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Abstract

Carboxymethyl cellulose/poly(acrylic acid) (CMC-cl-pAA) hydrogel and its magnetic hydrogel nanocomposite (CMC-cl-pAA/
Fe;04-C30B) were prepared via a free radical polymerization method and used as adsorbents for adsorption of methylene blue
(MB) dye. The samples were characterized using Fourier transform infrared, X-ray diffraction, thermogravimetric analysis,
scanning electron microscopy coupled with energy-dispersive X-ray spectrometer, high-resolution transmission electron micro-
scope, and dynamic mechanical analysis. The adsorption performance of the prepared adsorbents was studied in a batch mode.
Adsorption kinetics and isotherm models were applied in the experimental data to evaluate the nature as well as the mechanism of
adsorption processes. It was deduced that the adsorption followed the pseudo-second-order rate equation and Langmuir isotherm
models. The maximum adsorption capacities were found to be 1109.55 and 1081.60 mg/g for CMC-cl-pAA hydrogel and CMC-
cl-pAA/Fe;04-C30B hydrogel nanocomposite, respectively. The adsorption thermodynamic studies suggested that the adsorp-
tion process was spontaneous and endothermic for CMC-cl-pAA/Fe;04-C30B hydrogel nanocomposite. The homogeneous
dispersion of the Fe;0,4-C30B nanocomposite in the CMC-cl-pAA hydrogel significantly improved the thermal stability, me-
chanical strength, and excellent regeneration stability. This study demonstrates the application potential of the fascinating
properties of CMC-cl-pAA/Fe;04-C30B hydrogel nanocomposite as a highly efficient adsorbent in the removal of organic dyes
from aqueous solution.

Keywords Carboxymethyl cellulose - Polymerization - Hydrogel nanocomposite - Thermomechanical properties - Methylene
blue - Adsorption behaviour

Introduction

In recent years, the rapid industrialization has amounted to a
rise in dye-containing industrial effluents. Industries such as
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textile, paper printing, leather, food, and cosmetics contribute
large amounts of wastewater laden containing dyes (Thakur
et al. 2016). Methylene blue (MB) dye is a commonly used
dye in the aforementioned industries. This dye has a planar
and complex structure which is responsible for its stubborn-
ness to be removed from water (Liu et al. 2018). It is reported
that the exposure and indigestion of MB dye may cause health
problems such as vomiting, nausea, eye burn, and breathing
difficulties in humans, even at low concentration (Thakur
et al. 2016). Its accumulation in water may inhibit the pene-
tration of sunlight, thus hindering photosynthesis from taking
place (Zhang et al. 2014; Toor et al. 2006). Various techniques
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for water remediation such as chemical oxidation, coagulation
and flocculation, membrane filtration, and adsorption have
been employed to remove dyes from aqueous solution
(Adegoke and Bello 2015). Amongst these techniques, the
adsorption method has been reported to be a promising tech-
nique in the removal of dyes owing to its easy operation, low
cost, and easy design (Yagub et al. 2014). Several materials
have been applied in the adsorption of dyes from an aqueous
solution, such as fly ash, activated carbon, graphene oxide,
and multiwalled carbon nanotubes (Gecgel et al. 2016;
Sulistiyo et al. 2017; Zhao and Yang 2017). However, these
materials have high operational cost, partial removal of dyes,
and non-biodegradability (Boumediene et al. 2018; De Gisi
et al. 2016). For this reason, a great focus has been on the
development of ideal adsorbent materials which are effective,
inexpensive, easily available, and environmentally friendly.

Hydrogels are cross-linked polymer chains that can trap
fluids for a longer period, and are hydrophilic in nature
(Makhado et al. 2019a, b, c). For this reason, hydrogels
are used in various fields such as agriculture, drug deliv-
ery, diapers, and adsorbent material (Makhado et al. 2019a,
b, ¢). The application of polysaccharide-based hydrogels as
adsorbents offers several advantages such as high adsorp-
tion efficiency, recovery capacities, and biodegradability
(Shi et al. 2013). Various polysaccharides that have been
used to prepare hydrogels include cellulose, alginate, chi-
tosan, chitin, xanthan gum, and carrageenan (Makhado
et al. 2019a, b, ¢).

Carboxymethyl cellulose (CMC) is an important water-
soluble biopolymer cellulose derivative, and a linear polysac-
charide produced by the chemical modification of cellulose
(Yadav et al. 2013). It is a negatively charged polyelectrolyte
polysaccharide that behaves as a polyanion at pH greater than
4.5 (Peng et al. 2016). Owing to its biodegradability, biocom-
patibility, and non-toxic nature, CMC has been used in vari-
ous fields such as environmental, industrial, and biomedical
fields (Kono 2014; Dai et al. 2018). The use of CMC in
wastewater treatment is due to its high degree of hydrophilic-
ity and non-toxicity (Peng et al. 2016; Godiya et al. 2018).
However, poor mechanical strength and water solubility limit
its practical applicability as an adsorbent (Peng et al. 2016). In
this concern, it is worth mentioning that the functionalization
of CMC with synthetic polymers provides desirable properties
which can improve mechanical strength and adsorption capac-
ity (Hoftman 2012).

