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ABSTRACT

Use of Na,CO, treated jute fibre (NTJF) for the removal of the azo dye Methyl red is described in
this article. Face-centered CCD, based on response surface methodology experimental design, was
used to obtain a specific number of experimental trails in order to improve experimentation and
reach performance characteristics that are ideal for removing the Methyl red dye dissolved in aque-
ous solution. To investigate the impact of operating variables and their elucidation, an analysis of
variance was used in conjunction with a second-order quadratic model. The computed and antici-
pated Q, values were in resonance within the domain threshold with a desirability of 0.98, indicat-
ing exceptional accuracy of the experimentation operations. The following operating parameters
were used for dye removal and equilibrium adsorption capacity (Q,): Adsorbent (NTJF) dose,
temperature, pH and rotational speed with Q, of the treated jute being the performance measure
for dye removal. Experimental results revealed that Langmuir isotherm was suitable, pseudo-sec-
ond-order rate kinetic is better fitted, adsorption is endothermic in nature driven by chemisorption
and there was high proximity between anticipated and experimental outcome of the research.

Keywords: Adsorption; Face cantered central composite second-order design (CCD); Response surface
methodology (RSM); Na,CO, treated jute fibre (NTJF); Methyl red

1. Introduction

In various industries, such as paper, textile, lather,
plastic, food, cosmetics, and pharmaceuticals, excessive
use of synthetic dyes to colour products has resulted in
continuous discharge of dye contaminants into water bod-
ies, causing water pollution. Several synthetic dyes have
been linked to diseases such as cancer, asthma, and others
[1]. Dyes are hazardous chemical substances that, when
exposed to most objects, readily adhere to them and pro-
vide colour, as they do for cloth and fabrics. Furthermore,
the textile industry alone consumes 100,000 tonnes/y,
with approximately 100 tonnes of dye permitted to be
discharged into bodies of water each year [2]. Because
of their complex bonding structure, they are difficult to
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break, posing significant environmental and health risks.
Certain dyes have been discovered to have mutagenic and
carcinogenic properties, among other things [2]. Artificial
dyes have been linked to serious side effects including
hyperactivity in children, cancer, and allergies, accord-
ing to numerous reports. However, this is a contentious
topic, with researchers all over the world reporting con-
tradictory findings [3,4]. The textile industry is the most
common use of synthetic azo dyes [5]. Dye can be found
in large quantities in textile industry effluents. Scientific
research is focusing on the environmental and health risks
associated with dye generated by textile businesses. As a
result, environmental legislation is being enacted to reg-
ulate dye release, particularly azo-based dyes released
directly into free-flowing water bodies. Depending on the
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approach, researchers have used a variety of techniques
to effectively remove colour from wastewater bodies.
Some of the procedures include membrane separation,
biological oxidation treatment, coagulation—flocculation,
ultrasonic irradiation, coagulation-flocculation, photoca-
talysis, and ozonation [6-12]. Among the various materials
and methods, a combination of activated carbon (AC) and
adsorption is one of the most effective ways to remove a
large amount of dye from an aqueous solution in a prac-
tical manner. However, AC has its own set of drawbacks,
such as a high initial manufacturing cost, difficulties with
regeneration after depletion, and a reduction in removal
effectiveness after regeneration [13,14]. As a result, today’s
researchers are emphasising the use of cost-effective, envi-
ronmentally friendly, and abundant adsorbents [15-18].
In the present study the adsorption method was used to
remove Methyl red (MR) dye from a low-cost bio-sorbent,
Na,CO, treated jute fibre (NTJF). Adsorption, regarded
as one of the efficient techniques for the sequestration
and cost effective adsorbents, has been considered as an
excellent way for wastewater treatment [19].

Jute is an important crop on the Indian subcontinent,
and it is one of India’s many agricultural products. In India
and Bangladesh, nearly 85% of the world’s jute is pro-
duced. The main components of jute fibre are cellulose,
hemicellulose, lignin, and other low-molecular-weight
hydrocarbons [19]. The driving forces behind dye adsorp-
tion onto the adsorbent are these elements, which have
hydroxyl and carboxyl functional groups. Apart from a
high amount of a-cellulose (~60%), hemi-cellulose (~23%)
and lignin (~14%) are the two other significant chemical
elements found in jute, as well as traces of fat and wax.
Researchers infers that an ester bond forms between sec-
tions of hemicellulose and lignin that are chemically
linked by lignin’s hydroxyl groups and hemicellulose’s car-
boxyl groups [20]. The presence of carboxyl and hydroxyl
groups on the outer surface of jute adsorbent is the
primary cause for adsorption of dyes from aqueous media.

Researchers have successfully removed dye using sev-
eral surface modified low-cost bio-sorbents, according to
a literature review [21-23]. The focus has recently shifted
to adsorbent surface modification in order to use it more
effectively than activated carbon to remove hazardous
colours from waste water. The goal of surface modifica-
tion is to increase the percentages of important functional
groups like sulphate, hydroxyl, carboxylate, carboxyl, and
phosphate groups on the adsorbent surface [24]. When it
comes to dye removal, researchers aren’t limited to using
only experimental models; there are a variety of math-
ematical models and software programmes that can be
used to research and determine the ideal conditions for
achieving the desired result. Several studies in this field
have already been completed, such as the use of response
surface methodology (RSM) to improve process factors
for dye removal using a new adsorbent [25]. The current
study employs RSM to look into the removal of Methyl
red dye using a low-cost adsorbent. Statistical designs
and surface plots are used for regression analysis and
optimization of the removal of colour from aqueous dye
solution using a novel adsorbent [26,27]. RSM was used
to investigate modelling and optimization for azo dye

(Methyl red) degradation using a central composite design
[28,29]. The RSM technique can better predict the impact
of process variables on performance of those attributes,
making it a better optimization alternative [30,31].

