fig.2 a FTIR spectrum of WSAC before adsorption and after adsorption; b adsorption—desorption isotherm of N,; ¢ pore size distribution of

WSAC

the solutions (Aljerf 2018). The pH p value of the wheat
straw bio adsorbent is 5.8.

The effect of dilution on the adsorption of COD and
color is presented in Fig. 4(b). The effluent is diluted to
1%, 2%, 5%, 10%, 15%, and 20%. Maximum adsorption
is observed at the dilution factor of 10%. The effect of
pH on the adsorption of COD and color is illustrated in
Fig. 4(c). The adsorption of COD and color takes place
even at pH,;uion < PHzpc. The adsorption of COD and
color is observed even at a lower pH of 2 to 5. Although at
this pH range, the intense competition between the COD,
color molecules, and the H* ions occurs for adsorption at
the active sites. However, the adsorption of COD and color
at the lower pH indicates the presence of hydrogen bond-
ing and n-x interaction rather than electrostatic attraction

(Tran et al. 2017a, b, ¢, d). The maximum adsorption is
observed in pH 6 to 8 when pH; ion > PHzpc. Similar
results are also found in the past literature (Tran et al.
2017a, b, c, d).

Experimental program

The batch experiments are performed for studying the effect
of contact time and the adsorbent dose on the adsorption
of COD and color by WSAC. The experiment conditions
are a pH of 7, considering the effect of pH on adsorption
in Fig. 4. (c) and temperature =40 °C, while the adsorbent
doses and contact time are varied and are illustrated in
Fig. 5. From Fig. 5(a), the minimum COD concentration
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in the effluent after adsorption is observed at the adsor-
bent dose of 2 g/l and in the contact time of 60—-80 min.
Similarly, the maximum decolorization is observed for
the adsorbent dose of between 2 and 2.5 g/l for the con-
tact time of 60—100 min, as shown in Fig. 5(b). The initial
removal rate is much high for all the adsorbent dose for the
COD and color for the first 20 min, and more than 70% of
adsorption takes place during this duration. Because of the
rapid rate of adsorption during the initial 10 min, as seen in
Fig. 5, it is evident that the biosorbents have a high affin-
ity for COD and positively charged dye molecules. This
assures efficiency and economy, and the kinetics plays a
vital role in enabling scaling up to small reactor capacities.

Experimental program and modeling of response variables
by RSA

The experiments were conducted following the design matrix
obtained from the CCM of the RSA. A total of 30 experimen-
tal runs are performed in doublets, confirming the design
matrix for a different range of input factors, i.e., A: contact
time, B: adsorbent dose, C: initial pH, and D: temperature.
The design matrix for the input factors is given in Supple-
mentary Table Al. The COD and color are measured for each
experimental run in doublets. The percentage removal of
COD and color by the WSAC for the considered experimen-
tal runs is calculated using Eq. (4). The results from the 30
experimental runs, along with the predicted values using the
RSM and ANN are presented in Table 3. The experimentally
observed maximum COD and color removal efficiency of
WSAC is 91.59 and 95.4% at pH of 7, contact time of 80 min,
adsorbent dose of 2 g/l, and temperature of 40 °C. The mini-
mum COD and color values after adsorption at the pH of
7 can also be observed in Fig. 4(c). However, a statistical

1000

(a) COD removal —=—1g/l—e—1.5¢/ 2¢/1
1 2.5 g/l—+—3 g/l

800
20 600 -
é 600
o’—-
8 400
Q
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analysis of the experimental data is required to determine the
optimum conditions for COD and color adsorption.

The quadratic polynomial regression model helps devel-
ops the mathematical correlation between the response
parameters and the process parameters by using Eq. (6).
The quadratic polynomial regression models for the two
response parameters (¥; which represent the response, COD,
and color) with input parameters in coded units (A, B, C, and
D represent the contact time, WSAC dose, initial pH, and
temperature) are presented in Egs. (8) and (9).

COD (Y;) Y, =90.24 +0.32334 — 0.4867B + 1.96C — 1.35D + 0.145AB — 8.63AC+
9.67AD + 2.77BC — 3.29BD + 8.92CD — 4.094% — 1.46B> — 2.03C>—

11.83D°

(10)
Color (¥,) ¥, =93.9+ 1.37A + 0.9258B + 0.5175C — 0.3792D — 0.3875AB — 3.78AC+
6.78 AD + 2.06 BC + 0.0725BD + 9.59 CD — 4.14> — 6.17B* — 11.47C*—

0.8054D7

an

The statistical significance of the regression model

is established using the ANOVA test, and the results are
given in Table 4. The p-value < 0.05 for the two regres-
sion model indicates that the models is significant. The
R? is closer to unity, indicating that the developed regres-
sion model can effectively define the experimental data
of the adsorption process (Aljerf 2018). The scatter plots
of actual and predicted values by the regression models
for the two response parameters are presented in Fig. 6.
The R? value for the COD and color removal efficien-
cies are 0.9387 and 0.945, respectively. The Fisher’s test
value (F-value) is the ratio of the mean square of the
regression model to the mean square of error. The higher
F-value of the model signifies a lower mean square error

s (b) Color removal —=—1g/l—e—15 g/l 29/
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Fig.5 Batch experiments results of the final concentration of COD and color using different doses of WSAC adsorbent
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Table 3 Exp.erimcntal resu?ts Run order % COD removal % Color removal

and the predicted values using

the RSA and ANN Experimental Predicted values Experimental Predicted values

results results
RSM ANN RSM ANN

1 77.32 77.06 77.23 91.3 92.72 91.1
2 87.28 86.47 87.29 92.3 91.17 92.37
3 91.21 90.24 90.08 95.4 93.9 93.72
4 91.02 89.27 87.2 87.33 86.81 91.34
5 87.6 86.25 87.53 82.5 81.91 82.46
6 90.83 90.17 90.76 82.56 82.95 82.54
7 87.03 85.83 87.04 87.5 88.43 88.41
8 81.51 79.76 81.44 95.09 93.47 95.19
9 89.45 90.24 90.08 94.34 93.9 93.72
10 88.55 88.29 83.88 88.34 88.66 91.38
11 76.94 78.57 76.97 82.77 82.03 82.9
12 75.61 74.97 71.41 82.23 82.16 83.45
13 87.36 87.99 87.26 87.16 87.21 87.4
14 89.69 90.46 89.3 89.16 89.33 89.65
15 91.59 90.24 90.08 94.1 93.9 93.72
16 87.93 87.91 87.85 88.5 88.21 89.01
17 87.17 87.96 88.28 88.13 88.87 90.9
18 89.07 88.68 89.08 91.87 91.27 91.83
19 86.84 87.56 86.88 90.06 90.63 90.24
20 90.93 90.24 90.08 93.45 93.9 93.72
21 86.43 87.26 88.44 90.79 90.69 91.61
22 87.83 90.24 90.08 94.94 93.9 93.72
23 86.6 87.09 86.62 91.63 90.39 91.98
24 84.7 84.52 82.17 89.37 88.61 89.12
25 87.34 87.29 87.3 90.16 90.69 90.21
26 87.17 88.01 87.25 92.73 93.07 92.6
27 82.89 81.71 82.97 85.19 85.22 88.74
28 76.89 79.09 82.58 82.52 83.5 89.19
29 85.55 87.14 85.24 89.16 90.36 89.12
30 90.45 90.24 90.08 91.17 93.9 93.72