Recently, several researchers reported that multicompo-
nent hydrogel systems offer new prospects for diverse appli-
cations. The development of hydrogel hybrid systems con-
taining nanoparticles (NPs) has gained much attention
(Thakur et al. 2016; Makhado et al. 2020). The metal oxide
nanoparticles act as fillers in the hydrogel matrix and enhance
various properties such as thermal and mechanical properties,
swelling, and adsorption capacity of the hydrogel
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nanocomposites (Deen and Chua 2015; Mittal and Ray,
2016, b; Makhado et al., 2019a, b, c). Among metal oxide
nanoparticles, the magnetic iron oxide (Fe;O4) nanoparticles
have attracted much research attention in various fields. In
this context, Fe;O4 nanoparticles are classified as good ad-
sorbents owing to their excellent low-toxicity, paramagnetic
properties, and high surface-to-volume ratio (Cheng et al.
2016; Xu et al. 2014). The nanoparticles provide easy sepa-
ration after adsorption by applying magnet (Xu et al. 2014).
In this direction, there have been attempts to endow hydrogel-
based nanocomposites with magnetic properties. Mittal et al.
(2016) reported on the preparation of xanthan gum grafted
poly(acrylic acid)-based Fe;O4 hydrogel nanocomposite in
the adsorption of methyl violet. Their adsorbent exhibited
an adsorption capacity of 642 mg/g (Mittal et al. 2016). In
another study, Mittal et al. (2014) used XG-cl-p(AA-co-
AAm)/Fe;0,4 hydrogel nanocomposite for the removal of
malachite green from aqueous solution. Mittal and Ray
(2016, b) reported on the development of gum Ghatti—based
iron oxide hydrogel nanocomposite for the remediation of
MB-contaminated water, and obtained a maximum adsorp-
tion capacity of 671.14 mg/g. Nevertheless, the incorporation
of Fe;04 nanoparticles in the hydrogel matrix is limited due
to high surface energy exhibited by Fe;O,4 nanoparticles
which may cause aggregation during preparation. To over-
come this shortcoming, Fe;O,4 nanoparticles are supported
with clay to form a nanocomposite. The key role of clay is
to control the morphology and distribution of Fe;O4 NPs in
hydrogel hybrid systems.

Clay minerals have attracted considerable interest in mate-
rial science research, particularly in the preparation of nano-
composite. In their pristine form, these materials are incom-
patible with most of the host systems. Therefore, the chemical
modification of clay plays a vital role in nanocomposite and
nanocomposite formation (Hato et al. 2011; Makhado and
Ray 2015). Cloisite 30B (C30B) is functionalized with mod-
ified quaternary ammonium salts. Magdy et al. (2017) pre-
pared a magnetic clay nanocomposite via the chemical co-
precipitation method and evaluated the synthesized material
as an adsorbent in the adsorption of the anionic C.I. Direct Red
23 dye. Due to the inherent weak structure of CMC, we hy-
pothesize that the incorporation of Fe;04-C30B in the CMC
can act as a physical cross-linker to the polymer network to
modify mechanical and thermal properties. In addition, the
presence of magnetic nanoparticles in the hydrogel nanocom-
posite will play a crucial role during the separation process
after adsorption.

In this study, we investigate the applicability and perfor-
mance of CMC-cl-pAA hydrogel and its hydrogel nanocom-
posite synthesized via a free radical polymerization method
in the adsorption of MB in aqueous solution. To the best of
our knowledge, there is not much research done on the re-
moval of MB from aqueous solution using magnetic CMC-
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based hydrogel. Furthermore, this study aims to promote the
use of low-cost CMC-based hydrogels in the removal of MB.
The as-prepared materials were characterized by X-ray dif-
fraction (XRD), Fourier transform infrared (FTIR), scanning
electron microscopy (SEM), high-resolution transmission
electron microscopy (HR-TEM), thermogravimetric analysis
(TGA), and dynamic mechanical analysis (DMA). The appli-
cability of CMC-cl-pAA hydrogel and CMC-cl-pAA/Fe;04-
C30B hydrogel nanocomposite as adsorbents in the removal
of MB dye from the aqueous medium was systematically
investigated. Through the adsorption kinetics, isotherms,
and thermodynamics, the adsorption process of the adsor-
bents was examined.

Materials and methods
Materials

The biopolymer; sodium carboxymethyl cellulose (CMC);
acrylic acid (AA, 99%) monomer; potassium persulfate
(KPS) (= 98%; 248614) initiator; N,N’-methylene bis-
acrylamide (MBA, 99%) cross-linker; iron (III) chloride
hexahydrate (FeCl;.6H,0); and iron (II) chloride
tetrahydrate (FeCl,-4H,O) were supplied by Sigma-
Aldrich (South Africa). Acetone, sodium hydroxide
(NaOH), ammonia solution (25%), and hydrochloric acid
(HCI) were purchased from Merck (South Africa). Cloisite
30B (C30B) clay was supplied by Southern Clay Products
(USA). All other reagents were of analytical grade and
were used without further purification. Deionized (DI) wa-
ter was used in the course of the experimental procedure.
The stock solution of MB (1000 mg/L) was prepared by
dissolving an appropriate amount of dye which was pur-
chased from Merck (South Africa) in 1000 mL of DI water,
and the stock solution was further diluted for batch exper-
iments for adsorption studies.

Preparation of CMC-cl-pAA hydrogel

The method for the preparation of hydrogel was adopted from
Thakur et al. (2016) with slight modifications. Briefly, a so-
lution of CMC (0.15 g) in 100 mL DI water was prepared and
mixed with calculated amounts of AA, KPS, and MBA to give
a final volume of 40 mL. The reaction of graft copolymeriza-
tion was initiated by exposing the mixture under a constant
temperature of 70 °C for 3 h. The obtained CMC-cl-pAA
hydrogel was allowed to cool at room temperature, cut into
small pieces, and washed with acetone to remove unreacted
reagents. The hydrogel was further washed with DI water,
filtered, and vacuum-dried at 70 °C for 48 h and then milled
to a fine powder. The optimum conditions of CMC-cl-pAA

hydrogel were based on the swelling degree (S). The findings
are displayed in Fig. S1 (a-c).

Preparation of magnetic C30B nanocomposite

Briefly, two separate solutions of FeCl;:6H,O (8.0 g) and
FeCl,-4H,0O (4.0 g) were prepared in 50 mL DI water. The
two solutions were mixed and stirred thoroughly to obtain
a homogenous mixture. To this mixture, 1.0 g of C30B in
50 mL DI water was added. The mixture was then stirred
for 30 min at 50-60 °C using a magnetic stirrer.
Ammonium solution was then added until a pH of 10
was obtained. The precipitated magnetic C30B was centri-
fuged for 10 min at 4000 rpm. The magnetic nanocompos-
ite was washed numerous times with DI water, centrifuged,
and dried at 70 °C for 24 h.