In this research, adsorbent was prior treated with
Na,CO,, which is consistent with the most often used
chemical treatment technique for surface treatment of cel-
lulose-based materials, namely alkali treatment to improve
sorption capabilities of any adsorbent which is not in acti-
vated carbon form [32]. The covalent bond between the
components of ligno cellulosic material is also destroyed by
treating the jute fibre with an aqueous sodium carbonate
(Na,CO,) solution, which hydrolyzes depolymerising lignin
and hemicellulose. The treatment alters the morphological
molecular and super molecular characteristics of cellulose,
resulting in changes in pore structure, stiffness, crystallin-
ity accessibility, unit cell structure, and fibril orientation
[33]. Washing with Na,CO, improves some of the features
of cellulose, such as reactivity, natural ion-exchange capac-
ity, and structural stability. Alkali treatment, which removes
waxes and natural lipids from the cellulose fibre surface,
identifies some of the chemically reactive functional groups,
such as —-OH [34]. Rice husk (high in cellulose compounds)
treated with alkali (NaOH) has previously seen to be influ-
ential as an adsorbent for removing azo dyes from aque-
ous solutions [35]. Because components like cellulose and
hemicellulose are abundant in jute fibres, and Methyl red
is essentially an azo dye, the feasibility of employing (alkali
treatment) Na,CO, treated jute fibre (NTJF) to remove
Methyl red from aqueous solution was investigated in this
study.

The goal of this research is to use a mathematical model
to analyse the maximum sorption capacity (Q,) of Na,CO,
treated jute fibre (NTJF) in order to eliminate Methyl red
(MR), as well as to use response surface methods (RSM) to
investigate the effect of process parameters and their per-
formance requirements. The effects of temperature, pH,
NTJF dosage, and RPM on adsorption capacity are also
investigated using the RSM technique and quantitative
mathematical models [31].

After conducting a thorough literature review, the
authors discovered that while many studies have been pub-
lished on the use of adsorption to remove synthetic dyes, no
research has been done on the removal of Methyl red dye
using modified/treated jute fibre. As a result, the authors
have the opportunity to pursue this analysis, which also
justifies the novelty of the work.

2. Methods and materials

Jute that had been sun dried naturally was obtained
from the market and chopped into 1 mm pieces before
being distilled, washed, and dried at 60°C. After that, the
sample was treated with 0.01 M Na,CO, for 4 h at 27°C.
The sample was then distilled washed to remove any chem-
icals that were present in excess in the fibre (if any), and
the pH was adjusted to 7.0 using 0.1 M NaOH or 0.1 M
HCI, before being kept in a container for 24 h after dry-
ing at 100°C. The final sample, which was treated with
Na,CO, and referred to as treated jute fibre, served as the
adsorbent (NTJF). The adsorbate was Methyl red, an azo
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dye with the chemical formula C,,H ,N.O, and a molar
mass of 269.304 g/mol that has a substantial, but seemingly
noncovalent, affinity for cellulose fibres. Analar grade MR
dye was obtained from Himedia, To begin the experiment,
a stock dye solution (1,000 mg/L; pH 7.0) was made using
double distilled water. The chemical structure of Methyl red

(MR) is shown in Fig. 1.

2.1. Adsorption capacity and percentage removal

The purpose of the study was to determine the maxi-
mum MR sorption capacity (Q,) of Na,CO, treated jute fibre.
Using Eq. (1), the quantity of maximum adsorbed dye per
unit adsorbent (milligram (mg) dye adsorbed per gram (g)
of adsorbent was derived using the mass balance concept
on the concentration of dye:

QE :wv (1)

m

where Q, = maximum adsorption capacity (mg/g); C, = dye
initial concentration in solution (mg/L); Cf = dye final
concentration in solution (mg/L); V = solution volume
(L); m = adsorbent weight (g).

The following equation was used to calculate the
proportion of dye that was eliminated (%):

(c,-c.)
Dye removal percentage (%) = % %100 (2)

i

where C, = remaining concentration of dye in solution at
equilibrium (mg/L).

2.2. Isotherm studies related to sorption

The essential approaches for evaluating the adsorption
relationship for adsorbent-adsorbate interaction are stud-
ies for various isotherms connected to sorption. Isotherms
reveal the homogenous or heterogeneous character of
attraction during the adsorbent-adsorbate interaction, as
well as adsorption favourability. In this work, the feasi-
bility of MR dye adsorption onto the NTJF was studied
using two fundamental non-linear isotherm equations, the
Langmuir (1916) and Freundlich (1906) isotherm models,
as illustrated in Egs. (3) and (5), respectively.

Langmuir isotherm model: g, = q’”biq 3)
° 1+bC,
N\\N
HiC. COOH
\
CHj;

Fig. 1. Molecular structure of Methyl red (MR).

where g, = dye adsorbed at C, (mg/g); g, = maximum
monolayer sorption capacity, not dependent of tempera-
ture; b = Langmuir adsorption constant, dependant of tem-
perature (L/mg); C, = remaining concentration of dye in
solution at equilibrium (mg/L).

Upon analysing the value of the unitless constant
separation factor (R,) [36], which can be determined by
Eq. (4), suitability of Langmuir model of adsorption can
be apprehended. The nature of the isotherm is revealed
by the R, value, which stipulates as to whether the adsorp-
tion process is favourable (R, < 1), unfavourable (R, > 1),
linear (R, = 1), or irreversible (R, =0).

1
RL:[1+bC0] @)

where C, = initial dye concentration in the solution (mg/L).
The present work examines an empirical equation,

the Freundlich [15] isotherm equation, which depicts the

diversity of the adsorbent’s surface during adsorption.

