Regular Artiote

Phys. Chem. Res., Vol. 12, No. 1, 189-204, March 2024
DOI: 10.22036/pcr.2023.393442.2325

§ %
PHYSICAL
CHEMISTRY u
RESEARCH

Published by the
Iranian Chemical Society
www.physchemres.org

info@physchemres.org

Modified Biopolymer as Adsorbent for Methylene Blue Dye Removal

A. Belaid?, T. Hocine?, B. Bouras®*, L. Tennouga?, K.I. Benabadji* and K. Benhabib®
“Laboratory of Organic Electrolytes and Polyelectrolytes Application (LAEPO), Department of Chemistry, Faculty of Science, Tlemcen
University, B. P. 119 13000 Tlemcen, Algeria
bEco-Processes, Optimization and Decision Support (EPROAD, EA), University of Picardie Jules Verne, IUT of Aisne,

48 rue d'Ostende, 02100 Saint-Quentin, France
(Received 16 April 2023, Accepted 17 June 2023)

In this work, we developed an eco-friendly material for use in the wastewater treatment operation. A copolymer was prepared from
carboxymethylcellulose (CMC) modified with acrylamide (AM) and N-vinylpyrrolidone (NVP). Then, it was characterized using FTIR
spectrometry, thermogravimetric analysis (TGA/DTG) and diffraction of X-ray (XRD). The properties of CMC-AM-NVP copolymer as an
adsorbent of methylene blue (MB) dye were investigated and the parameters affecting the removal process were evaluated. It was found that
the adsorption of MB dye on the CMC-AM-NVP copolymer can be described by the pseudo-second order equation. Equilibrium data was
modeled by Langmuir, Freundlich, and Temkin isotherms. Langmuir isotherm model provided the best fit for the adsorption of MB on the
CMC-AM-NVP copolymer with R? value of 0.999. The efficiency of dye elimination on the copolymer reached 99.4%. The study outcomes
show that CMC-AM-NVP is a promising candidate for efficient removal of methylene blue; therefore, it is concluded that the addition of

NVP to the copolymer has a notable improvement in the adsorption process.
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INTRODUCTION

Securing the availability of clean water to the global
population is one of the significant challenges of the future.
The rise in the population and water contamination has a
direct effect on the quality of water. Today's industrial dyes
are becoming a troublesome class of environmental
contaminants. Owing to their complex nature, the discharge
of dyes in water resources has poor aesthetic and health
consequences [1]. Due to the large amounts of water needed
in dyeing operations, the textile sector is one of the biggest
producers of liquid effluent pollutants [2]. In addition, the
different effluent characteristics in terms of pH, dissolved
oxygen, and organic and inorganic chemical content depend
on the processing steps and species of synthetic dyes used
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during this industrial conversion.

The processes or technologies available to remove the
dyes tuffs from the textile liquid effluent are diverse. These
processes require the mediation of a few physical-compound
strategies, for example, coagulation-flocculation, synthetic
oxidation [3], film division [4], organic treatment [5], efc.
The failure of the regular cycles to productive disposal of
numerous unmanageable, harmful mechanical items, or their
significant expense verifies that it is essential to consider
high-effective methods with minimal conceivable expenses.
Adsorption is a valuable method for removing toxic dyes
from wastewater. Consequently, there has been an increased
interest in adsorbents that are renewable, affordable,
accessible, and highly effective [6]. Various investigations
have indicated the utilization of various adsorbents to
decrease the color fixations from aqueous arrangements.
Materials such as activated carbon [7], modified bentonite
[8], quaternized poly(4-vinylpyridine) copolymers [9],
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composites [10], and polysaccharide-based hydrogels [11]
have shown many exciting applications.