Preparation of CMC-cl-pAA/Fe;0,4-C30B hydrogel
nanocomposite

CMC (0.15 g) was dissolved in DI water. To this solution,
calculated amounts of AA, KPS, and MBA were added, and
the total volume was adjusted to 30 mL. To this mixture,
50 mg of Fe;04-C30B was added slowly under constant stir-
ring. The reaction of graft copolymerization was initiated by
exposing the mixture under a constant temperature of 70 °C
for 3 h. The obtained CMC-cl-pAA/Fe;04-C30B hydrogel
nanocomposite was allowed to cool at room temperature,
cut into small pieces, and washed with acetone to remove
unreacted reagents. The hydrogel nanocomposite was further
washed with DI water, filtered, and vacuum-dried at 70 °C for
48 h and then milled to a fine powder. The schematic presen-
tation for the preparation of the CMC-cl-pAA/Fe;04-C30B
hydrogel nanocomposite is given in Scheme 1. To optimize
the adsorbent, the degree of swelling (S) studies were con-
ducted and the results are presented in Fig. S2d.

Calculation of the degree of swelling

The degree of swelling (S) of the samples was investigated
using DI water. In brief, 0.1 g of sample was immersed in 50
mL of distilled water at pH 7.0 for 24 h. The swollen sample
was taken out of the water, blotted up with a filter paper, and
weighed. The degree of swelling was calculated using the
following:

W—Wq
d

S(%) =

x 100 (1)

where S (%) is the degree of swelling of the hydrogel, W;
represents the mass of swollen hydrogel, and Wy represents
the mass of the dry hydrogel.
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Batch adsorption studies

The adsorption of MB dye was investigated in batch ex-
periments. In brief, the optimum amount of adsorbent was
added to a 100-mL PE plastic bottle containing 30 mL MB
dye aqueous solution. The PE plastic bottles were agitated
in the temperature-controlled oscillator set at 170 rpm.
The effect of pH on the adsorption capacity ranged from
3.0 to 10.0. The solution pH was adjusted using (0.1 M)
NaOH and (0.1 M) HCI solutions and recorded using
Hanna (HI 9811-5) pH metre. The influence of adsorbent
dose on the adsorption capacity was varied for 0.33 to
1.67 g/L. For the effect of contact time, the investigations
were performed from 0 to 85 min. The influence of initial
concentration was varied for 200 to 350 mg/L. After the
adsorption process, the aliquots were filtered and the con-
centration was measured by UV-vis spectrophotometer
(Cary 300) at A\, of 662 nm. The adsorption percentage
(%) and adsorption capacities (g.) were determined using
the following expressions:

C,—C
Adsorption (%) ( c e> x 100 (2)

0

4 =G, = (ﬁ) |4 (3)

m

where ¢g. and g, represent the equilibrium capacity of MB
on the adsorbent (mg/g) and the amount of MB adsorbed
per unit mass of the adsorbent (mg/g) at a certain time ¢
(min), respectively. C, is the initial concentration of MB
(mg/L), C, is the equilibrium concentration of MB (mg/L),
m is the mass of the adsorbent (g), and V is the volume of
the MB dye solution (L).

Regeneration studies

Regeneration experiments were carried out by immersing the
MB-loaded adsorbents into 50 mL of ethanol, and agitated at
170 rpm for 2 h. The collected absorbents were washed with
DI water, dried at 50 °C, pulverized, and reused in the next
cycle of adsorption. The dye adsorption/desorption runs were
repeated four times.

Determination of point of zero charge

The point of zero charge (pH,,.) is obtained from the dif-
ference between the initial and the final pH (ApH). To
determine the pH,,., measured amounts of the hydrogel
and the hydrogel nanocomposite were added in 30 mL of
0.1 M NacCl and the initial pH (pHi) was adjusted from 2 to
10 with 0.1 M HCl or 0.1 M NaOH solutions and agitated
in a shaker (170 rpm, ambient temperature) for 48 h. The

solution pH was recorded, and the pH,,,. was calculated as
shown from the following Eq. (4):

ApH = pHg;~PHinitial (4)

Characterization techniques

The morphology and the elemental analysis of the prepared
materials were investigated using the scanning electron mi-
croscopy (SEM) (JSM7500F, JEOL microscope, Tokyo,
Japan). This was coupled with energy-dispersive X-ray spec-
trometer (EDS) operated at an acceleration voltage on 200 kV.
Spectrum II spectrometer (Perkin-Elmer, Johannesburg,
South Africa) Fourier transform infrared (FTIR) was
employed to record FTIR spectra in the wavenumber range
between 400 and 4500 cm ™" and resolution of 4 cm . The X-
ray diffraction (XRD) patterns were collected with a
PAnalytical Xpert PRO-diffractometer (PAnalytical,
Eindhoven, The Netherlands), employing Ni filtered CuKa
radiation at a wavelength of 1.5406 A. The thermal stability
was performed by using a simultaneous thermal analyzer
(STA) 6000 manufactured by Perkin-Elmer (Perkin-Elmer,
Johannesburg, South Africa). The prepared samples were
heated from 30 to 600 °C at a rate of 10 °C/min in a nitrogen
atmosphere and the flow rate of 20 mL/min. To study the
internal morphology of the samples, the high-resolution trans-
mission electron microscopy (HR-TEM, JEOL JEM 2100
microscope, Tokyo, Japan) coupled with selected area elec-
tron diffraction (SAED) operated at 200 kV was employed. A
dynamic mechanical analysis (DMA) was conducted on a
single-cantilever bending mode using DMA 8000 (Perkin-
Elmer, Johannesburg, South Africa) to study the mechanical
stability of the hydrogels. The frequency dependence of the
loss modulus and storage modulus were performed at a fixed
temperature (30 °C). The strain amplitude was set at 0.05%,
and the ramp rate was 5 °C/min in the frequency range of 0.01
to 100 Hz. An ultraviolet-visible spectrophotometer (UV-vis)
was utilized to analyze the MB dye concentrations after
adsorption.

Results and discussion
FTIR, XRD, and TGA analyses

The structural changes on CMC were confirmed by FTIR as
revealed in Fig. 1a. The spectrum of CMC showed the pres-
ence of hydroxyl groups from 3000 to 3500 cm™', C-H
stretching vibration at 2900 cm ', and vibrational bands relat-
ed to carboxylates (COO™) asymmetric (1652 cm ') and sym-
metric (1442 and 1392 cm™ ') stretch, which overlapped with
the band of adsorbed water (Fekete et al. 2016; Wang et al.