Freundlich: g, = K ij/ " ©)

where K, and 1/n are system Freundlich abiding attributes;
C, = remaining concentration of dye in solution at equilib-
rium(mg/L); q, = adsorption capacity at equilibrium (mg/g).

K, and n represent the adsorption capacity and inten-
sity, respectively. If K, value rises as temperature rises,
the reaction is said to be endothermic; if K, value declines
as temperature rises, the reaction is said to be exother-
mic. The other Freundlich constant, 1/n, indicates the
kind of adsorption. When the condition is 0 < 1/n < 1, the
adsorption process is regarded to be favourable; if the con-
dition is 1/n = 1, the sorption condition should be irrevers-
ible; and lastly, if the condition is 1/n > 1, the adsorption
process is considered to be unfavourable [7].

2.3. Adsorption kinetic modelling

The kinetic parameters of the sorption system were
then calculated using time-dependent experimental results.
The rate constant and optimal sorption capacity at various
temperature ranges were estimated using pseudo-first-order
[23] and pseudo-second-order [18] kinetic models.

Pseudo-first-order: g, =g, [1 - exp(—klt)] (6)

Bkt

7
1+q,k,t @

Pseudo-second-order: g, =

Because the preceding kinetic models have a constraint
when it comes to determining the sorption process’ diffusion
mechanism, the rate-controlling phases were determined
using an intra-particle diffusion model.

Intraparticle diffusion: g, = kt*° (8)

For the sorption of MR onto NTJF, activation energy (E )
was calculated using the Arrhenius equation. The following
is the equation for the same.
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Ink=InA- E, )
RT

The activation energy E may be calculated by plot-
ting Ink vs. 1/T on a graph and analysing the slope of the
same. Where T is the temperature in kelvin and K is either
the pseudo-first-order rate constant or the pseudo-second-
order rate constant, and the selection of specific K is based
on the kinetic sorption rate preference. Activation energy
reveals the nature of adsorption (physical or chemical).
To determine the adsorption temperature favourability,
whether the sorption process is endothermic or exothermic,
and whether the sorption process is entropy or enthalpy
operated, some thermodynamic parameters were exam-
ined, such as AG = change in Gibbs free energy, AH = change
in enthalpy, and AS = change in entropy. The analyses
were carried out using the equations shown below.

AG=-RTInK_, (10)
C,-C

K =-=0 e 11

ad C?n ( )

AG = AH - TAS (12)

The values of AH and AS were calculated using the
graph of AG vs. T, where C; denotes the initial dye con-
centration in the solution and C, denotes the equilibrium
dye concentration in the solution. K , is the adsorption
process’ rate constant at equilibrium. Rate kinetic anal-
ysis is used to find the n value, which entails deciding
which rate model best matches the observed data [4].

2.4. Batch experimental procedure

A stock dye solution of 1,000 mg/L was prepared ini-
tially, henceforth, solutions with concentrations 50, 100,
150 and 200 mg/L were calibrated and were considered
for the overall analysis. The goal of this study was to
fix a dye concentration (say 50 mg/L) and determine the
maximal sorption capacity (Q) as a function of the pH,
NTJF dosage, temperature, and rotational speed input
process parameters (RPM). Adsorption analysis was per-
formed batch by batch to investigate the removal of MR
dye using the aforementioned procedure parameters.
Let’s go over the details of the experiment to see how a
change in pH affects the final result (Q). The pH range
used in the study was (3-11). The initial pH was cal-
ibrated to 3.0, the initial NTJF dose was 10 g/L, the ini-
tial temperature was 293 K, and the rotary shaker was
adjusted with a stirring speed of 100 RPM for 200 mL of
dye solution with 50 mg/L dye concentration. A rotary
incubator was used to regulate the temperature. After
that, the solution was allowed to agitate for 5 min each
before samples were taken to determine the concentration
of the sample solution (after 5, 10, 15 min and so on up
to 180 min). After 120 min of agitation, adsorption was
no longer time dependent (equilibrium time). The dye
concentrations were calculated using UV/VIS spectros-
copy absorbance values with maximum absorbance at a

wavelength of 425 nm (A =425 nm). The data were then
used to compute Q, (mg/g), the highest quantity of dye
adsorbed. Keeping the other process parameters remained
constant, comparable experiments were carried out with
different pH values. Similarly, when the pH variation
study was completed, other parameters were investigated
set-wise by modifying the parameter whose effect was to
be determined while leaving the other variables constant.

NTJF dose (10, 14 and 18 g/L), temperature (293, 303,
and 323 K), and rotational/stirring speed (100, 150, and
200 RPM) were used to evaluate additional parameters.
Using 0.1 M HCI or 0.1 M NaOH, pH values were kept in
the range of 3-11 for each set of solutions. Experiments were
carried out to see if the MR dye could be absorbed by the
container walls in the absence of jute. There was no evidence
of deterioration or MR dye absorption on container sides.
Duplicate tests were run, and mean values were taken into
account. All feasible combinations for all process variables
were tested using the same set of experiments.

3. Results and discussion

A time degradation curve is shown to highlight the
removal of dye from aqueous solution as a function of con-
tact time. It’s calculated by tracking the drop in dye con-
centration caused by the loss of adsorbent from a solution
over time. Fig. 2 shows the time degradation curve for
removing MR with NTJF at 50 mg/L initial dye concen-
tration, 14 g/L NTJF dosage, pH 7.0, 150 RPM rotational
speed and 303 K temperature. Adsorption reaches equi-
librium when there is no more significant adsorption of
dye onto the adsorbent beyond a specific time point, or
when adsorption of dye is no longer a time-dependent
process, as shown by the time degradation curve.