Numerous copolymers based on polysaccharides, such as
carb CMC, have been created recently. Their functional
properties including high hydrophobicity, biodegradability,
and biocompatibility have made them suitable for use in
water treatment in diverse industrial effluents [12]. Many
researchers have made great efforts to model CMC with
vinylic or acrylic monomers to improve the adsorption
performance of organic particles on CMC-based materials.
Feng et al. modified CMC with AM monomer for use in the
and they found that
griefing of PAM in CMC hydrogel can significantly improve

coagulation-flocculation process,

the coagulation process [13]. Godiya et al. developed the
CMC/PAM hydrogel for ion adsorption (Cu", Pb", and Cd")
and found a better ion adsorption capacity compared to the
conventional adsorbents such as activated carbon and cation
exchange resin [14]. In order to enhance the efficiency of
flocculation in the treatment of coal mine effluent, Zou et al.
developed a cationic material by grafting the acrylamide onto
the pea starch, and they found that the prepared material may
be applied as a novel flocculant [15].

This paper outlines a new approach to modify the
carboxymethyl cellulose (CMC) with Acrylamide (AM) and
The
copolymer was employed as an adsorbent for removing

N-vinylpyrrolidone (NVP) monomers. obtained
cationic dye (Methylene Blue). The effects of several
experimental parameters were studied to optimize the
adsorption conditions. To assess the adsorption process,

some kinetic studies were carried out.

EXPERIMENTAL

Materials
Carboxymethylcellulose (CMC) used was supplied by

PROLABO (France). Its degree of carboxymethylation
included between [0.82-0.95],
PROLAB, and its average molecular weight was determined

values was given by
by viscometry technique as M, = 316400 g mol' [16].
N-vinyl pyrrolidone (NVP, 98%) was provided by Aldrich
(USA), and acrylamide (AM) compound was purchased from
Merck (France) and used as received. Methylene Blue (MB)
was purchased from Sigma-Aldrich (USA) and used without
further purification. The properties of MB are shown in

Table 1.

CMC-AM
Preparation
A quantity of CMC was dissolved in a volume of

and CMC-AM-NVP Copolymers

bidistilled water. This solution was stirred for 30 min at
80 °C. An aqueous ammonium persulfate solution [APS] was
separately prepared according to the desired concentration in
a tube at room temperature, and it was added as an initiator.
In 25 ml of bidistilled water,
vinylpyrrolidone

acrylamide and N-
After
homogenizing the reagent solution, the mixture was allowed

monomers were dissolved.
to reflux. The obtained product was precipitated in ethanol,

filtered and dried.

Batch Adsorption Studies: Removal of MB Dye
from the Aqueous Solution

The MB adsorption capacities of the prepared
copolymers were evaluated using a batch equilibrium
procedure. First, MB solutions (1 g I') were prepared
in distilled water as a mother solution. The desired
concentration series were obtained by dilution. Next, 25 mg
of copolymers was added to each of the 40 ml dye solutions.
The adsorption experiments were carried out in beakers at a
constant stirring rate of 400 rpm, the solution's pH range from
2 to 11 (the desired pH has been set by adding drops of NaOH

Table 1. Physicochemical Characteristics of Methylene Blue (MB)

Name Molecular structure Nature My Amax
(g mol") (nm)
N
X
Methylene Blue .
(Basic Blue 9) \N o . - Cationic 319.851 664
cr
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or HCI solution (1 M)), the temperature between 25 and
55 °C, the contact time between 2 and 180 min, the amount
of adsorbent between 5 and 45 mg, and the initial dye
concentration from 5 to 300 mg I''. The solutions were left to
settle for 5 min, and the supernatant was dosed by OPTIZEN
1412 UV/VIS spectrophotometer at A = 664 nm, for MB.
Finally, adsorption capacities (q.) of these copolymers were
determined by the Eq. (1): [8]

(Co—Co)V
Qe = Te €Y)
Characterization

Thermogravimetric analysis of the copolymers was
obtained by TGA (TA Instruments Q Series Q600 SDT).
Infrared spectra were performed with an Agilent Cary 600
series FTIR spectrometer. In addition, The XRD patterns of
the copolymers were made with the ULTIMA IV X-ray
diffractometer, working with Ko copper radiation (A =
1.54 A) at 40 kV and 30 mA. Scanning electron microscopy
SEM was made with the HITACHI TM-1000 electron
microscope. All the methods of characterization were
performed according to the same experimental condition
described in our earlier work [17].