proving the significance of the model. Insignificant lack
of fit and the occurrence of a large F-value of 1.36 and
0.64 for the COD and color regression models indicates
that there is a 38.71 and 74.11% possibility of the pres-
ence of noise.

Development of ANN model

The ANN model is developed consisting of four input layer
neurons (contact time, adsorbent dose, initial pH, and tem-
perature) and the two output layer neurons (COD and color
removal efficiencies), as presented in Fig. 7. The experimen-
tal data is used to train the network and to find the predicted
values of the response parameters. The predicted values of
the COD and color removal efficiencies from this ANN net-
work are presented in Table 3. The coefficient of correlation
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(R) and root mean square error (RMSE) for the different
numbers of hidden layer neurons is given in Table 5. It can
be observed from Table 5 that the ten number of neurons
in the hidden layer has an R of 0.985 and RMSE for COD
is 1.89 while for color is 1.873 and is selected as the most
optimal number of neurons. The number of epochs demon-
strates how the training, validation, and error have changed
in the ANN model over the period (Nayak et al. 2004). The
network training terminates when the test error is minimum,
and the MSE remains constant for at least nine iterations.
The ANN training and performance validation plots at
each epoch are shown in Fig. 8. and the regression plot for
the training, validation, test, and overall data sets with the
R-values 0.985, 0.904, 0.766, and 0.912, respectively, are
demonstrated in Fig. 9. The R ~ 1 values show better cor-
relation between the experimental data and predicted values.
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Table4 ANOVA results for

the different physicochemical

Parameters  Sum of squares

Mean square  Degree of F-value P-value Range (%) R?

freedom (Min-max)
parameters
COD
Model 552.57 39.47 14 16.40 <0.0001 75.61-91.59 0.93
Residual 36.1 241 15
Lack of 26.38 2.64 10 1.36 0.3871
fit
Pure error 9.72 1.94 5
Color
Model 447.93 32 14 18.69 <0.0001 82.23-95.4  0.9458
Residual 25.68 1.71 15
Lack of 14.46 1.45 10 0.6445 0.7411
fit
Pure error  11.22 2.24 5
95 95
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Fig.6 Scatter plots of the predicted and experimental data for the a COD removal and b color removal percentage using WSAC

Comparison of developed RSA, ANN, model

The performance of the developed RSA and ANN models
is evaluated using the R, R?, MSE, and RMSE statistical
measures. The predicted values from both the models are

compared, and the scatter plots are plotted as shown in
Fig. 6. The R, R?>, MSE, and RMSE values for the RSA
and ANN model for COD and color removal efficiency
of WSAC are represented in Table 6. From Table 6, the R
and R? values for both RSA models are close to the unit,
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Fig.7 Architecture of the ANN
model
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Weighted
connections

A: Time of contact

B: Adsorbent dose
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D: Temperature
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A
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connections

COD removal
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Table5 The R and RMSE

¢ ) Number of hidden
values for the different hidden

Correlation coefficient (R)

Root mean square error (RMSE)

layer neurons

layer neurons Training Validation Test COD removal Color removal
5 0.959 0.631 0.936 1.859 1.859
6 0.989 0.790 0.601 1.510 2.180
7 0.988 0.936 0.309 3.259 2.488
8 0.990 0.616 0.583 2.036 1.695
9 0.988 0.771 0.511 2.927 2.199
10 0.985 0.904 0.766 1.899 1.873
11 0.997 0.744 0.252 2.655 1.707
12 0.972 0.797 0.787 2.069 2.512

indicating a better correlation between the experimental
results and the predicted values than in the ANN model.
The MSE and RMSE values of color and COD removal
efficiency of the RSA model are smaller than the ANN
model values, indicating that the RSA model is a better
fit in comparison to the ANN model.

@ Springer

RSA optimization and validation

The aim of optimizing the input variables is to statistically
maximize the contaminant removal efficiency of WSAC. The
optimum values for the process parameters and the response
variables determined by the RSA optimization are given in
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Table 6 Performance evaluation of RSA and ANN model

Table 8 Validation of RSA and ANN predicted and observed values

R R? MSE RMSE
RSA (COD) 0.969 0.938 1.204 1.097
RSA (color) 0.97 0.94 0.857 0.926
ANN (COD) 0.911 0.83 3.606201 1.899
ANN (color) 0.904 0.817 3.508129 1.873

Tables 7 and 8. The batch experiments are performed at the
optimum condition to validate the predicted and observed val-
ues of COD and color. The results show low percentage vari-
ation of 0.78 and 0.44 from the RSA and 0.92 and 0.62 from
the ANN model resulting in RSA as the reliable prediction
and model validation.

Effect of process parameters on the percentage
removal of COD and color

The response surface (RS-3D) plots for the developed regres-
sion models help study the interactive effect of the variables
(pH, adsorbent dose, contact time, and temperature) on the
response parameters, i.e., the COD and color adsorption by
WSAC. In the RS plots, the two parameters are kept constant
as the null point, while the other two parameters are varied
within the experimental range defined in the study. Each 3D
interaction plot represents an endless number of suitable com-
binations of the variables (Oberholzer et al. 1997). The 2D cir-
cular contour plots of the response surface represent negligible
interaction within the concerned variable (Zhao et al. 2011).
At the same time, the elliptical and saddle points show that the
interaction between the variables is significant. Figures 10(a—f)
and 11(a—f) show the response surface plots for the COD and
color adsorption, respectively.