@ Springer



44094

Environ Sci Pollut Res (2020) 27:44089-44105

Fig. 1 a FTIR. b XRD spectra. ¢
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2018). The band at 1040 cm™ ' is assigned to the C—-O—-C
stretching vibration. These observations are in good agree-
ment with the results reported in the literature (Gao et al.
2018). After the grafting of AA onto CMC, there was a slight
shift in the peaks and an increase in intensities. This could be
attributed to the influence of the same functional groups em-
anating from the AA moieties. Furthermore, the characteristic
absorption bands of CMC at about 392 cm ' and 1040 cm '
disappeared after grafting with AA, suggesting that the sym-
metric —OH in CMC molecules was chemically bonded to the
AA during polymerization. Similar observations were as also
reported by Salama (2015). Therefore, these observations con-
firm the successful synthesis of CMC-cl-pAA hydrogel. The
FTIR spectrum of Fe;0,4-C30B nanocomposite showed two
major bands at 528 and 1080 cm ™' corresponding to the Fe-O
band of the magnetite, and the Si—O-Si stretching of C30B,
respectively (Fekete et al. 2016; Shen et al. 2018). These
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observations suggested the successful incorporation of mag-
netite nanoparticles onto the C30B surface. After the incorpo-
ration of Fe30,4-C30B nanocomposite onto CMC-cl-pAA hy-
drogel matrix, new peaks were observed on the CMC-cl-pAA/
Fe;04-C30B spectrum at approximately 1080 cm ' and 528
cm ', which correspond to the Si-O-Si stretch of C30B clay
and the Fe—O vibration of Fe;04, (Magdy et al. 2017,
Sitthichai et al. 2015). The appearance of these peaks confirms
the successful preparation of CMC-cl-pAA/Fe;04-C30B hy-
drogel nanocomposite.

The structure and crystalline features of Fe;0,4 nanoparti-
cles and Fe;04-C30B nanocomposite were assessed by the
XRD analysis (Fig. 1b). The diffraction pattern of Fe;O,
nanoparticles exhibited pearls at 26 = 32.2° (220), 38.0°
(311), 44.4° (400), 64.7° (422), 78.1° (511), and 83.5° (440)
corresponding to the characteristic diffractions of Fe;04 nano-
particles (Shen et al. 2018; Loh et al. 2008). These results
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indicate high crystalline phase purity of the nanoparticles.
Fe;04-C30B nanocomposite showed two peaks at 26 =
37.0° and 44.1° emanating from Fe;O,4 nanoparticles. Upon
the nanocomposite formation, the patterns shifted to lower 26
values as compared to Fe;0,4 nanoparticles, and other peaks
from Fe;O,4 nanoparticles disappeared. Diffractogram of
CMC showed two pronounced broad peaks observed at 26 =
9.0° and 26 = 21.8°, suggesting low crystallinity (Ninan et al.
2013). After the graft copolymerization of AA onto CMC, the
peaks emanating from CMC emerged and formed a broad
diffraction peak at 260 = 21.8°, demonstrating the glassy amor-
phous nature of the hydrogel composite (Salama, 2015).
According to Shen et al. (2018), the disruption of the ordered
arrangement of CMC indicated that copolymerization had tak-
en place. The CMC-cl-pAA/Fe;04-C30B hydrogel nanocom-
posite diffractogram showed amorphous broad peak at 20 =
18.5° associated with the CMC. Furthermore, new character-
istic peaks were observed at 20 = 38.0° and 44.4° correspond-
ing to 311 and 400 of planes, respectively. This result con-
firms the presence of Fe;04-C30B nanocomposite in the hy-
drogel matrix, which agrees very well with the FTIR results
(Fig. 1a).

The TGA was used to determine the precise weight ratio of
each component in a sample, and the thermal stability of the
hydrogel and its nanocomposite. The TGA thermograms of
CMC, Fe304-C30B nanocomposite, CMC-cl-pAA hydrogel,
and CMC-cl-pAA/Fe;04-C30B hydrogel nanocomposite are
depicted in Fig. 1c. It can be seen that the CMC exhibits two
thermal degradation steps throughout the experimental tem-
perature range. These two steps appear at about 100 and 315
°C, and are normally associated with the evaporation of water
at about 10 wt% loss and polysaccharide backbone decompo-
sition at about 45 wt%, respectively (Shen et al. 2018). The
CMC-cl-pAA hydrogel shows two degradation stages at 100—
250 °C due to the loss of moisture in the structure followed by
the second degradation in the range 330-500 °C owing to the
CMC polymer chains (Shen et al. 2018; Mishra et al. 2011).
The degradation of CMC-cl-pAA/Fe;04-C30B hydrogel
nanocomposite also took place in two steps. The initial deg-
radation step shows weight loss from 112 to 317 °C, which
could be attributed to the loss of moisture and solvents
(Soliman et al. 2016). The second degradation step could be
attributed to the disruption of the cross-links in the polymer
structure, and the decomposition of the CMC-cl-pAA/Fe;04-
C30B hydrogel nanocomposite (Shen et al. 2018; Loh et al.
2008; Makhado etal., 2019a, b, ¢). The lower rate of mass loss
with increasing temperature may be due to the internal change
in this material that is not accompanied by a mass loss at
elevated temperature. The slower, less steep degradation step
in the case of the hydrogel nanocomposite suggested higher
thermal stability due to the stabilizing effect of Fe;0,-C30B
nanocomposite. TGA curves demonstrated that the incorpora-
tion of Fe3s04-C30B nanocomposite in the hydrogel matrix

enhanced the thermal stability of hydrogel. This behaviour
could be due to the multifunctional cross-linking between
the CMC-cl-pAA hydrogel and Fe;04-C30B nanocomposite.