Determination of pHp..
The zero-charge point (pHpzc) is an important factor to
investigate adsorption efficiency. It was carried out

according to the method described in the previous work [8].

RESULTS AND DISCUSSION
Characterization
Infrared spectroscopy (FTIR). The FTIR of

carboxymethylcellulose (CMC),
(CMC-AM),
acrylamide-N-vinylpyrrolidone

carboxymethylcellulose-

acrylamide and carboxymethylcellulose-
(CMC-AM-NVP)
copolymers are presented in Fig. 1
The peaks at 3435 cm™! and 2940 cm™! on the CMC curve
are related to the hydrogen bonding-induced hydroxyl (-OH)
stretching vibration peak and the methylene (C-H) stretching
vibration peak, respectively. The carboxymethyl substituent's
carbonyl groups can be seen scissoring at a wavelength of

1588 cm™!. The stretching vibration peak induced by the C-H
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Fig. 1. FTIR spectra of used copolymers.

variable angle and the beta-(1,4) glycosidic bond was
attributed to the picks at 1385 cm™ and 1066 cm’,
respectively. These peaks stand within the typical CMC
absorption peaks [17,18]. The presence of acrylamide in the
CMC-AM copolymer was validated by the existence of new
absorption bands. The curve of these copolymers showed
additional absorption bands at 1658 (C=0) and 1609 cm'!
(NH; bending), which can be assigned to the amide groups
[14,17]. For the CMC-AM-NVP copolymer curve, we notice
that the absorption bands related to the intensity and area of
the peak at 3435 cm™!, 1658 cm™ and 1385 cm! became larger
and more pronounced, indicating the presence of the NVP
group in the copolymer. Also, the peaks at 1650, 1432, 1260,
and 1167 cm™' assigned to the C=0 stretching of cyclic amide
or C=C of NVP, C-H stretching or (-CH2-) C-H twist,
C-N stretching, and —CH,— rocking, respectively [19].

Thermogravimetric Analysis (TGA). The thermal
stability of the copolymer was examined by TGA, as shown
in Fig. 2.

As shown in Fig. 2. It is evident from the TGA curves of
the used copolymers that it has three distinct regions of
thermal degradation. Water in the sample might cause the
polymers to first weigh less than expected. From about
260 °C, there is a second decrease in loss of mass. This was
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Fig. 2. Thermograms of used copolymers. (a) TGA and (b) DTG.
Table 2. ATG analysis of Used Copolymers
Specimens First stage, Second stage, Third stage,
content (%) content (%) content (%)
CMC 50-207, 12.65 207-329, 38.59 329-535,15.36
CMC-AM 50-200, 3.17 200-450, 35.73 450-800, 30.95
CMC-AM-NVP 50-200, 5.7 200-450, 72.3 450-800, 11.52
due to the loss of carbon dioxide from the polysaccharide and
—— CMC-AM-NVP|
due to the presence of COO- groups in the polysaccharide ——— CMC-AM
——CMC

skeleton; it is decarbonized in this range of temperature. By
increasing the temperature above 450 °C, the weight loss may
be related to the loss of the hydroxyl groups present on the
polysaccharide in the form of water [18-20].

The CMC-AM and the CMC-AM-NVP showed almost
the same behavior as CMC. Indeed, from the TGA and DTG
curves, they are thermally more stable than CMC. The
obtained results are shown in Table 2.

XRD Analysis

The X-ray patterns of CMC, CMC-AM and CMC-AM-
NVP are depicted in Fig. 3. XRD analysis showed that
carboxymethyl cellulose exhibits very weak crystallinity
around the angle 20 =21°[18,21]. However, the presence of
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Fig. 3. XRD curves of used copolymers.
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the broad peak at angle 20 = 15° up to 30" confirms the
amorphous character of these polymers.