Effect of adsorbent dose and contact time

Figures 10(a) and 11(a) show the interaction plot and
contour plot for the simultaneous impact of contact time
and adsorbent dose on the percentage of COD and color
removal, and the initial pH and temperature are kept as the
null point. As can be seen from Fig. 10 (a), the maximum
COD % removal efficiency (91.59%) occurred at the contact
time of 80 min for the adsorbent dose of between 1.5 and
2.5 g/l. Similarly, from Fig. 11(a), the highest decoloriza-
tion (95.4%) occurs for the contact time of 60—-100 min and

Table 7 Optimum values of input variables

Time of contact
(min)

Adsorbent dose (g/1) pH Temperature (°C)

85.229 2.045 7.181 40.885

@ Springer

Parameters Observed Predicted Percentage
variations form
observed

RSM ANN RSM ANN

COD 90.92 90.21 90.08 0.78 0.92

Color 94.48 94.06 93.89 0.44 0.62

Desirability 0.907

adsorbent dose of between 1.5 and 2.5 g/1. The circular con-
tour plots show the low interaction between these adsorbent
variables. However, there are insufficient sites for adsorption
at a lower dose than 1.5 g/l. At a higher dose, the agglom-
eration of adsorbent occurs and is, therefore, unsuitable for
decolorization using WSAC (Fito et al. 2020).

Effect of initial pH and contact time

Figures 10(b) and 11(b) show the removal efficiency of COD
and decolorization as the function of initial pH and contact
time for the fixed adsorbent dose of 2 g/l and temperature
of 40 °C, respectively. The maximum COD removal occurs
when the pH is about 7 and the contact time is 80 min, as
depicted in Fig. 10(b). The maximum decolorization effi-
ciency is observed at a pH of 7, irrespective of the contact
time, as shown in Fig. 11(b). This behavior of reduction in
adsorption of COD and color with a change in pH is attrib-
uted to the two properties, the pH of the solution and the
pHypc of the adsorbent. The pHp, of the WSAC is 5.8, as
shown in Fig. 4(a). The low adsorption of color and COD in
the acidic range is due to the competition of pollutant ions
and H* for the adsorption sites. The adsorption of cations
is preferred at pH > pHp, . At the pH > pHp,(, the adsor-
bent sites are negatively charged and favors the adsorption
of positively charged cationic impurities due to electrostatic
attraction. However, with a further increase in the pH, pre-
cipitation in the form of metal hydroxide may occur, reduc-
ing the COD removal and decolorization efficiency of the
adsorbent (Assila et al. 2020; Nayl et al. 2017).

Effect of contact time and temperature

Figures 10(c) and 11(c) display the response surface and
contour plots for COD removal and decolorization efficien-
cies as the function of contact time and temperature at the
pH of 7 and adsorbent dose of 2 g/l. The maximum adsorp-
tion efficiency for COD (91.59%) can be observed at the tem-
perature of 40 °C and at a contact time of about 60-100 min,
as illustrated in Fig. 10(c). The adsorption of COD decreases
at a higher temperature, adsorbent’s pore size increase,
leading to weak bond breaking on the adsorbent surface.
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Figure 11(c) shows that a temperature higher than 40 °C
and contact time of less than 80 min, as well as a tempera-
ture of 30 °C and contact time of 100—120 min, is not suit-
able for the decolorization. The possible reason could be
the breaking of weak bonds at low temperatures and higher
contact time. At high temperatures and low contact time, the
increased pore size of the adsorbent reduces the adsorption.

Effect of initial pH and adsorbent dose

Figures 10(d) and 11(d) represent the 2D and 3D plots for
the COD removal and decolorization efficiency, respectively,
for the varying adsorbent dose and initial pH, while tempera-
ture and contact are maintained at zero level. Figure 10(d)
illustrates that the higher adsorption is achieved in the range
of initial pH (7-9) and adsorbent dose of (1.5-3 g/1). The
adsorbent dose of 1 g/l is not suitable as fewer vacant sites are
available for the adsorption, leading to incomplete adsorp-
tion. Figure 11(d) represents a pH of 6 to 8, and an adsorbent
dose of about 1.5-2.5 g/l is suitable for decolorizing effluent.

Effect of adsorbent dose and temperature

The effect of varying adsorbent dose and temperature at the
constant contact time of 80 min and initial pH of 7 is shown
in Figs. 10(e) and 11(e) at the COD removal and decol-
orization efficiency, respectively. It can be observed from
Fig. 10(e) that the maximum adsorption is observed at the
temperature of 40 °C and for the adsorbent dose of about
1.5-2.5 g/1. The higher temperature than 45 °C and the lower
temperature than 35 °C irrespective of the absorbent dose are
not suitable for adsorption of COD. While from Fig. 11(e)
the adsorbent dose of 2 g/1 is suitable for adsorption of color
irrespective of temperature. However, the maximum decol-
orization efficiency can be observed at the temperature of
about 40 °C and the adsorbent dose of 2 g/I.

Effect of initial pH and temperature

Figures 10(f) and 11(f) illustrate the effect of varying tem-
perature and initial pH for the constant adsorbent dose of
2 g/l and contact time of 80 min on the COD and color
removal efficiency of WSAC, respectively. From Fig. 10(f),
the maximum COD removal can be observed for a pH of
about 7-9 for a temperature of about 40-45 °C. The adsorp-
tion is effective in the basic range of effluent pH. From
Fig. 11(f), the maximum decolorization can be observed at
the pH of 5-7.5, irrespective of the temperature.

Adsorption reversibility

The desorption of contaminants is studied to gain insight
into the possible adsorption mechanism for this study. The
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reversibility of adsorption was examined with desorbing
agents such as 0.1 M HCI, 0.1 M NaCl, deionized water
(pH=2), and methanol. The desorption of contaminants
occurs while using the deionized water (pH =2), indicating
the electrostatic attraction between the negatively charged
groups present on the adsorbent surface and the cationic
contaminants has contributed to the adsorption mechanism.
However, the desorption by the 0.1 M NaCl and 0.1 M HCI
indicates that the ion and cation exchange could be the pos-
sible adsorption mechanism. In addition, the desorption by
the methanol corresponds to the n-n interaction or hydrogen
bonding responsible for adsorption (Tran et al. 2017a). The
desorption experiments are carried out for both the COD
and color. Figure 12 (a) shows a mass of COD and color des-
orbed, and Fig. 12 (b) represents the percentage of desorp-
tion. The desorption experiments indicate weak electrostatic
attraction and contribute about 71.25 mg/g and 26.33 PCU/g
of desorption of COD and color, which represent 19.65 and
8.629% of desorption of COD and color, respectively, from
the WSAC, as shown in Fig. 12 (a, b). The 40 mg/g and
16.33 PCU/g desorption of COD and color by NaCl, respec-
tively, represent that the cation exchange has a minimal con-
tribution of 10.186 and 5.182% in desorption of COD and
color, respectively. The higher desorption of 146.25 mg/g
and 122.168 PCU/g by the methanol, which corresponds to
50.759 and 58.386% for COD and color, respectively, shows
the presence of hydrogen bonding or n-n bond and are sig-
nificantly responsible for adsorption.