Morphological characteristics

The morphology of the CMC, Fe;04-C30B nanocomposites,
CMC-cl-pAA hydrogel, and CMC-cl-pAA/Fe;04-C30B hy-
drogel nanocomposite is presented in Fig. 2. SEM images of
the synthesized samples are given in Fig. 2a—d and EDS result
in Fig. 2e. As seen in Fig. 2a, the surface morphology of the
CMC image shows the coarse structure, indicating an amor-
phous nature of the material. Upon grafting of AA onto CMC
(Fig. 2b), well-defined CMC interconnections with irregular
shape was observed (Salama 2018). The image in Fig. 2¢c
shows tiny spherical magnetite nanoparticles on the surface
of the organoclay sheets (Abreu et al. 2015). In Fig. 2d, a
rough irregular surface morphology with well-defined inter-
connections was noticed in the case of the CMC-cl-pAA/
Fe;04-C30B hydrogel nanocomposite. This is due to the pres-
ence of C30B and Fe;0,4 nanoparticles in the hydrogel matrix
(Bao et al. 2011; Abreu et al. 2015). Furthermore, the exis-
tence of Fe3;04-C30B nanocomposite in the hydrogel was
confirmed by the EDS analysis (Fig. 2e), which revealed the
presence of O, Fe, Si, Al, K, and S as the elemental composi-
tions due to Fe;0,4 nanoparticles and C30B in the hydrogel
nanocomposite.

Figure 3a and b show the TEM images of Fe;0,4-C30B and
CMC-cl-pAA/Fe;04-C30B hydrogel nanocomposite. The
figures show that the agglomerated magnetite nanoparticles
are homogeneously dispersed on the surface of the C30B
sheets. The HR-TEM of the magnetite nanoparticles (Fig.
3c) showed that lattice fringes could be observed, and revealed
a crystalline structure with the characteristic d-spacing of
0.2505 nm. This d-spacing of 0.2505 nm correspond to the
(311) planes of magnetite (Chin et al. 2008). This result is in
good agreement with the XRD results (Fig. 1b). The corre-
sponding selected area electron diffraction (SAED) pattern
was employed to further investigate the crystallinity of the
CMC-cl-pAA/Fe;04-C30B hydrogel nanocomposite (Fig.
3d). From the SAED pattern, a white dash line circle, which
is a characteristic of the crystal structure, is observed (Acp
et al. 2015). Dotted concentric rings were observed. These
rings occur as a result of the diffraction of particles of different
orientations of the cubic Fe;0,4 nanoparticles (Sitthichai et al.
2015). Nevertheless, the scattered white light from the nano-
particles is not noticeable as compared with the CMC-coated
Fe;0,4 nanoparticles reported by Sitthichai et al. (2015). This
observation could be due to the CMC-cl-pAA hydrogel and
C30B loading. From these observations, we can infer that the
hydrogel nanocomposite possessed both crystalline and amor-
phous properties as also observed from XRD results.
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Fig. 2 SEM images of a
resolution 25% of CMC, b CMC-
cl-pAA hydrogel, ¢ Fe;0,-C30B,
d CMC-cl-pAA/Fe;04-C30B hy-
drogel nanocomposite, and e EDS
analysis of CMC-cl-pAA/Fe304-
C30B hydrogel nanocomposite

Fig. 3 TEM images of a Fe;0y4-
C30B, b CMC-cl-pAA/Fe;04-
C30B hydrogel nanocomposite, ¢
HR-TEM image of Fe;04-C30B,
and d SAED pattern of CMC-cl-
PAA/Fe;04-C30B hydrogel
nanocomposite
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Dynamic mechanical analysis

The DMA was used to measure the response of the CMC-cl-
pPAA hydrogel and CMC-cl-pAA/Fe;04-C30B hydrogel
nanocomposite to an oscillatory deformation in tension-
torsion mode as a function of frequency. Figure 4a shows
the storage modulus response to the frequency of CMC-cl-
pAA hydrogel and CMC-cl-pAA/Fe;04-C30B hydrogel
nanocomposite. Both hydrogel and its nanocomposite showed
a similar trend, whereby the storage modulus of both samples
increased with increasing frequency until a linear region
(plateau) was reached. This observation suggested stable net-
work structures with no deformation as the oscillation fre-
quency increased (Makhado et al. 2020). However, it was
noticeable that the CMC-cl-pAA/Fe;04-C30B hydrogel
nanocomposite exhibited higher storage modulus than its
counterpart. This result suggests that the polymeric hydrogel
had weak cross-linking density, while the CMC-cl-pAA/
Fe;04-C30B hydrogel nanocomposite was characterized by
more solid-like behaviour. A more solid-like behaviour in
the case of the CMC-cl-pAA/Fe;04-C30B hydrogel nano-
composite indicates that this material can store deformation
energy better than the bare hydrogel (Khedmat et al., 2013).
These findings are in agreement with the results reported by
Peng et al. (2016). Moreover, an increase in the storage mod-
ulus is due to the high cross-linking density, which restricts
the movement of the polymer segment (Yue et al. 2019) ow-
ing to the incorporation of inorganic components within the
hydrogel polymer, resulting in enhanced mechanical proper-
ties (Li et al. 2019). Furthermore, an improvement in the me-
chanical stability of the magnetic hydrogel nanocomposite
may be due to the strong hydrogen bonding between the
COO  of CMC and the —OH groups of C30B clay
(Mahdavinia et al. 2017; Wittenberg et al. 2018). Again, the
addition of C30B clay in the hydrogel has been reported to act
as a multifunctional cross-linker, increasing the cross-linking
density of the gel, which limits the hydrogel volume
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expansion and subsequently leading to an improved gel struc-
ture and stability (Mahdavinia et al. 2017; Fekete et al. 2016).
The metal cations such as the Fe** of Fe;04 can form coordi-
nation bonds with the negatively charged hydrogel polymer
chains to increase the cross-linking density (Zhu et al. 2017).
These coordination bonds can act as reversible sacrificial
bonds that break to dissipate any applied energy, thus improv-
ing the storage modulus (Zhu et al. 2017). The homogeneous
dispersion of nanofiller in the polymer network could improve
the storage modulus of the resultant polymer nanocomposite
(Hato et al. 2008).

Figure 4b displays the viscous behaviour of CMC-cl-pAA
hydrogel and CMC-cl-pAA/Fe;0,4-C30B hydrogel nanocom-
posite as a function of frequency. The loss modulus of CMC-
cl-pAA/Fe;04-C30B hydrogel nanocomposite was slightly
higher than that of CMC-cl-pAA hydrogel in the frequency
range of 0.01 to 100 Hz. As seen in Fig. 4a, the storage mod-
ulus showed higher values compared with the loss modulus
(Fig. 4b), which suggests that the hydrogel nanocomposite has
higher capacity to store the energy.