As demonstrated in Fig. 2, the rate of adsorption for
the adsorbent-adsorbate interaction was fast within the
first 20-25 min. Following then, the adsorption rate plum-
meted. The quick rate of dye removal in the early phases
is attributable to the adsorption site availability. The adsor-
bate—adsorbent interaction became more intense over time,
leading in adsorption site saturation as more dye molecules
adsorb onto the sites, resulting in a decrease in the num-
ber of adsorption sites and, as a result, a decline in sorp-
tion. The equilibrium duration for the present research was
120 min, after which the adsorption process was no longer
time dependent, similar results were obtained earlier [5].

3.1. Surface morphology and characterization of NTJF

Scanning electron microscopy (SEM) analysis is an
important characterization method in adsorption [37].
Using a scanning electron microscope (SEM) (MODEL:
JSM-6360, JEOL), the surface characteristics of virgin NTJF
and MR dye adsorbed NTJF were examined under the
following conditions: resolution: 3 nm in the secondary
electron mode, distance of 8 mm, acceleration voltage of
30 KV, accelerating voltage: from 1-30 KV in 1 KV steps,
accelerating voltage: from 1-30 KV in 1 KV steps, accel-
erating voltage: from 1-30 KV in 1 KV steps, accelerating
voltage: from 1-30 KV in 1 KV steps, accelerating voltage:
from 1 KV-30 K. Fig. 3a depicts virgin NTJF, while Fig. 3c
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Fig. 2. Time degradation curve for MR sorption onto NTJF.

depicts MR adsorbed NTJF. It can be seen in Fig. 3c that
there are numerous MR dye particles attached to the NTJF
surface. Both the figures are of 1 pm and x10,000 resolu-
tion. Corresponding energy-dispersive X-ray spectroscopy
(EDAX) images are shown in Fig. 3b and d respectively.
Fourier-transform infrared spectroscopy (FTIR) anal-
ysis is a useful approach for characterising and recog-
nizing the functional groups accountable for adsorption.
The influence of functional groups for the adsorption
of MR dye onto adsorbent surfaces is confirmed by the
FTIR spectra. FTIR analysis was done at IIT Bombay SAIF
research facility. The study’s instrument has the follow-
ing specifications (Make: Bruker, Germany). Model:
Hyperion Microscope 3000 with Vertex 80 FTIR System).
Fig. 4a and b show the FTIR spectra of virgin NTJF and
Methyl red (MR) loaded NTJF, respectively. As in Fig.
4a, due to the constrained hydroxyl or amine groups the
broad and strong band was seen at 3,437.84 cm™. Due to
the —-CH asymmetric stretching, the next high value of
2,914.16 cm™ was observed. The carboxyl group stretching

P DL P L Y LN KLY L |

2 4 6 8 0 12
Full Scale 2196 cts Cursor: 0.000

Spectrum 28

0 2 4
Full Scale 2196 cts Cursor: 0.000

Fig. 3. (a) SEM image of NTJF before adsorption, (b) SEM image of NTJF after MR dye adsorption, (c) EDAX image of NTJF before

adsorption and (d) EDAX image of NTJF after MR dye adsorption.



192 A.K. Dey et al. / Desalination and Water Treatment 260 (2022) 187-202

100.0

99.5
L
3871.43 —
3750.79 —

99.0
|

Transmittance [%)]

97.5
|

<
@
~
©®
<
©

T T T
3500 3000 2500

T T T T
2000 1500 1000 500

(b) Wavenumber cm-1

90 95 100
|

Transmittance [%)]
85
I

3433.45

75
|

2132.711 —

1601.18

1373.95

1031.52

T T T
3500 3000 2500

T T
2000 1500 1000 500

Wavenumber cm-1

Fig. 4. (a) FTIR spectra of (a) NTJF before adsorption and (b) MR loaded NT]JF.

vibration has a wave number of 1,741.80 cm™. The bands
at 1,640.06; 1,507.77 and 1,460.99 cm™ were used to assign
asymmetric and symmetric stretching vibrations of C=0O
groups. At 1,373.73 cm™, the C-N stretching band was
discovered. C-O stretching of alcohols and carboxylic
acids was assigned by the band to 1,023.38 cm™. After
MR dye adsorption, as shown in Fig. 4b, the symmetrical
stretching vibration bands of hydroxyl or amine groups
in MR loaded NTJF were modified from 3,437.84 to
3,433.45 cm™. The stretching band of carboxyl groups was
changed from 1,741.80 to 1,740.96 cm™, 1,640.06; 1,507.77
and 1,460.99 cm™ stretching bands were likewise changed
to 1,645.94; 1,601.18 and 1,431.38 cm™ correspondingly.

The C-O peak was moved from 1,023.38 to 1,031.52 cm™,
respectively. Similarly, following adsorption, additional
values moved their positions. Thus, it may be inferred
that functional groups are the key operators responsi-
ble for the binding of MR onto the surface of the NTJF,
which is justified according to the examination of FTIR
spectra which shows frequency shifts.

3.2. Analysis of batch study parameters
3.2.1. Influence of pH

The point of zero charge is the pH at which an adsorbent
surface has a net neutral charge (pH ). The importance of
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studying pH_ _for any adsorbent is that it exposes the abil-
ity of any adsorbent surface to attract anionic or cationic
adsorbates. For example, if an adsorbent surface has a pos-
itive charge in a solution with a pH lower than pH_, the
adsorbent surface will attract anionic adsorbates. Similarly,
if the adsorbent surface contains a negative charge in a
solution with a pH greater than pH_ , the adsorbent will
allure cationic adsorbate [38-40]. Dissociation/ioniza-
tion, as well as the properties of the sorbent surface and
its interaction with adsorbate particles, are all affected by
pH [15]. The adsorption process changes as the surface
properties of both parties (adsorbent-adsorbate) alter.
It was observed in this study that as the pH rises, the Q,
rises as well. Due to electrostatic repulsion, the functional
groups on the adsorbent surface are protonated at low
pH, leading the absorbent surface to become positively
charged, resulting in reduced dye ion adsorption. As the
pH of the dye solution rises, so does the adsorption pro-
cess, since the adsorbent functional groups deprotonate
over time, increasing the electrostatic attraction between
dye cations and negatively charged sites on the adsorbent.
Fig. 5 depicts the influence of pH on dye removal.