Probable adsorption mechanisms

In general, electrostatic attraction, hydrogen bond forma-
tion, n-w interaction, pore filling, and z-n interaction are
the potential probable processes of positively charged dye
adsorption onto carbonaceous materials (Tran et al. 2017a,
2017b). The electrostatic attraction and the cation exchange
have contributed less than 30% to the adsorption of COD
and color on WSAC, as seen in Fig. 12.

The negatively charged locations on the surface of
WSAC and the cationic contaminants in the solution may
exhibit weak electrostatic interactions with one another.
After adsorption, the pH of the solution reduces because
the oxygen-containing functional groups on the surface
of the adsorbent (such as carboxylic and phenolic groups)
get ionized when solution pH > pHp, and the same can
be observed from the Fig. 4 (d). The surface charge of the
adsorbents can also be explained by the pKa values of the
carboxylic group (-COOH =2.0-4.0) and the hydroxyl
group (-OH=28-9). When the pH of the solution is higher
than the pKa values, these functional groups dissociate and
become negatively charged. It has been observed from the
experiment and Fig. 4 (d) that the removal of COD and color
maximum occurs at a pH of 7. At the pH of 7, the carboxyl
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acid dissociates into carboxylate (-COO™) and accounts for
the adsorption of COD and color onto the bio-adsorbent
surface.

The hydrogen bonding generally occurs between the
hydroxyl group of the adsorbent surface and the possible aro-
matic rings of the dye present in the textile effluent (known
as Yoshida hydrogen bonding) and due to dipole—dipole
hydrogen bonding between the adsorbent surface hydrogen
ion from the hydroxyl group and the nitrogen and oxygen
present in the dye. The FT-IR results in Fig. 2 (a) the peak
of the OH™ group at 3453 cm™" has reduced significantly and
changed to broad peaks from sharp peaks. This confirms the
presence of dipole—dipole and Yoshida hydrogen bonding
interactions in the adsorption mechanism (Blackburn 2004).

In the case of n-w interactions, the oxygens from the car-
bonyl groups on the surface of the adsorbent act as electron
donors, while the cationic dyes act as electron acceptors. The
FTIR results have demonstrated the reduction in intensity,
shifting, and broadening of the sharp peak of C-O and C=0
after the adsorption of dye molecules and contaminants. The
results have been consistent with the previously reported
literature (Tran et al. 2017a; Tran et al. 2017a, b, c, d).

The contribution of different adsorption mechanisms for
the WSAC for COD and color desorption could be sum-
marized as follows: hydrogen bonding and n-7 interaction
for COD and color desorption by methanol (50.759 and
58.386%) and electrostatic attraction together with cation
exchange in the desorption experiments carried using the
NaCl and HCI correspond to 29.3 and 13.811% for COD
and color desorption.

Kinetics study

The COD and color adsorption rate are assessed using the
nonlinear PFO, PSO, and intraparticle diffusion model
(Sharma et al. 2019; Tran et al. 2017a, b, ¢, d). The kinetic
studies are conducted at the maximum adsorption condi-
tions (temperature =40 °C, pH =7, adsorbent dose =2 g/1)
and by varying the contact time (10, 20, 40, 60, 80, 100,
120, 140, ... 200 min). The specific batch experiment is
performed for the kinetic study for COD and color adsorp-
tion. These models are shown in Fig. 13 and Table 9 for the
COD and color adsorption, respectively. The adsorption rate
for COD and color is high for the first 20 min, which later
decreases and starts attaining a plateau after 60 min. The
higher initial adsorption rate shows the higher affinity of
bio-sorbent for the adsorption of cationic dyes (Peng et al.
2021; Rostamian et al. 2022). Table 9 lists the kinetic model
parameters for both COD and color adsorption. Accord-
ing to the coefficients of determination for the PFO model
(R*=0.982, 0.993), the PSO model (R*=0.992, 0.995), and
the intraparticle diffusion model (R2 =0.71, 0.73). The better

fit of the experimental data for the PSO kinetic model sug-
gests the possibility of chemical adsorption. It indicates that
the adsorption rate depends on the availability of adsorption
sites rather than on the concentration of pollutants. It can
be observed that during the initial 20 min, 74% of the COD
and 72% of color removal took place, while with time, sites
get gradually occupied with the pollutants, and the adsorp-
tion rate decreases. The maximum adsorption capacities for
the COD and color at the equilibrium condition observed
from the PSO and presented in Table 9 are 439.9 mg/g and
337.9 PCU/g, respectively, less than 887.3 mg/g observed
for methylene blue adsorption in Zhang et al. (2019).

Economic study

The percentage yield of the WSB is 10.763%. The WSB is
prepared using the tube furnace, and the maximum amount
produced is 0.064 + 0.01 kg from 0.6 kg of wheat straw. At
one time, a kg of wheat straw is chemically treated while
1.2 kg is carbonated using two vessels in the tube furnace.
The production cost, including the raw material (wheat
straw), the chemical used, distilled water, and electricity,
has been computed. The detailed cost for each component is
given in Supplementary Table A2. Commercially available
carbon costs $12—15/kg, while the overall cost of develop-
ing WSB is $10.71/kg, which is 16.66% cost-efficient. Also,
Zhang et al. (2019) have shown that wheat straw-activated
carbon is cheaper than commercially available carbon.

Conclusion

The present study shows the use of agricultural waste
product wheat straw as a low-cost, efficient, environment-
friendly adsorbent for the removal of pollutants from the
textile industrial effluent. The amount of pollutants uptake
on the treated wheat straw activated carbon increases with
increasing process parameters and became stationary.
However, the rapid adsorption of COD and color within
10 min of the addition of WSAC. In the first 10 min of the
addition of WSAC, more than 70% of adsorption takes
place. The main advantage of the study is the practical
solution for treating wastewater at a meager cost without
generating harmful sludge.