Adsorption studies
Effect of solution pH on the adsorption of MB dye

The pH of the solution affects the adsorption process to a
greater extent and is the most vital parameter for the adsorp-
tion of water pollutants (Maponya et al. 2020). The pH gov-
erns the interaction between adsorbate molecules and the sur-
face of the adsorbent during the adsorption process (Thakur
et al. 2016; Makhado et al. 2018a, b; Hu et al. 2018). The
effect of solution pH in the removal of MB using CMC-cl-
pAA hydrogel and CMC-cl-pAA/Fe;04-C30B hydrogel
nanocomposite was studied by varying the initial solution
pH from 3.0 to 10.0 at 25 °C. The results are depicted in
Fig. 5a. It is known that CMC and AA monomer contain
hydrophilic carboxylic groups (COO™) on their surfaces
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Fig. 4 a Storage modulus and b loss modulus of CMC-cl-pAA hydrogel and CMC-cl-pAA/Fe;0,4-C30B hydrogel nanocomposite
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Fig. 5 a Effect of solution pH and b adsorbent dose on the removal of MB by CMC-cl-pAA hydrogel and CMC-cl-pAA/Fe;0,-C30B hydrogel

nanocomposite

(Makhado et al. 2018a). At a lower pH, the active sites are
protonated, resulting in the repulsion between the positive
adsorbent and the cationic MB dye molecules (Makhado
et al. 2018b). When the pH of the solution pH was increased
from 3.0 to 10.0, the adsorption capacities of CMC-cl-pAA
hydrogel and CMC-cl-pAA/Fe;0,4-C30B hydrogel nanocom-
posite increased from 528 to 597 mg/g and 312 to 592 mg/g,
respectively. The adsorption equilibrium was obtained at pH
5.0 for bare hydrogel and pH 7.0 for the CMC-cl-pAA/Fe;04-
C30B hydrogel nanocomposite. Thereafter, there was no no-
ticeable increase in the pH of the MB solution at the end of the
adsorption process. At higher pH, the active sites become
negatively charged, which encourages electrostatic interaction
between the adsorbate (COO™) and the cationic MB dye mol-
ecules. Thus, the adsorption capacity was increased for both
CMC-cl-pAA hydrogel and CMC-cl-pAA/Fe;04-C30B hy-
drogel nanocomposite.

To study the surface charge of CMC-cl-pAA hydrogel and
CMC-cl-pAA/Fe;04-C30B hydrogel nanocomposite, the
pH,,. was performed and the plot of ApH as a function of
PHinigar 1 depicted in the Supplementary Information (Fig.
S2a,b). The pHp,. of CMC-cl-pAA hydrogel and CMC-cl-
pPAA/Fe;04-C30B hydrogel nanocomposite are 3.13 and
3.63, respectively. At pH > pH,,,, the surface of adsorbents
had a net positive charge, while at pH < pH,,, the surface had
a net negative charge. Both adsorbents showed a similar trend
throughout the studied pH range. However, CMC-cl-pAA/
Fe;04-C30B hydrogel nanocomposite displayed a slightly
higher pHy,. than CMC-cl-pAA hydrogel. These results con-
firm that the incorporation of Fe3;0,4-C30B nanocomposite on
the CMC-cl-pAA hydrogel network altered the surface
change. These findings suggest that the change in the pH
value during the adsorption process can induce changes in
the adsorption pathways. The effect of pH on the adsorption
was explained by strong electrostatic attraction between

@ Springer

synthesized adsorbents and MB molecules. Makhado et al.
(2018a, b) observed similar trends in the case of xanthan
gum-cl-poly acrylic acid/oxidized MWCNTs (XG-cl-pAA/o-
MWCNTSs) hydrogel nanocomposite.

Effect of adsorbent dose

The effect of the adsorbent dose was investigated using 0.33
to 1.67 g/L of the hydrogel and hydrogel nanocomposite. The
results are presented in Fig. 5b. It could be seen that the ad-
sorption capacity of both CMC-cl-pAA hydrogel and CMC-
cl-pAA/Fe;04-C30B hydrogel nanocomposite decreased with
increasing adsorbent dose. Hu et al. (2018) reported that at a
lower adsorbent dose, the active sites fully take part in
adsorbing MB, resulting in a higher adsorption capacity.
However, at a high dose, it is noticeable that the equilibrium
is readily reached owing to the presence of osmotic pressure
despite the abundance of active sites. These results could be
due to the agglomeration of the active sites on the adsorbent
surface and the heightened diffusion path length responsible
for the reduction in the adsorption capacity (Makhado et al.
2018a). However, it was clear from the figure that the adsorp-
tion capacity of the CMC-cl-pAA hydrogel was higher com-
pared with the CMC-cl-pAA/Fe;04-C30B hydrogel nano-
composite. This could be attributed to the highly cross-
linked structure of the polymer caused by incorporating
nanofillers (Soppiranth and Aminabhavi, 2002).

Adsorption kinetic studies

Adsorption kinetics rate equations are important in determin-
ing the rate of adsorbing MB. Figure 6a shows the dependence
of adsorption on the contact time. It could be seen that with
increasing contact time, the adsorption capacity of both CMC-
cl-pAA hydrogel and CMC-cl-pAA/Fe;04-C30B hydrogel
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Fig. 6 a Effect of contact time. b Pseudo-first-order and ¢ pseudo-second-order kinetics models for CMC-cl-pAA hydrogel and CMC-cl-pAA/ Fe;04-

C30B hydrogel nanocomposite

nanocomposite increased. This could be due to enough time
given for the anionic adsorbent to interact with the cationic
MB. Furthermore, these results showed that the adsorption
equilibrium was reached after 25 min in the case of CMC-cl-
PAA hydrogel. This implies that the adsorption of MB by
CMC-cl-pAA hydrogel was faster than that of the CMC-cl-
pAA/Fe;04-C30B hydrogel nanocomposite. These experi-
mental data were used to analyze the pseudo-first-order and
pseudo-second-order.