3.2.2. Influence of adsorbent dose

When evaluating the rate of adsorption capacity of the
adsorbate onto the adsorbent surface, one of the import-
ant factors to consider is adsorbent dose. The NTJF dos-
age used in this analysis to determine the adsorption rate
ranged from 10 to 18 g/L. There is a substantial increase in
dye adsorption and excretion as the NTJF dosage is raised.
The increased adsorbent surface area, which increases the
number of adsorption sites accessible for adsorption of
adsorbates onto the adsorbent, might be the reason for bet-
ter dye removal rate with a larger NTJF dosage [41]. The
same outcome was obtained when the NTJF dosage was
raised from 10 to 14.8 g/L. As the NTJF dosage is raised,
the absolute adsorption value increases but the adsorp-
tion rate drops. The reduction in adsorption rate with a
further increase (>14.8 g/L) in NTJF dose may be attributed
to particle interaction such as aggregation, which leads
to adsorption site saturation, at a constant dye concen-
tration and a constant volume of solution. In addition,
we discovered that, while the dye concentration is con-
stant, absorbance is directly proportional to the increase
in adsorbent dosage, but adsorption rate is inversely
proportional. Fig. 6 shows the effect of NTJF dosage on
MR dye elimination percentage.

3.2.3. Influence of temperature

For the reported article, adsorption rate is higher at
higher temperatures and vice versa. As the temperature rose,
the relationship between adsorbate dye molecules and the
adsorbent binding site was stronger [11,12]. This might be
due to the fact that temperature influences Methyl red par-
ticle diffusion, resulting in a faster mass transfer rate from
the bulk to the boundary layer around the jute fibre’s sur-
face. It also appears that when the temperature rose, the
reaction’s speed accelerated. The adsorption capacity of
the surface increases as it becomes activated.

100
90|
80
o
>
2 79
o
2 60
o
5
Dﬂ 50
X 0 \ —=m— % Removal of Dye
30
20— 3 3 5 3 7
Initial Solution (pH)
Fig. 5. Percentage removal of MR by NTJF against pH variation.
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Fig. 6. Percentage removal of dye against NTJF dose.

3.2.4. Influence of initial concentration of dye

The impact of initial dye concentration on MR adsorp-
tion onto Na,CO, treated jute fibre is shown in Fig. 7. A
sorbent dosage of 10 mg/L, a temperature of 303 K, and a
pH of 7.0 were used in the set’s tests. The initial MR dye
concentrations in solution were 50, 100, and 150 mg/L,
respectively. When the dye concentration was raised from
50 to 150 mg/L for MR adsorption onto Na,CO, treated jute
fibre, the sorption percentage decreased from 97.44% to
95.74%. Similar studies have been reported earlier where
every rise in dye concentration was accompanied by a
drop in % dye clearance. This tendency can be explained
by the saturation of sorption sites on the NTJF surface.
The formation of a monolayer of dye species on the Jute sur-
face, which reduces the possibility of another layer of dye
species accumulating over the monolayer, might explain the
decrease in dye removal percentage.
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Effect of initial dye concentration
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Fig. 7. Influence of initial MR dye concentration onto dye removal
capacity.

3.2.5. Influence of stirring speed

The stirring/rotational speed has a significant impact
on adsorption performance. If the spinning speed (in
RPM) is too slow, the adsorbate and adsorbent particles
will settle rather than stay suspended. Both the dye and
the jute fibres may sink to the bottom of the conical flask
used for spinning purposes if the RPM is too low. In order
for a prolonged dynamic interaction between them (adsor-
bent and adsorbate) and, as a result, for adsorption to
occur, both sorbent and sorbate must be in suspension [42].
A high rotating speed of the solution lowers the ability of
dye particles to settle at the adsorption sites of the adsor-
bent; instead, a high RPM rate maintains the dye particles
floating in the solution, preventing them from settling.
Fig. 8 illustrates the effect of stirring/rotational speed.

3.3. Isotherm study

Two nonlinear adsorption isotherms, the Langmuir
and Freundlich isotherm investigations, were used to con-
firm the findings of this study. Fig. 9 displays a plot of the
graph of g, vs. C, indicating that the adsorption mecha-
nism better resembles the Langmuir Isotherm, signifying
monolayer MR dye adsorption onto the surface of NTJF.
Table 1 shows the various isotherm parameters calculated
during the investigation at a constant temperature of 303 K.

3.4. Analysis of rate kinetic models

The rate constants and adsorption equilibrium capac-
ity at various temperatures were determined using two
rate kinetic models, pseudo-first-order and pseudo-sec-
ond-order kinetic sand compared to experimental data.
The slopes and intercepts of log(q, — g,) vs. t was used
to generate pseudo-first-order rate constants k, and g..
Sorption capabilities found a considerable difference
between this kinetic model and theoretical research when
comparing theoretical and experimental equilibria of the
pseudo-first-order kinetic model. According to the same
investigations, experimental data suited the pseudo-
second-order kinetic model better. Fig. 10 shows that the
pseudo-second-order model matches the experimental
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Fig. 8. Percentage removal of dye for different rotational speed
(in RPM).
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Fig. 9. Adsorption isotherms for MR sorption onto NTJF at 303 K.

data well when compared to the first order kinetic
model for the eradication of MR with NTJF.