WSAC is characterized using FTIR, pHp -, FESEM-
EDX, BET, and XRD, which describe the adsorbent prop-
erties. The morphology of the WSAC shows the develop-
ment of a highly porous structure consisting of mesopores.
Polynomial quadratic regression and ANN is used to
model the experimental data. Both models are compared
using statistical measures such as R, R?, MSE, and RMSE.
Furthermore, the COD and color removal efficiency at
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Table 9 Kinetic parameters for the nonlinear methods

Parameters . Pseudo-first-order model (PFO) Pseudo-second-order model (PSO) Intraparticle diffusion model

qgal kl R2 12 qgal k2 RZ 12 ki C R2 12
COD 417.8 409.8 0.083 0.982 286.5 439.9 3.01E-04 0.992 124.6 23.66 148.7 0.71 4712
Color 315 3114 0.07 0.993 63.1 337.9 3.19E-04 0.995 45 18.42 106.2 0.73 2588

the optimum conditions (contact time = 85.229 min,
WSAC dose=2.045 g/, initial pH=7.181, and tempera-
ture = 40.885 °C) were 90.92 and 94.48%, respectively.
The nonlinear PSO model suited the experimental
adsorption data better than the nonlinear intraparticle dif-
fusion and PFO models. This signifies that the adsorption
does not depend on the concentration but on the availabil-
ity of vacant adsorbent sites. The results of the desorption
study indicate that hydrogen bonding and n-n interaction
are the predominate adsorption mechanism rather than
electrostatic attraction. The economic study also shows
the cost-effectiveness of the proposed approach. Hence,
using WSAC could be one economic and environment-
friendly solution for treating textile industry wastewater.
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tary material available at https://doi.org/10.1007/s11356-022-25066-2.

Acknowledgements The authors are grateful to the responding anon-
ymous reviewers for their important suggestions, which support the
improvement of our paper’s quality. Thanks are due to the Advanced
Research Laboratory in Environmental Engineering and Fecal Sludge
Management (ARLEE-FSM) of the Civil Engineering Department,
BITS Pilani, India. The authors thank their parent organization, BITS
Pilani, India, for providing all the necessary facilities to carry out this
research work.

Author contribution All authors have contributed as given below with
respect to conceptualization, methodology development, data collec-
tion, investigation and modeling, original draft preparation, and writing
and editing. Authors certify that there is no conflict of interest. Somya
Agarwal: conceptualization, methodology, investigation, data collection,

@ Springer


https://doi.org/10.1007/s11356-022-25066-2

41092

Environmental Science and Pollution Research (2023) 30:41073-41094

data interpretation, analysis, original draft preparation, and writing and
editing. Ajit Pratap Singh: conceptualization, methodology, data col-
lection, data interpretation, investigation and analysis, validation, visu-
alization, writing—original draft, review and editing, supervision, and
correspondence. Sudheer Mathur: conceptualization, methodology, data
collection, data interpretation, analysis, and original draft preparation.

Data availability All required data supporting the findings are available
in the manuscript. If the readers require any additional data, the same
will be shared electronically by the authors whenever required.

Materials availability All required data supporting the findings are avail-
able in the manuscript. If the readers require any additional data, the
same will be shared electronically by the authors whenever required.

Declarations

Ethics approval and consent to participate All authors of the manu-
script certify that this manuscript fully complies with the ethical
standard of this journal and there is no conflict of interest among the
authors to publish the manuscript. They are in full agreement with this
publication.

Consent for publication Not applicable.

Competing interests The authors declare no competing interests.

References

Adewoye TL, Ogunleye OO, Abdulkareem AS, Salawudeen TO, Tijani
JO (2021) Optimization of the adsorption of total organic carbon
from produced water using functionalized multi-walled carbon
nanotubes. Heliyon 7(1):e05866. https://doi.org/10.1016/j.heliy
0n.2020.e05866

Agarwal S, Singh AP (2022) Performance evaluation of textile waste-
water treatment techniques using sustainability index: an inte-
grated fuzzy approach of assessment. J Clean Prod 337(October
2021):130384. https://doi.org/10.1016/].jclepro.2022.130384

Agarwal S, Singh AP, Mathur S (2022) Utilizing the Potential of Textile
Effluent Treatment Sludge in Construction Industry: Current Status,
Opportunities, Challenges, and Solutions. In: Kanwar VS, Sharma
SK, Prakasam C (eds) Proceedings of International Conference on
Innovative Technologies for Clean and Sustainable Development
(ICITCSD - 2021). Springer, Cham. https://doi.org/10.1007/978-
3-030-93936-6_22

Aghilesh K, Mungray A, Agarwal S, Ali J, Garg MC (2021) Perfor-
mance optimisation of forward-osmosis membrane system using
machine learning for the treatment of textile industry wastewater.
J Clean Prod 289:125690. https://doi.org/10.1016/j.jclepro.2020.
125690

Aljerf L (2018) High-efficiency extraction of bromocresol purple dye
and heavy metals as chromium from industrial effluent by adsorp-
tion onto a modified surface of zeolite: kinetics and equilibrium
study. J Environ Manage 225:120-132. https://doi.org/10.1016/J.
JENVMAN.2018.07.048

Assila O, Tanji K, Zouheir M, Arrahli A, Nahali L, Zerrouq F, Kherbe-
che A (2020) Adsorption studies on the removal of textile effluent
over two natural eco-friendly adsorbents. ] Chem 2020.https://doi.
org/10.1155/2020/6457825

Ata S, Imran Din M, Rasool A, Qasim I, Ul Mohsin I (2012) Equi-
librium, thermodynamics, and kinetic sorption studies for the
removal of coomassie brilliant blue on wheat bran as a low-cost

@ Springer

adsorbent. J Anal Methods Chem 1(1). https://doi.org/10.1155/
2012/405980

Bansal M, Garg U, Singh D, Garg VK (2009) Removal of Cr(VI) from
aqueous solutions using pre-consumer processing agricultural
waste: a case study of rice husk. J Hazard Mater 162(1):312-320.
https://doi.org/10.1016/j.jhazmat.2008.05.037

Behera M, Nayak J, Banerjee S, Chakrabortty S, Tripathy SK (2021) A
review on the treatment of textile industry waste effluents towards
the development of efficient mitigation strategy: an integrated sys-
tem design approach. J Environ Chem Eng 9(4):105277. https://
doi.org/10.1016/j.jece.2021.105277

Beyan SM, Prabhu SV, Sissay TT (2021) Getahun AA (2021) Sugar-
cane bagasse based activated carbon preparation and its adsorp-
tion efficacy on removal of BOD and COD from textile effluents:
RSM based modeling, optimization and kinetic aspects. Biore-
sour Technol Rep 14(November 2020):100664. https://doi.org/
10.1016/j.biteb.2021.100664