Details of pseudo-first-order and pseudo-second-order
kinetics models are given in the Supporting Information.
The plots of In (¢. — ¢;) against ¢ and #/q, versus ¢ are
depicted in Fig. 6b, c. The fitting parameters of pseudo-
first-order and pseudo-second-order models are given in
Table S1. Based on the correlation coefficient (R?), the
pseudo-second-order was higher (0.999) than that of the
pseudo-first-order for both adsorbents. Moreover, the cal-
culated RMSE value favoured the pseudo-second-order
model as a probable kinetic model. This implies that the
surface adsorption was the rate-limiting step and was
governed by chemisorption interactions.

Adsorption isotherm studies

The effect of initial MB concentration on the adsorption ca-
pacity was evaluated and the results are presented in Fig. 7a. It
could be noticed that the adsorption capacity of CMC-cl-pAA
hydrogel and CMC-cl-pAA/Fe;0,4-C30B hydrogel nanocom-
posite augmented from 499.5 to 1033.5 mg/g and 499.5 to
988.5 mg/g when the initial concentration was increased from
200 to 350 mg/L, respectively. The increase in the adsorption
capacity with increasing initial concentration demonstrates
that mass gradient functions as the driving force of the adsorp-
tion process (Soppiranth and Aminabhavi, 2002; Mahdavinia
et al. 2017). In addition, an increase in the MB concentration
in bulk solution at fixed CMC-cl-pAA hydrogel and CMC-cl-
pAA/Fe;04-C30B hydrogel nanocomposite dosage raises the
mass transfer process. The above experimental data were
modelled with Langmuir, Freundlich, and Temkin adsorption
isotherm models.

The adsorption isotherm models are essential for estimating
the nature of the adsorbate-adsorbent interactions and the dis-
tribution of the adsorbates between adsorbents and aqueous
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Fig. 7 a Effect of concentration, b Langmuir, ¢ Freundlich, and d Temkin isotherm models for CMC-cl-pAA hydrogel and CMC-cl-pAA/Fe;04-C30B
hydrogel nanocomposite

phases in the adsorption process. Details of the mentioned  applicability of these models was compared with the highest
isotherm models are discussed in the supporting information. ~ R* and lower RMSE values. According to the adsorption iso-
The results are shown in Fig. 7b—d and Table 1. The  therm results, the Langmuir isotherm model better described

Table 1 Adsorption isotherm

model results for CMC-cl-pAA Isotherm models Isotherm constants CMC-cl-pAA hydrogel CMC-cl-pAA/Fe;04-C30B
hydrogel and CMC-cl-pAA/ hydrogel nanocomposite
Fe;04-C30B hydrogel
nanocomposite Langmuir qm (mg/g) 1109.55 1081.60
b 0.509 0.289
Ry 0.115-0.005 0.020-0.0009
R’ 0.977 0.999
RMSE 6.84 x 107 145x107°
Freundlich n 7.228 3217
Kr 613.1 358.1
R’ 0.637 0.974
RMSE 0.127 2.901
Temkin At (L/g) 4612 3.026
by (kI mol ™) 20.66 5.955
B (J mol™) 120.3 416.5
R 0.558 0.999
RMSE 116.3 0.188
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the MB dye adsorption by CMC-cl-pAA hydrogel. The
Langmuir isotherm model had the highest R value of 0.977
and the lowest RMSE value of 6.84 x 10™*. The R* values
decreased in the order: Langmuir > Freundlich > Temkin. This
result demonstrated the monolayer adsorption dominant ad-
sorption process. In the case of CMC-cl-pAA/Fe;04-C30B
hydrogel nanocomposite, the Langmuir and Temkin iso-
therms were the best fit for describing the adsorption process.
Both Langmuir and Temkin isotherm exhibited the highest R
value (0.999). However, from RMSE values, both Langmuir
and Temkin isotherm models are considered excellent owing
to their RMSE < 0.1 and RMSE between 0.1 and 0.2, respec-
tively. The maximum adsorption capacity was found to be
1109.55 mg/g (CMC-cl-pAA hydrogel) and 1081.60 mg/g
for CMC-cl-pAA/Fe;04-C30B hydrogel nanocomposite.
These results substantiate the monolayer adsorption of MB
onto CMC-cl-pAA/Fe;04-C30B hydrogel nanocomposite.
Since Langmuir and Temkin isotherm models were
favoured, these results substantiate that the adsorption of
MB on the CMC-cl-pAA/Fe;04-C30B hydrogel nanocom-
posite occurred in a monolayer coverage. This implied that
the active sites attracted the MB molecules with the same
amount of energy such that a single layer of homogeneous
adsorption was obtained. The R values were found to be in
the range of 0.115-0.005 and 0.020—0.0009 for CMC-cl-pAA
hydrogel and CMC-cl-pAA/Fe;04-C30B hydrogel nanocom-
posite, respectively. This result indicates that the adsorption of
MB was favourable (0 < Ry < 1). The results demonstrate that
CMC-cl-pAA hydrogel is a more efficient adsorbent in the
removal of MB dye from aqueous solution in comparison to
the CMC-cl-pAA/Fe;04-C30B hydrogel nanocomposite.

Temkin results revealed that there may be physical and chem-
ical interactions between adsorbate and adsorbent.

The maximum adsorption capacity obtained in the present
study was compared with adsorption capacities of other ad-
sorbents reported in the literature in the removal of MB. The
results are shown in Table 2 (Dai et al. 2018; Benhalima et al.
2017; Liu et al. 2015; Hosseinzadeh and Khoshnood 2016;
Capanema et al. 2018; Lin et al. 2017; Su et al. 2018; Atta
et al. 2013; Sun et al. 2015). The synthesized CMC-cl-pAA
hydrogel and CMC-cl-pAA/Fe;04-C30B hydrogel nanocom-
posite possessed the maximum adsorption capacity values of
1109.55 and 1081.60 mg/g, respectively. It is noticeable that
maximum adsorption capacities obtained in this study are
greater than most of the reported values in the literature.

Although CMC-cl-pAA/Fe;04-C30B hydrogel nanocom-
posite exhibited comparatively lower adsorption capacity
(1081.60 mg/g) than that of CMC-cl-pAA hydrogel (1109.55
mg/g), this hydrogel nanocomposite showed enhanced proper-
ties such as mechanical and thermal stability, which are essen-
tials for the practical use of adsorbents. Furthermore, the pres-
ence of Fe;0,4 nanoparticles in the hydrogel matrix provides the
adsorbent with paramagnetic properties for easy separation after
adsorption by applying magnet (Fig. S3).