Surface morphology (SEM). SEM images of the used
copolymers are shown in the Fig. 4.

Similarities between the CMC and the synthesized
copolymers were discovered by SEM examination. The
CMC was morphologically composed of a smooth-surfaced,
individually ordered rod-like structure.

The SEM results for the CMC-AM and the CMC-AM-
NVP indicated the shrinking of the hydrogel surface's pore
size due to an increase in the monomer content and a decrease
in the CMC content. According to the study, the copolymer
was found smooth, coherent, and non-porous surface.

R
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Adsorption Studies

Effect of pH. In adsorption studies, an important
parameter is the pH of the aqueous solution [22,23]. The
initial pH effects on the amount of removed Methylene Blue
dye (MB) using three copolymers (CMC, CMC-AM, and
CMC-AM-NVP) as adsorbent were studied in the pH range
between 2 and 10 at 25 °C. The obtained results are shown in
Fig. 5.

The amount of MB dye adsorbed, q. (mg g"), in
CMC and CMC-AM reached the maximum of 38.34 and
38.59 mg g’!, respectively, at the pH levels above 10. In an
acidic medium, the amide group (NH>) is in the ammonium
form NHs", which increases the electrostatic repulsion

Fig. 4. Scanning electron microscope (SEM) image of: a) CMC, b) CMC-AM, ¢) CMC-AM-NVP.
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Fig. 5. Effect of pH on the adsorption of MB onto the used copolymers. (initial MB concentration = 20 mg 1!, m = 0.02 g,

V =40 ml, contact time = 120 min, T = 293 K).
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between the positively charged MB dye and the positively
charged adsorption sites of the CMC-AM. However, in a
basic medium, the NH, group reverts back to its original
uncharged state. This leads to an increase in the electrostatic
attraction between the positively charged MB dye and the
available NH» groups, resulting in the enhanced adsorption
on the CMC-AM compared to the CMC alone. In addition,
the adsorbed dye amount q. (mg g™!) for the CMC-AM-NVP
copolymer increased and reached its maximum value at a pH
of about 6. This can be explained by the CMC-AM-NVP
copolymer's pH of zero-point charge (pHpzc), which is
around 6.44 (results are not shown). At the pH ranges lower
and higher than pHpzc, the copolymer has a positive and
negative charge, respectively.

In acid pH, the BM molecules are dissociated in solution
and organic cations (positively charged) are appeared [24].
Their dissociation can be represented by the following
equilibrium:

BM & BY + Cl™

There is a repulsion between the B* ions of the BM and the
positively charged adsorbent sites when these two charges
are present. As a result, there are repulsive interactions
between the positively charged adsorbent surface and the
aromatic cations of BM. Consequently, both the adsorption
percentage and q. values fall. We observed that an increase
in the pH resulted in an increase in the removal capacity and
the percentage of the adsorbent. This was obviously caused
by a drop in the charge repulsion [24]. Moreover, in basic
media, at pH values higher than PZC, the surface charge of
CMC-AM-NVP exhibited a tendency to be negative. In
addition, the percentage of BM adsorption increased because
the electrostatic attraction between the negative adsorbent
surface and the organic cations of BM increased. Other
interactions that may be present in the adsorption mechanism
are the hydrogen bonding interactions of the imine groups of
MB molecules (RCH=NR) with the reactive OH and NH
groups of the copolymer [25]. It is worth noting that the BM
dye adsorption on these copolymers was consequently better
in basic medium than in acid medium. The pH = 5.7 was
considered as the optimum pH for the adsorption of
methylene blue on these adsorbents.
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Effect of Contact Time

The g (mg g') of the different adsorbents with the BM
molecule was also examined by measuring the time at which
equilibrium adsorption took place with a fixed amount
(20 mg) of adsorbent. As can be seen from Fig. 6, the
adsorption of the dye on the adsorbent was increased for more
time contact.