Biswas G, Kumari M, Adhikari K, Dutta S (2017) Application of
response surface methodology for optimization of biosorp-
tion of fluoride from groundwater using Shorea robusta flower
petal. Appl Water Sci 7(8):4673-4690. https://doi.org/10.1007/
$13201-017-0630-5

Blackburn RS (2004) Natural polysaccharides and their interactions
with dye molecules: applications in effluent treatment. Environ
Sci Technol 38(18):4905-4909. https://doi.org/10.1021/es049
972n

Blanchard G, Maunaye M, Martin G (1984) Removal of heavy metals from
waters by means of natural zeolites. Water Res 18(12):1501-1507.
https://doi.org/10.1016/0043-1354(84)90124-6

CPCB (1986) General standards for discharge of environmental pol-
lutants part a: effluents. In the environment (protection) rules
(Vol. 2, Issue 174), Central Pollution Control Board (CPCB),
Government of India, New Delhi. https://cpcb.nic.in/GeneralSta
ndards.pdf. Accessed 21 Nov&nbsp;2022

Cueva-Orjuela JC, Hormaza-Anaguano A, Merino-Restrepo A (2017)
Sugarcane bagasse and its potential use for the textile effluent
treatment | Bagazo de cafia de aziicar y su potencial aprovechami-
ento para el tratamiento de efluentes textiles. DYNA (colombia)
84(203):291-297

Dai Y, Sun Q, Wang W, Lu L, Liu M, Li J, Yang S, Sun Y, Zhang K,
XuJ, Zheng W, Hu Z, Yang Y, Gao Y, Chen Y, Zhang X, Gao F,
Zhang Y (2018) Utilizations of agricultural waste as adsorbent for
the removal of contaminants: a review. Chemosphere 211:235-253.
https://doi.org/10.1016/J.CHEMOSPHERE.2018.06.179

Fito J, Abrham S, Angassa K (2020) Adsorption of methylene blue from
textile industrial wastewater onto activated carbon of parthenium
hysterophorus. Int J Environ Res 14(5):501-511. https://doi.org/10.
1007/s41742-020-00273-2

Gao Y, Yue Q, Gao B, Li A (2020) Insight into activated carbon from
different kinds of chemical activating agents: a review. Sci Total
Environ 746:141094. https://doi.org/10.1016/j.scitotenv.2020.
141094

Ghosh [, Kar S, Chatterjee T, Bar N, Das SK (2021) Removal of meth-
ylene blue from aqueous solution using Lathyrus sativus husk:
adsorption study, MPR and ANN modelling. Process Saf Environ
Prot 149(November):345-361. https://doi.org/10.1016/j.psep.2020.
11.003

Holkar CR, Jadhav AJ, Pinjari DV, Mahamuni NM, Pandit AB (2016)
A critical review on textile wastewater treatments: possible
approaches. J Environ Manage 182:351-366. https://doi.org/10.
1016/j.jenvman.2016.07.090

Homagai PL, Ghimire KN, Inoue K (2010) Adsorption behavior of
heavy metals onto chemically modified sugarcane bagasse. Biores
Technol 101(6):2067-2069. https://doi.org/10.1016/j.biortech.
2009.11.073


https://doi.org/10.1016/j.heliyon.2020.e05866
https://doi.org/10.1016/j.heliyon.2020.e05866
https://doi.org/10.1016/j.jclepro.2022.130384
https://doi.org/10.1007/978-3-030-93936-6_22
https://doi.org/10.1007/978-3-030-93936-6_22
https://doi.org/10.1016/j.jclepro.2020.125690
https://doi.org/10.1016/j.jclepro.2020.125690
https://doi.org/10.1016/J.JENVMAN.2018.07.048
https://doi.org/10.1016/J.JENVMAN.2018.07.048
https://doi.org/10.1155/2020/6457825
https://doi.org/10.1155/2020/6457825
https://doi.org/10.1155/2012/405980
https://doi.org/10.1155/2012/405980
https://doi.org/10.1016/j.jhazmat.2008.05.037
https://doi.org/10.1016/j.jece.2021.105277
https://doi.org/10.1016/j.jece.2021.105277
https://doi.org/10.1016/j.biteb.2021.100664
https://doi.org/10.1016/j.biteb.2021.100664
https://doi.org/10.1007/s13201-017-0630-5
https://doi.org/10.1007/s13201-017-0630-5
https://doi.org/10.1021/es049972n
https://doi.org/10.1021/es049972n
https://doi.org/10.1016/0043-1354(84)90124-6
https://cpcb.nic.in/GeneralStandards.pdf
https://cpcb.nic.in/GeneralStandards.pdf
https://doi.org/10.1016/J.CHEMOSPHERE.2018.06.179
https://doi.org/10.1007/s41742-020-00273-2
https://doi.org/10.1007/s41742-020-00273-2
https://doi.org/10.1016/j.scitotenv.2020.141094
https://doi.org/10.1016/j.scitotenv.2020.141094
https://doi.org/10.1016/j.psep.2020.11.003
https://doi.org/10.1016/j.psep.2020.11.003
https://doi.org/10.1016/j.jenvman.2016.07.090
https://doi.org/10.1016/j.jenvman.2016.07.090
https://doi.org/10.1016/j.biortech.2009.11.073
https://doi.org/10.1016/j.biortech.2009.11.073

Environmental Science and Pollution Research (2023) 30:41073-41094

41093

Kapoor M, Panwar D, Kaira GS (2016) Bioprocesses for enzyme pro-
duction using agro-industrial wastes: technical challenges and
commercialization potential. In Agro-Industrial Wastes as Feed-
stock for Enzyme Production: Apply and Exploit the Emerging
and Valuable Use Options of Waste Biomass (pp. 61-93). Elsevier
Inc. https://doi.org/10.1016/B978-0-12-802392-1.00003-4

Keey R, Nai P, Yek Y, Yi X, Kui C, Ng J (2018) Bioresource technol-
ogy microwave pyrolysis with KOH / NaOH mixture activation : a
new approach to produce micro-mesoporous activated carbon for
textile dye adsorption. 266(June):1-10.https://doi.org/10.1016/].
biortech.2018.06.051

Keskin B, Ersahin ME, Ozgun H, Koyuncu I (2021) Pilot and full-scale
applications of membrane processes for textile wastewater treat-
ment: a critical review. J] Water Process Eng 42(May):102172.
https://doi.org/10.1016/j.jwpe.2021.102172