3.5. Activation energy and thermodynamic parameters

The Arrhenius equation (Eq. (9), section 2.3) and the
Arrhenius plot of MR adsorption on NTJF were used
to compute the method’s activation energy E_. It was
done to figure out what kind of adsorption was going
on in the process, and it’s crucial for determining if the
adsorption is physical or chemical. A low E_value (40 K]/
mol) indicates physical adsorption, whereas a higher
E, value (40 kJ/mol) indicates chemical adsorption
[3]. The graphic was generated with InK (K = pseudo-
second-order rate constant) values in the Y axis and
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Fig. 10. Adsorption kinetics for MR sorption onto NTJF at 303 K.

1/T (temperature inverse) in the X axis because adsorp-
tion rate was better suited to second-order rate con-
stant kinetics in this experiment. From the slope (figure
not mentioned) of the linear graph, E  value is extrapo-
lated as 43.45 kJ/mol, which suggests that chemisorption
controls the majority of the ensuing process [3].

The values of the equilibrium rate constant (K ) were
used to estimate one of the thermodynamics parameters,
change in Gibb’s free energy (AG), and the intercepts of
the graph of AG vs. T (time) were used to determine the
other two parameters, entropy (AS) and enthalpy (AH).
The parameters were computed using equations 10, 11,
and 12 (section 2.3). For temperature values of 293, 303,
and 313 K, AG was determined to be -1.84, -5.23, and
-9.12 kJ/mol, respectively. The value of change in Gibb’s
free energy dropped as temperature increased, showing
that the adsorption process was appropriate at moderate
to high temperatures. The adsorption capacity rose as the
temperature increased, meaning that the kinetic energy
of the sorbent particles increased. The presence of a posi-
tive AS value (0.162 kJ/mol K) suggests an entropy-driven
increase in randomness at the solid/solution interface.
The occurrence of a positive AH (12.35 kJ/mol) denotes an
endothermic reaction [43-45]. The nature of the adsorp-
tion process is determined by the value of AH; in gen-
eral, physical adsorption occurs between 8 and 25 k]/mol,
while chemical adsorption occurs between 80 and 200 kJ/
mol [3]. The nature of adsorption is proven to be physi-
cal in this investigation by measuring the AH value, which
validates the study of activation energy. The chemisorp-
tion character demonstrated in this study also verifies
the activation energy analysis. Various thermodynamic
parameters are presented using Table 2.

3.6. Adsorption analysis by adopting response surface
methodology

The maximal adsorption capacity (Q,) was calculated
using batch analysis as a function of steering speed (RPM),

Table 1
Several isotherm parameters for MR adsorption onto NTJF

Isotherm model Parameter =~ Temperature in Kelvin
293K 303K 313K
Q, (mg/g) 27.54 32.11 30.95
. b (L/mg) 8.245 8.915 9.312
Langmuir model
R, 0.019 0.016 0.025
R? 0.987 0.998 0.998
K, (mg/g) 11.56 11.96 12.87
Freundlich model 7 5.34 6.78 7.13
R? 0.934 0.949 0.941

Table 2
Parameters from thermodynamics for MR sorption onto NTJF

Parameters Temperature in Kelvin

293 K 303K 313K
AG (KJ/mol) -1.84 -5.23 -9.12
AS (kJ/mol K) 0.162
AH (k]/mol) 12.35

NTJF dosage (g/L), pH and temperature (K). Several Q,
values were evaluated in a series by changing one of the
process parameters while keeping the others constant.
Similarly, Q, values were obtained 30 times utilising the
response surface approach by performing 30 alternative
sets of process parameter combinations, which were then
utilised to find the most desirable state. RSM (response
surface methodology) is a statistical and mathematical tool
for optimising and modelling quantitative independent
aspects in response characteristics. A regression model,
also known as a polynomial quadratic model of order two,
describes the system quality characteristic, as illustrated
in equation 13 [30]. The regression model’s coefficient is
evaluated using the modelling tool “Design Expert 11.0”.

Y=C+YCX, +YdX te (13)
i=1 i=1

The face cantered central composite second-order
design (CCD) method was predominantly used in the cur-
rent study’s experimental design. When all variables are
combined at two levels (high, +1, and low, —1) the CCD full
factorial design, which contains eight-star points and six
centre points (coded level 0), corresponds to a (alpha) value
of 1. 30 trials with four process variables make up the ‘face
centred CCD’. The proper range of process parameters, as
well as their coded and real values, are shown in Table 3.
Table 4 shows the coded form of the experimental design
architecture employed in this investigation.

When compared to Qs statistical analysis, the model fit
summary revealed that the second-order quadratic model
had a lot of significance. Table 5 shows the results of the
quadratic model investigation using analysis of variance
(ANOVA). The model F-value indicates how important
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the model is. The likelihood that the F value for the mod-
el’s term is more than 0.95 (i.e., = 0.05, or 95% confidence)
indicates that the model generated should be statistically sig-
nificant and required, since it implies that the model terms
influence performance attributes [20]. The response models
fit the real data better when the multiple coefficients of

Table 3
Experimental operating parameters with range of levels

Parameters Factors Levels
-1 0 +1
pH 3 7 11

A
Temperature, (°K) B 293 303 313
NTJF dose, (g/L) Cc 10 14 18
Rotational speed, (RPM) D 100 150 200

Table 4
Design layout and experimental results

A.K. Dey et al. / Desalination and Water Treatment 260 (2022) 187-202

regression R? are near to unity. The gap between real and
anticipated values narrows considerably. The degree of prox-
imity is shown in Fig. 11, which illustrates a graph between
the actual and expected response levels (Q). The major-
ity of the data points are close to a straight line, indicating
that the errors were distributed in a predictable manner.
The value of appropriate precision (AP) for the suggested
regression model, as defined by ANOVA, was greater than
3 in this experiment. With the use of AP, the predicted value
span at the design point is compared to the mean predic-
tion error to see if the model discrimination is enough. The
coefficients of determination (R?) have a higher value in
the generated model, and the precision is suitable. R? = 0.95
and AP = 14.68 were the results of the provided study for
Q.- As a consequence, the constructed quadratic mathemat-
ical model has a significant influence on fitting and fore-
casting observational findings, but the lack-of-fit test has no
bearing (Table 5). The backward elimination approach was
used to eliminate insignificant/insignificant components