We notice from the Fig. 6 that the dye's initial adsorption
rate was quick. Due to the free adsorption sites that are
available on the adsorbent surface, as soon as the first contact
occurs, the adsorption capacity or percentage is increased
with contact time. These sites progressively become
saturated. In the case of CMC-AM-NVP, the adsorption
efficiency attained a value of 80% in less than 50 min, and
then it became constant after 60 min. Therefore, it is
concluded that the time of 60 min is enough to achieve the
equilibrium for the whole study.

Adsorption Kinetic Models

The kinetic study is crucial to the adsorption process
since it enables us to learn more about the mass transfer and
adsorption mechanisms. In our research, we used the pseudo-
first order, pseudo-second order, and intraparticle diffusion

100 +
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Fig. 6. Effect of time on the adsorption of MB dye onto the
used copolymers (initial MB concentration = 20 mg I,
m=0.02g, V=40ml, pH=5.7, T=293 K)
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kinetic models, which are, respectively, described by the at time (t), k1 (min™') is the pseudo-first order rate constant,

following equations [26,27].

Ln(ge — q¢) = Inge — k4t

t 1 t

a  kea2  qe

qr = Kig xt*° + ¢

k2 (g mg~' min™') is the pseudo-second order rate constant, and
Kiq is the intraparticle diffusion rate constant, mg (g h).
(2) The obtained curves are depicted in Fig. 7. The kinetic
variables and correlation coefficient (R?) for the three
(3)  modeling scheme are reported in Tables 3 and 4.
It is evident from the results that for the first model,
(4) the calculated q. values were substantially lower than the
equivalent experimental values, and the R? values were

In above formulations) qe is the adsorption efficiency at relatively low. Therefore, this model is needed to be revised
equilibrium (mg g™, q: (mg g') is the adsorbed dye amount to simulate the process of MB adsorption onto the three
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Fig. 7. Kinetic model for BM adsorption on used copolymers. a) Pseudo first order, b) pseudo second order and c) the
intraparticle diffusion models. (initial MB concentration =20 mg I'', m=0.02 g, V=40 ml, pH = 5.7, T = 293 K).
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Table 3. Pseudo-first and Pseudo-second Order Kinetic Parameters for BM Adsorption on Copolymers

Pseudo-first order

Pseudo-second order

Adsorbent (qr;(ge?:; ki qe (cal) R2 ko e (cal) R2
(min™) (mg g (min™) (mg g
CMC 38.61 0.002 16.77 0.919 0.011 27.68 0.999
CMC-AM 39.44 0.00112 17.11 0.941 0.018 25.51 0.999
CMC-AM-NVP 39.62 0.052 28.80 0.848 0.0052 40.53 0.999
Table 4. Intraparticle Diffusion Models Parameters for BM Adsorption on Copolymers
Intraparticle diffusion
Kia1 Ci R/ Kia G R
(mg g'' min*?) (mg g (mg g min®?) (mg g
CMC 0.11 21.91 - 0.42 21.91 0,996
CMC-AM 0,33 21.49 0.997 0.34 0.85 -
CMC-AM-NVP 1.28 25.27 0.920 0.43 33.92 0.914

adsorbents. However, it was reported (in the same table) that
the R? value in the second approach was the highest (above
1), showing that the BM's adsorption on each of the three
adsorbents matches well with the pseudo-second order
kinetic model. In addition, the pseudo-secondary order
kinetic model's calculation of equilibrium capacity (qe, cal)
was significantly closer to the q. measured experimentally.
These data indicate that the adsorption rate of MB is highly
dependent on the amount of available active adsorption sites
[28,29]. In this case, the adsorption rate was mostly
controlled by chemical adsorption, which is considered to be
arapid process and a likely reason for the high dye adsorption
at lowest concentrations [30].