Lagergren SK (1898) About the theory of so-called adsorption of solu-
ble substances. Sven Vetenskapsakad Handingarl 24:1-39

Leyva-Ramos R, Berber-Mendoza MS, Salazar-Rabago J, Guerrero-Cor-
onado RM, Mendoza-Barron J (2011) Adsorption of lead(Il) from
aqueous solution onto several types of activated carbon fibers. Adsorp-
tion 17(3):515-526. https://doi.org/10.1007/s10450-010-9313-3

Lima EC, Sher F, Guleria A, Saeb MR, Anastopoulos I, Tran HN,
Hosseini-Bandegharaei A (2021) Is one performing the treat-
ment data of adsorption kinetics correctly? J Environ Chem Eng
9(2):104813. https://doi.org/10.1016/j.jece.2020.104813

Mohammadi L, Baniasadi M, Rahdar A, Kyzas GZ (2021) Removal of
acid dye from aqueous solutions with adsorption onto modified
wheat bran — modeling with artificial neural networks. Bioint-
erface Res Appl Chem 11(6):14044-14056. https://doi.org/10.
33263/BRIAC116.1404414056

Nayak PC, Sudheer KP, Rangan DM, Ramasastri KS (2004) A neuro-fuzzy
computing technique for modeling hydrological time series. J Hydrol
291(1-2):52-66. https://doi.org/10.1016/J.JHYDROL.2003.12.010

Nayl AEA, Elkhashab RA, El Malah T, Yakout SM, El-Khateeb MA,
Ali MMS, Ali HM (2017) Adsorption studies on the removal
of COD and BOD from treated sewage using activated car-
bon prepared from date palm waste. Environ Sci Pollut Res
24(28):22284-22293. https://doi.org/10.1007/s11356-017-9878-4

Oberholzer MR, Stankovich JM, Carnie SL, Chan DYC, Lenhoff AM
(1997) 2-D and 3-D interactions in random sequential adsorp-
tion of charged particles. J Colloid Interface Sci 194(1):138-153.
https://doi.org/10.1006/JCIS.1997.5095

Peng D, Cheng S, Li H, Guo X (2021) Effective multi-functional
biosorbent derived from corn stalk pith for dyes and oils removal.
Chemosphere 272:129963. https://doi.org/10.1016/J.CHEMO
SPHERE.2021.129963

Rangabhashiyam S, Anu N, Selvaraju N (2013) Sequestration of dye from
textile industry wastewater using agricultural waste products as adsor-
bents. J Environ Chem Eng 1(4):629-641. https://doi.org/10.1016/J.
JECE.2013.07.014

Rice EW, Baird RB, Eaton AD, Clesceri LS (2012) Standard methods
for the examination of water and wastewater.&nbsp;Washington
DC, APHA, AWWA, WPCR, 1496, 2012

Rostamian M, Hosseini H, Fakhri V, Talouki PY, Farahani M, Ghare-
htzpeh AJ, Goodarzi V, Su CH (2022) Introducing a bio sorbent
for removal of methylene blue dye based on flexible poly(glycerol
sebacate)/chitosan/graphene oxide ecofriendly nanocomposites.
Chemosphere 289:133219. https://doi.org/10.1016/J.CHEMO
SPHERE.2021.133219

Saravanan A, Senthil Kumar P, Jeevanantham S, Karishma S, Tajsa-
breen B, Yaashikaa PR, Reshma B (2021) Effective water/wastewa-
ter treatment methodologies for toxic pollutants removal: processes
and applications towards sustainable development. Chemosphere
280:130595. https://doi.org/10.1016/J. CHEMOSPHERE.2021.
130595

Sharma A, Syed Z, Brighu U, Gupta AB, Ram C (2019) Adsorption of
textile wastewater on alkali-activated sand. J Clean Prod 220:23-32.
https://doi.org/10.1016/j.jclepro.2019.01.236

Sing KSW (1985) Reporting physisorption data for gas/solid systems
with special reference to the determination of surface area and
porosity (Recommendations 1984). 57(4):603-619. https://doi.
org/10.1351/pac198557040603

Singh Solanki Y, Agarwal M, Gupta S, Shukla P, Maheshwari K,
Midda MO (2019) Application of synthesized Fe/Al/Ca based
adsorbent for defluoridation of drinking water and its significant
parameters optimization using response surface methodology. J
Environ Chem Eng 7(6):103465. https://doi.org/10.1016/j.jece.
2019.103465

Sun X, Bao J, Li K, Argyle MD, Tan G, Adidharma H, Zhang K, Fan
M, Ning P (2021) Advance in using plasma technology for modi-
fication or fabrication of carbon-based materials and their appli-
cations in environmental, material, and energy fields. Adv Func
Mater 31(7):2006287. https://doi.org/10.1002/adfm.202006287

Tee GT, Gok XY, Yong WF (2022) Adsorption of pollutants in waste-
water via biosorbents, nanoparticles and magnetic biosorbents:
a review. Environ Res 212:113248. https://doi.org/10.1016/J.
ENVRES.2022.113248

Thommes M, Kaneko K, Neimark AV, Olivier JP, Rodriguez-Reinoso
F, Rouquerol J, Sing KSW (2015) Physisorption of gases, with
special reference to the evaluation of surface area and pore size
distribution (IUPAC Technical Report). 87(9-10):1051-1069.
https://doi.org/10.1515/pac-2014-1117

Tran HN, You SJ, Chao HP (2016) Effect of pyrolysis temperatures and
times on the adsorption of cadmium onto orange peel derived bio-
char. Waste Manage Res 34(2):129-138. https://doi.org/10.1177/
0734242X15615698

Tran HN, You SJ, Chao HP (2017a) Fast and efficient adsorption of
methylene green 5 on activated carbon prepared from new chemi-
cal activation method. J Environ Manage 188(2017):322-336.
https://doi.org/10.1016/j.jenvman.2016.12.003

Tran HN, You SJ, Chao HP (2017b) Insight into adsorption mechanism
of cationic dye onto agricultural residues-derived hydrochars: neg-
ligible role of n-n interaction. Korean J Chem Eng 34(6):1708—
1720. https://doi.org/10.1007/s11814-017-0056-7

Tran HN, You SJ, Hosseini-Bandegharaei A, Chao HP (2017¢) Mis-
takes and inconsistencies regarding adsorption of contaminants
from aqueous solutions: a critical review. Water Res 120:88-116.
https://doi.org/10.1016/j.watres.2017.04.014