Exp. Factor 1 Factor 2 B: Factor 3 C: Factor 4 D: Response Q,
no. A:pH Temp. NTJF dose RPM (mg/g)
1 3 313 10 200 10.21
2 3 293 10 100 11.42
3 11 293 18 200 15.67
4 3 313 10 100 5.19
5 11 313 18 100 10.43
6 3 313 18 200 12.69
7 3 293 10 200 11.76
8 11 293 10 200 11.28
9 7 303 14 150 3191
10 11 313 10 200 11.19
11 11 313 10 100 11.01
12 7 303 14 150 30.98
13 303 14 150 31.56
14 3 293 18 100 12.64
15 3 293 18 200 16.34
16 11 313 18 200 13.41
17 11 293 10 100 11.29
18 11 293 18 100 13.38
19 3 313 18 100 11.31
20 7 303 14 150 30.59
21 7 303 14 150 3211
22 7 303 14 150 31.89
23 7 303 14 100 28.48
24 3 303 14 150 2491
25 7 303 10 150 27.21
26 7 293 14 150 28.29
27 7 313 14 150 27.28
28 7 303 14 200 26.19
29 7 303 18 150 29.56
30 11 303 14 150 27.87
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Table 5
ANOVA results for Q,
Source Sum of squares df Mean square F-value p-value Remark
Model 2,241.69 14 160.12 29.34 <0.0001 significant
A-pH 4.56 1 4.56 0.8356 0.3751
B-Temperature 22.38 1 22.38 4.10 0.0610
C-NTJF dose 40.11 1 40.11 7.35 0.0161
D-RPM 15.29 1 15.29 2.80 0.1149
AB 3.22 1 3.22 0.5904 0.4542
AC 2.46 1 2.46 0.4517 0.5118
AD 1.56 1 1.56 0.2863 0.6004
BC 0.2601 1 0.2601 0.0477 0.8301
BD 0.6561 1 0.6561 0.1202 0.7336
CD 1.45 1 1.45 0.2661 0.6135
A? 132.43 1 132.43 24.27 0.0002
B 13.64 1 13.64 2.50 0.1348
c? 44.71 1 44.71 8.19 0.0119
D? 84.31 1 84.31 15.45 0.0013
Residual 81.86 15 5.46
Lack of fit 81.25 10 8.12 66.67 0.114 Insignificant
Pure error 0.6093 5 0.1219
Cor. total 2,323.55 29
Predicted vs. Actual 3.7. Multi response optimization based on desirability criteria
35_| Table 6 provides the objectives and ranges for operat-
ing process variables such as steering speed (RPM), pH,
temperature and NTJF dose as well as the response param-
#5 eter Q.. The goal of the RSM technique is to identify a set
of optimal operating conditions that will aid in achieving
25 | the primary goal. The 1.0 desirability value is not an abso-
lute need because it is purely decided by how near the
E upper and lower boundaries are found to be set relative to
- the true optimum.
& For the provided design space limits for Q, statistical

5 10 15 20 25 30 35

Actual

Fig. 11. Predicted vs. actual plot for Q..

from the fitted quadratic response surface models in order
to localise them. When the inconsequential quadratic model
terms are eliminated, the lack of fit test is judged to be
unimportant. As illustrated in Fig. 12, multiple response
surface graphs were constructed for the same goal of ana-
lysing Q, under various operating conditions. The approx-
imated response surface plot for Q, in relation to solution
process parameters such as pH, NTJF dosage, Temperature,
and rotational speed (in RPM) is shown in Fig. 12a—c.

design expert software 11.0 is used to develop an optimum
solution consisting of 30 sets. The ideal processing con-
dition for the desired performance characteristics is cho-
sen from a set of parametric conditions with the highest
desirability value [46,47]. The optimum parametric condi-
tion with the highest desire function is shown in Table 7.
The identification and verification of the augmentation of
response characteristics by applying the optimal level of
processing parameters is the ultimate measure after the
perfect set of input parameters has been discovered. To
investigate and compare with the ideal value of response
characteristics, a confirmation test was performed at the
optimal setting of process parameter for steering speed
(RPM), temperature, NTJF dose and pH. Table 8 shows
the error percentage acquired for experimental valida-
tion of the response models developed using the best
process parameter setting at the time of experimentation.
As per table, percentage error is 1.2 which is quite small.
Figs. 13 and 14 use a graph of a ramp function and a
bar graph, respectively, to depict the desirability function
for performance qualities [48]. Each dot on the ramp rep-
resents the parameter values or response estimate for each
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Table 6
Desirability responses based on range of input parameters
Name Goal Lower Upper Lower Upper Importance
Limit Limit Weight Weight
A:pH is in range 3 11 1 1 3
B:Temperature is in range 293 313 1 1 3
C: NTJF dose is in range 10 18 1 1 3
D:RPM is in range 100 200 1 1 3
Q, maximize 5.19 32.11 1 1 3

Qmax (mg/q)

B: Temperature (Kelvin)

C: Jute Dose (g/)

Qmax (mg/g)

Fig. 12. Q, response surface plot, (a) temperature vs. pH, (b) RPM vs. NTJF dose and (c) NTJF dose vs. pH.