Furthermore, when the adsorption process includes
intraparticle diffusion, three characteristics can be observed:
(1) the relationship between the amount of adsorbate
adsorbed (qt) and the square root of time (t**) should form a
linear plot, (2) in cases where intraparticle diffusion is the
dominant step, these linear plots should intersect at the origin,
indicating a starting point of adsorption, and (3) if the
adsorption process involves multiple steps, there may be two
or more distinct slopes observed in the plot [27]. From Fig. 6
¢, the adsorption of BM on CMC-AM-NVP occurred in two
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steps and showed multilinearity. Rapid adsorption occurred
in the first 60 min and then slowed down over the next
120 min.

Effect of Adsorbent Dosage

Adsorbent mass is an important factor in the study of
adsorption, which can help to determine the most cost-
effective adsorbent quantity used to remove dangerous
contaminants from wastewater [31]. Figure 8 shows the
adsorption of MB dye by varying the amounts of adsorbent
(10-50 mg) for a 40 ml of dye solution with a concentration
of 20 mgll.

Figure 8 shows an increase in the adsorption rate as a
function of the mass of the adsorbent; this quick rise may be
attributable to an increase in the number of free adsorption
sites with increasing amounts of CMC-AM-NVP up to a
mass of 15 mg. The cations of the BM dye may readily access
the adsorption sites at low dosages of adsorbent, which
accounts for the rapid increase in the adsorbed amount with
adsorbent mass. Over this mass value, the number of
accessible free sites becomes stable. The addition of
adsorbent increases the number of free sites, but it leads to
the aggregations of adsorbent particles and excludes some of
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Fig. 8. The effect of adsorbent dose on the adsorption of BM
dye onto copolymers. (initial MB concentration=20 mg 1},

contact time = 60 min, V =40 ml, pH = 5.7, T =293 K)

these particles from the adsorption process. The percentage
of adsorption was constant up to 50 mg of the added
adsorbent [31]. Therefore, a mass of 20 mg was chosen as the
optimal dose of adsorbents for the upcoming experiments.

Initial Dye Concentration Effect

The impact of initial concentration [5 mg 1! - 400 mg 1]
was studied in a batch mode for BM solution in order to
determine the adsorption isotherms. The stirring time is set to
180 min. The obtained results are shown in Fig. 9.

The fact that the dye's adsorption capacity raised as the
initial dye concentration raised suggests that the initial dye
concentration has an impact on the adsorption process.
Therefore, it is concluded that a higher dye concentration can
give the dye molecules a stronger push to approach the
adsorption sites faster [32].

Adsorption Isotherm Studies
Adsorption isotherm studies were performed to describe
how the adsorbent molecules can interact with dyes. They are
important for the optimization of the use of adsorbents [33].
As shown in Fig. 10, at equilibrium concentrations below
2 mg I, ge increased to 100 mg g for CMC-AM-NVP.
Then, it was noticed that the ge values increased slowly when
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time = 60 min, V=40 ml, pH= 5.7, T =293 K).
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Fig. 10. The influence of initial dye concentration on dye

adsorption onto used copolymers. (m = 0.02 g, contact
time = 60 min, V=40 ml, pH=5.7, T =293 K).

Ce was in the range of 2 - 12 mg I'. However, when Ce
reached 12 mg I'!, ge values increased rapidly. These results
reveal that C; (initial dye concentration) is an influential
factor in the adsorption process.

In order to understand the most adequate equilibrium
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curve that can be used in the designing of the adsorption
mechanism, many models of adsorption isotherms have been
formulated by different scientists to predict the applicability
of the experimental data. In our case, we used the models of
Langmuir, Freundlich and Temkin, which are represented
respectively by the following equations [34].

1 1 1

Ln ge

In above formulations, C. is the equilibrium concentration of
dye (mg 1), g. is the amount of dye adsorbed on the
adsorbent (mg g'), Ki is the constant of Langmuir model
(1 mg"), gmax is the maximum capacity of the adsorbent
(mg g), Kr and n are the constant of Freundlich model, and
Krand B are Temkin adsorption constant.