Tran HN, You SJ, Nguyen TV, Chao HP (2017d) Insight into the
adsorption mechanism of cationic dye onto biosorbents derived
from agricultural wastes. Chem Eng Commun 204(9):1020-1036.
https://doi.org/10.1080/00986445.2017.1336090

Varsha M, Senthil Kumar P, Senthil Rathi B (2022) A review on recent
trends in the removal of emerging contaminants from aquatic envi-
ronment using low-cost adsorbents. Chemosphere 287:132270.
https://doi.org/10.1016/J. CHEMOSPHERE.2021.132270

Wali AS, Tyagi A (2020) Comparative study of advance smart strain
approximation method using Levenberg-Marquardt and Bayes-
ian regularization backpropagation algorithm. Mater Today: Proc
21:1380-1395. https://doi.org/10.1016/J. MATPR.2020.01.178

Weber WI Jr, Morris JC (1963) Kinetics of adsorption on carbon from
solution. J Sanit Eng Div 89(2):31-59

Yadav V, Ali J, Garg MC (2021) Biosorption of methylene blue dye
from textile-industry wastewater onto sugarcane bagasse: response
surface modeling, isotherms, kinetic and thermodynamic mod-
eling. J Hazard Toxic Radioact Waste 25(1):04020067. https://
doi.org/10.1061/(asce)hz.2153-5515.0000572

Yaseen DA, Scholz M (2019) Textile dye wastewater characteristics
and constituents of synthetic effluents: a critical review. In Inter-
national Journal of Environmental Science and Technology (Vol.

@ Springer


https://doi.org/10.1016/B978-0-12-802392-1.00003-4
https://doi.org/10.1016/j.biortech.2018.06.051
https://doi.org/10.1016/j.biortech.2018.06.051
https://doi.org/10.1016/j.jwpe.2021.102172
https://doi.org/10.1007/s10450-010-9313-3
https://doi.org/10.1016/j.jece.2020.104813
https://doi.org/10.33263/BRIAC116.1404414056
https://doi.org/10.33263/BRIAC116.1404414056
https://doi.org/10.1016/J.JHYDROL.2003.12.010
https://doi.org/10.1007/s11356-017-9878-4
https://doi.org/10.1006/JCIS.1997.5095
https://doi.org/10.1016/J.CHEMOSPHERE.2021.129963
https://doi.org/10.1016/J.CHEMOSPHERE.2021.129963
https://doi.org/10.1016/J.JECE.2013.07.014
https://doi.org/10.1016/J.JECE.2013.07.014
https://doi.org/10.1016/J.CHEMOSPHERE.2021.133219
https://doi.org/10.1016/J.CHEMOSPHERE.2021.133219
https://doi.org/10.1016/J.CHEMOSPHERE.2021.130595
https://doi.org/10.1016/J.CHEMOSPHERE.2021.130595
https://doi.org/10.1016/j.jclepro.2019.01.236
https://doi.org/10.1351/pac198557040603
https://doi.org/10.1351/pac198557040603
https://doi.org/10.1016/j.jece.2019.103465
https://doi.org/10.1016/j.jece.2019.103465
https://doi.org/10.1002/adfm.202006287
https://doi.org/10.1016/J.ENVRES.2022.113248
https://doi.org/10.1016/J.ENVRES.2022.113248
https://doi.org/10.1515/pac-2014-1117
https://doi.org/10.1177/0734242X15615698
https://doi.org/10.1177/0734242X15615698
https://doi.org/10.1016/j.jenvman.2016.12.003
https://doi.org/10.1007/s11814-017-0056-7
https://doi.org/10.1016/j.watres.2017.04.014
https://doi.org/10.1080/00986445.2017.1336090
https://doi.org/10.1016/J.CHEMOSPHERE.2021.132270
https://doi.org/10.1016/J.MATPR.2020.01.178
https://doi.org/10.1061/(asce)hz.2153-5515.0000572
https://doi.org/10.1061/(asce)hz.2153-5515.0000572

41094

Environmental Science and Pollution Research (2023) 30:41073-41094

16, Issue 2). Springer Berlin Heidelberg. https://doi.org/10.1007/
s13762-018-2130-z

Zazycki MA, Godinho M, Perondi D, Foletto EL, Collazzo GC, Dotto
GL (2018) New biochar from pecan nutshells as an alternative
adsorbent for removing reactive red 141 from aqueous solutions.
J Clean Prod 171:57-65. https://doi.org/10.1016/j.jclepro.2017.
10.007

Zhang Y, Song X, Xu Y, Shen H, Kong X, Xu H (2019) Utilization
of wheat bran for producing activated carbon with high specific
surface area via NaOH activation using industrial furnace. J Clean
Prod 210:366-375. https://doi.org/10.1016/j.jclepro.2018.11.041

Zhao W, Yu Z,LiuJ, Yu Y, Yin Y, Lin S, Chen F (2011) Optimized
extraction of polysaccharides from corn silk by pulsed electric

@ Springer

field and response surface quadratic design. J Sci Food Agric
91(12):2201-2209. https://doi.org/10.1002/jsfa.4440

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

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.1007/s13762-018-2130-z
https://doi.org/10.1007/s13762-018-2130-z
https://doi.org/10.1016/j.jclepro.2017.10.007
https://doi.org/10.1016/j.jclepro.2017.10.007
https://doi.org/10.1016/j.jclepro.2018.11.041
https://doi.org/10.1002/jsfa.4440

	Removal of COD and color from textile industrial wastewater using wheat straw activated carbon: an application of response surface and artificial neural network modeling
	Abstract
	Introduction
	Methodology
	Material and methods
	Water source

	Wheat straw activated carbon preparation
	Characterization of wheat straw activated carbon
	Biosorption studies on wheat straw activated carbon
	Adsorption reversibility study
	Experimental design
	Artificial neural network (ANN) prediction modeling
	Kinetic modeling

	Results and discussion
	Wheat straw activated carbon characteristics
	FTIR, XRD, and specific surface area analysis
	Surface morphology
	Effect of dilution factor, pH, and pHPZC

	Experimental program
	Experimental program and modeling of response variables by RSA

	Development of ANN model
	Comparison of developed RSA, ANN, model
	RSA optimization and validation
	Effect of process parameters on the percentage removal of COD and color
	Effect of adsorbent dose and contact time
	Effect of initial pH and contact time
	Effect of contact time and temperature
	Effect of initial pH and adsorbent dose
	Effect of adsorbent dose and temperature
	Effect of initial pH and temperature

	Adsorption reversibility
	Probable adsorption mechanisms
	Kinetics study
	Economic study

	Conclusion
	Acknowledgements 
	References