Table 7

Optimum values depending upon input operating parameters

Table 8
Q, responses, predicted and experimental values

Parameter Goal Optimum value Responses Q, (mg/g)
pH in range 7.1 Goal Maximize
Temperature, (°K) in range 299.56 Predicted value 31.7

NTJF dose, (g/L) in range 14.7 Experimental value 32.11
Rotational speed, (RPM) in range 154 Error (%) 1.2
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ApH = 7.0825

10 18

C:Jute Dose = 14.7439

M

5.19 32.11

Qmax = 31.7123

Fig. 13. Ramp function plot of desirability for Q..

performance characteristic. The dot’s height indicates the
reaction’s desirability level. Between the objective and the
high value, or between the target and the high value, a lin-
ear ramp function is constructed, with the value of each
weight component equal to one [49]. A bar graph is used
to assess the function of overall desirability of quality
behaviours. Depending on how near the response is to the
objective, the value of desirability varies from 0 to 1. The
bar graph shows how well each process variable matches
the design requirement, with values around one indicating
good fit.

A Q, 3D desire graph was developed using process
parameters in range and maximum response character-
istics. Fig. 15 shows the distribution of the desirability
function for the predicted response of Q, inconsonance to
temperature and pH. The ideal desirability zone was dis-
covered around the top of the plot, where the overall desir-
ability value was more than 0.98, and steadily decreased as
the plot travelled right and backwards. As a consequence,
the response’s proximity to the objective is shown by
the disclosed desirability value of 0.98 [50-52].

3.8. Adsorption mechanism

One of the most exciting elements of any adsorption
study is deciphering the process of adsorption. To do so,
two factors are critical: (1) the adsorbate structure, and
(2) the adsorbent’s functional groups that are responsi-
ble for adsorption. In the present analysis, amino groups
present in MR dye molecules formed hydrogen bonds with
the exposed hydroxyl groups in NTJF [22-24] and this
bonding is the primary reason for adsorption. According
to the findings of SEM and FTIR experiments, treating

292 312

B:Temperature = 299.569

100 200

D:RPM = 154.05

Desirability = 0.985
Solution 1 out of 1

jute fibre with Na,CO, changes the surface morphology,
decreases the silica content, and enhances the crystallin-
ity of the cellulose fraction. Part 2 of this article delves
into the subject in depth. This change in surface charac-
teristics of treated jute fibre would likely favour chemical
reaction between the hydroxyl groups exposed adsorbent
and dye ions, as well as mechanical bonding, because
dye ions are better attached to the altered and suitable
adsorbent molecular structure [53].

All of the trials exhibited a high rate of adsorption
for the first 20-25 min, which subsequently slowed down
gradually until the equilibrium time was achieved at
120 min, showing that intra-particle diffusion was dom-
inant and aided by film diffusion. The NTJF dosage and
RPM were critical determinants in determining sorption
capacity, which was highest at pH 7.0. Based on the obser-
vations, the following adsorption mechanism may be
inferred:

* The MR dye is transferred from the solution to the jute
fibre’s surface.

¢ Dye molecule adsorption on the surface of jute fibres is
assumed to be caused by the establishment of a hydro-
gen bond between the dye’s amino groups and the
exposed hydroxyl group in the jute fibres.

¢ Dye particles diffuse from the aqueous solution to
the adsorbent surface through the boundary layer.

3.9. Use of non-carbon adsorbents for MR dye removal

Table 9 shows the findings of a comparative investiga-
tion for the removal of MR dye using several non-carbon
based adsorbents. All of the adsorbents employed in the
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Table 9
MR dye removal using various non-carbon based adsorbent

Sl no Type of adsorbent Maximum adsorption Reference
capacity (Q)
1 Modified coconut husk 71 mg/g [54]
2 Water hyacinth (Eichhornia crassipes) biomass 8.85 x 102 mol/g [55]
3 White potato peel powder 30.48 mg/g [56]
4 Natural and purified organic matter rich clay 397 mg/g [57]
5 Banana pseudostem fibers 96.39% [58]
6 Bentonite type clay from Mostaganem region (MBC) 2 mg/g [59]
7 Shell of the cocoa pod 6.39-13.88 mg/g [60]
8 Eggshell powder (ESP) 1.66 mg/g [61]
9 Na,CO, modified jute fibre 32.11 mg/g This study
Desirability
ApH 1
Temperature 1
Cilute Dose 1
D:RPM 1
Qmax .9¢
Combined .9¢
| T 1 T 1
0.000 0250 0500 0.750 1.000

Solution 1 out of 1

Fig. 14. Bar graph of desirability Q.

Desirability

Desirability
o

B: Temperature (Kelvin)

B: Temperature (Kelvin)
2923 A:pH

Fig. 15. 3D surface plot of desirability of Q, for temperature and pH.
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analysis were changed from agricultural waste or other types
of modified adsorbents.

4. Conclusions

The feasibility and efficiency of removing an anionic
azo dye, Methyl red (MR), utilising chemically (Na,CO,)
treated jute fibre by adsorption technology were investi-
gated using the face-centred central (CCD) response sur-
face paradigm in composite design. The effect of input
process/operating parameters such as NTJF dose, pH,
Temperature, and stirring speed was successfully inves-
tigated for designing the output of maximum adsorption
capacity by participating in 30 experimental trials with
three repetitions in each of the process parameters at
three different levels. The results of the modelling reveal
that moderate to high NTJF dose, moderate RPM, mod-
erate to high temperature, and neutral pH are necessary
for optimum adsorption capacity within the examined
range of operational parameters. The R? value of 0.98 for
Q, validates this, indicating the model’s suitability. The
NTJF dose and pH were two important elements that
determined the result of Q. The impact of each process
parameter and its reasons are addressed in the various sec-
tions of this article. Rotational speed 154 RPM, tempera-
ture 299.56 K, NTJF dose 14.74 mg/L, and pH 7.08 were
the optimal parameter values for maximising Q,. The sat-
isfactory error percentage of 1.2 between the expected and
actual values for Q, confirms the methodology’s accuracy.
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