The Freundlich isotherm considers that the adsorption
process occurs on a heterogeneous surface of the adsorbents,
in contrast to the Langmuir model which assumes that it
occurs on a homogenous monolayer surface [35]. The
adsorbents' surfaces are supposed to be heterogeneous in
Temkin's isothermal model, and the heat of adsorption is
reduced linearly [26]. The three models' fitted data are
depicted in Figs. 11a, 11b, and 11c, respectively. Table 5
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Fig. 11. Isotherm plots for the adsorption of BM dye Langmuir plot. b) Freundlich plot. ¢) Temkin plot (m =0.02 g, contact

time = 60 min, V =40 ml, pH=5.7, T=293 K).
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Table 5. Parameters of the Studied Isotherm for the Adsorption of BM onto Adsorbent

Langmuir Freundlich Temkin
Jm K R? Kr I/n R? Kr B R?
Adsorbent (mgg") (Img") ) (mg g")
CMC - - 0,97 0.495 2.07 0,90 0.318 51.26 0,72
CMC-AM 8.92 0.027 0.98 0.848 1.87 0.99 0.351 48.85 0.87
CMC-AM-NVP 81.96 1.58 0.99 38.42 0.48 0.95 15.125 17.81 0.97

summarizes the fitting's derived parameters.

According to these results, it is clear that for the CMC,
the R value of the Langmuir models (R?> = 0.97) was
significantly higher than that for the Freundlich (R? = 0.93)
and Temkin (R?
concluded that the Langmuir model offers the ideal fit to the

0.64) models. As a result, it can be

results from experiments. Consequently, on the CMC
adsorbent surface, a monolayer adsorption occurs.

For the CMC-AM adsorbent, the Langmuir correlation
coefficient (R? = 0.98) was higher than that for the Freundlich
(R? = 0.92) and Temkin (R?> = 0.58) models. This result
suggests that Langmuir model is in better agreement with the

experimental results and a monolayer adsorption onto the
surface of the CMC-AM adsorbent.

The maximum theoretical adsorption capacity (qe, cal =
13.25 mg g'') was closer to the experimental data (qe, exp =
24.35 mg g!). Moreover, the value (0 < Ry < 1) showed that
the adsorption of the dye molecules on the CMC-AM
adsorbent was beneficial. For the CMC-AM-NVP adsorbent,
the Langmuir correlation coefficient (R? = 0.99) was higher
than that for the Freundlich (R?= 0.95) and Temkin (R?=
0.97) models, suggesting the occurrence of monolayer
adsorption by the CMC-AM-NVP adsorbent surface.

For adsorption of dye molecules on the CMC-AM-NVP
adsorbent, a significant value of Kr suggested a high affinity
for dye ions, and the value of the empirical parameter 1/n is
in the interval 0.1 < 1/n < 1, which indicates a favorable
adsorption. 1/n is the slope which indicates the adsorption
intensity or surface heterogeneity; a value near zero for 1/n
implies a high heterogeneity, a value less than 1 indicates a
normal Langmuir isotherm, and a value greater than 1
indicates a physical process [36,37]. As measured by the
Langmuir isotherm, the highest adsorption capacities of the
CMC, CMC-AM, and CMC-AM-NVP for the dye molecules
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were 20.64,24.35, and 97.46 mg g*!, respectively. The CMC-
AM-NVP adsorbent was more interesting as adsorbent than
pure CMC from a financial point of view.

Thermodynamic Studies

Thermodynamic tests were conducted at the optimal
condition of different temperature to examine how this factor
affects the removal of BM by the adsorbents and to learn
more about the adsorption process. Thermodynamic
parameters were estimated using the following formulae

[38]:

Ka=qe/Ce (8)

AG® = —RTInK, (10)
As®  AH®

In Kd ==X " &r (1 1)

where Ky is the coefficient of distribution (1 g'); T is the
temperature (K), R is the gas constant, AH® is the enthalpy
change (kJ mol'), and AS° is the entropy change
(J mol' K-1).

The plotted InKq versus 1/T yields reported in Fig. 12 is
a linear line from which both enthalpy (AH®) and entropy
(AS°) can be determined from the slope and intercept,
respectively. The values of AG®, AS°® and AH® are reported
in Table 6.

It can be observed that by elevating the temperature from
25 to 45 °C, the value of AG® remained negative. These
negative values of AG® suggest that the adsorption process
was favorable and naturally spontaneous [39]. The values of
AH were negative, indicating that the adsorption process is
exothermic [40]. In addition, the negative AS® values showed
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Table 6. Thermodynamic Data for the Adsorption Process of BM at Various Temperatures

AH° AS° AG® (kJ mol™)
Adsorbent 1 -l
(kJ mol") (J mol™ K™) 298 K 303 K 313 K 323K
CMC -15.21 -38.49 -3.674 -3.459 -3.101 -2.455
CMC-AM -11.80 -28.76 -3.326 -2.990 -2.629 -2.448
CMC-AM-NVP -114.04 -338.29 -13.30 -11.58 -4.51 -4.44
6

= CMC 40 —m—cmc

e CMC-AM 4 —@— CMC-AM

A CMC-AM-NVP 38 —A— CMC-AM-NVP

3,0 ' 3,1 ' 3,2 ' 3,3 ' 3,4
1000/T (K™

Fig. 12. The Van’t Hoff plots for the adsorption. (initial MB

concentration = 20 mg I''m = 0.02 g, contact time = 60 min,

V=40 ml, pH=5.7).

that there was a diminution of randomness at the solid-
solution interface during the adsorption operation [41].

Effect of Ionic Strength

Dye wastewater usually contains a high amount of salt,
so we need to investigate the effect of salt concentration on
the percentage of BM removal by our adsorbents.

To examine the ionic strength effect on the removal of
BM from aqueous solution, the adsorption of BM on all
adsorbents was performed by preparing the dye in a salt
solution (KCl) at different concentration (0.1 M, 0.5 M and 1
M). The obtained results are shown in Fig. 13. It can be noted
that the percentage of removal decreased by an increase in
the concentration of salt. This decrease may be caused by an
interaction between the

increase in the electrostatic

adsorbents and salt ions.

36
34 4
32 4

30

ge (mg.g")

28 4

26
24

22

T T T T T T T T
0,0 0,2 0,4 0,6 0,8 1,0

C(sel) (mol.L™)

Fig. 13. Effect of ionic strength on BM adsorption onto
copolymers. (initial MB concentration = 20 mg 1!, m = 0.02
g, contact time = 60 min, V =40 ml, pH=5.7, T =293 K).

Proposed Adsorption Mechanism

In this study, the copolymer is composed of CMC, AM
and NVP. The reaction mechanism and the synthesis route
are presented in the following figure.

HzC
\
o

o \
HO, OH
o O o \)k
+ N
4 N NH, o
OH
HO Q
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With

R= H or 3 \ or .I; L',—r N
MH2 i) ol
./ i |

The adsorption can be affected by the hydrogen bonding
that can take place between the oxygen groups of the CMC
as well as the functional groups of AM and NVP and the
nitrogen (N) and oxygen (O) of the dye. Therefore, the
excellent adsorption properties of the copolymer may be due
to the cooperative impact of both electrostatic and hydrogen
bonding between the copolymer and the MB dye.
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CONCLUSION

The CMC-AM-NVP copolymer was synthesized using
the free radical polymerization method and was characterized
by FTIR, ATG, and DRX. The methylene blue (MB) dye
adsorption on this copolymer was studied under various
experimental conditions including contact time, pH medium,
adsorbent dose, initial dye concentrations, and temperature.
The kinetics study followed the pseudo-second order model,
and the Langmuir model was in better agreement with the
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experimental data. The effect of temperature showed that the
MB adsorption process The cost-

effectiveness, excellent adsorption, and catalytic properties

was exothermic.
proved that our copolymer is a promising material for the
wastewater treatment.
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