Adsorption thermodynamics and regeneration
studies

To explore the adsorption thermodynamics during the MB
adsorption by the hydrogel and its nanocomposite, experi-
ments were performed at different temperatures ranging from
25 to 45 °C. The thermodynamic parameters were applied to

Table 2 Comparison of the

Maximum adsorption ~ References

capacity (mg/g)

synthesized CMC-cl-pAA hydro- Adsorbents

gel and CMC-cl-pAA/Fe;04-

C30B hydrogel nanocomposite

with other adsorbents for MB PVA/CMC hydrogel*

removal CMC-based hydrogel beads

Regenerated CMC-based hydrogel beads
Hydroxypropylcellulose (HPC)/graphene

oxide
Poly(AA-co-AMPS)/MMT*

CMC-based hydrogels
MCA-E/CMC microspheres*

Magnetic carboxyl functional nanoporous

polymer
Fe;04/p(Am-co-Na Ac)*

Xylan/pAA/Fe;04
CMC-cl-pAA hydrogel

CMC-cl-pAA/Fe;04-C30B hydrogel

nanocomposite

83.33 Dai et al. 2018

82.00 Benhalima et al. 2017
350.00 Benhalima et al. 2017
118.48 Liu et al. 2015

192.31 Hosseinzadeh and Khoshnood 2016
5-25.00 Capanema et al. 2018
998.20 Lin et al. 2017

57.74 Su et al. 2018

635.60 Atta et al. 2013
438.60 Sun et al. 2015
1109.55 Present study

1081.60 Present study

*PVA, polyvinyl alcohol; MCA-E/CMC, monochloroacetic acid-epichlorohydrin carboxymethyl cellulose; p(Am-
co-Na Ac), poly(acrylamide-co-sodium acrylate); poly(AA-co-AMPS)/MMT, poly(acrylic acid-co-acrylamido-2-
methyl-1-propanesulfonic acid)/montmorillonite
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evaluate the orientation and feasibility of the MB dye adsorp-
tion by CMC-cl-pAA hydrogel and CMC-cl-pAA/Fe;0,-
C30B hydrogel nanocomposite. Thermodynamics parameters
such as the change in the Gibbs free energy (AG®, kJ/mol),
enthalpy (AH®, kJ/mol), and entropy, AS® (J/mol K) were de-
termined from the plot of In (¢./C,) depicted in Fig. 8a with
the help of Eqs. S10 and S11. The results are given in
Table S2. The obtained values of AH (— 306.9 kJ/mol) and
AS® (— 0.365 kJ/mol/K) for CMC-cl-pAA hydrogel indicate
an exothermic reaction with less disorder (Melo et al. 2018;
Song et al. 2016). In contrast, AH® (887.9 kJ/mol) and AS°®
(3.396 kJ/mol/K) for CMC-cl-pAA/Fe;04-C30B hydrogel
nanocomposite were positive, suggesting an endothermic re-
action with more disorder and randomness at the solid or
solution interface during the adsorption process (Melo et al.
2018). The negative change in AG® values for both bare hy-
drogel and hydrogel nanocomposite implies the feasibility and
spontaneous nature of the adsorption process (Dogan et al.
2009). The spontaneous endothermic reaction for CMC-cl-
PAA/Fe;04-C30B hydrogel nanocomposite is possible when
the entropy increases by more than the change in enthalpy
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with increasing temperature (Song et al. 2016; Mahmoodi
et al. 2012). These observations confirm the increase in the
adsorption capacity as temperature increases. The adsorption
of MB by the hydrogel and the hydrogel nanocomposite was
dominated by chemisorption since AG® was between — 80 and
— 400 kJ/mol (Mahmoodi et al. 2012). These results are in
good accord with the pseudo-second-order rate law discussed
in the previous section.

Practical applicability, stability, and reusability play an im-
portant role in the adsorption process. Four cycles of
adsorption-desorption were carried out to investigate the re-
generation of synthesized adsorbents (Fig. 8b). The results
revealed that both CMC-cl-pAA hydrogel and CMC-cl-
pPAA/Fe;04-C30B hydrogel nanocomposite maintained high
adsorption percentage even after four successive cycles under
the same conditions. Nonetheless, CMC-cl-pAA/Fe;04-
C30B hydrogel nanocomposite showed that there was no sig-
nificant reduction in the adsorption percentage, which implied
that CMC-cl-pAA/Fe;04-C30B hydrogel nanocomposite was
more stable for the adsorption of MB in an aqueous solution
than CMC-cl-pAA hydrogel. Furthermore, as seen in Fig. S3,
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Fig.8 aPlotofIn (¢/C.) vs 1/T. b Regeneration of CMC-cl-pAA hydrogel and CMC-cl-pAA/Fe;04-C30B hydrogel nanocomposite for adsorption of MB. ¢
UV-vis spectra of MB before as well as after adsorption by CMC-cl-pAA hydrogel and CMC-cl-pAA/Fe;04-C30B hydrogel nanocomposite
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it is interesting to note that the CMC-cl-pAA/Fe;0,4-C30B
hydrogel nanocomposite was able to adsorb the MB dye
through an external magnetic field. Thus, CMC-cl-pAA/
Fe;04-C30B hydrogel nanocomposite holds a greater poten-
tial for remediation of dyes in aqueous solutions. Figure 8c
shows the UV-vis absorption spectra of MB solution before
adsorption and after adsorption onto CMC-cl-pAA hydrogel
and CMC-cl-pAA/Fe;04-C30B hydrogel nanocomposite un-
der optimum conditions. The UV-vis absorption spectrum of
MB in the solution shows four characteristic peaks at 246,
292,613, and 662 nm. The spectra of MB after the adsorption
under optimum conditions is presented in Fig. 8c. The absor-
bance intensity of MB after the adsorption decreased drasti-
cally without any shift of the wavelength, indicating that the
adsorption was unique.

Plausible adsorption mechanism

It is well-established that the adsorption surface characteristic
plays a vital role in the adsorption process (Thakur et al.
2016). Both CMC-cl-pAA hydrogel and CMC-cl-pAA/
Fe;04-C30B hydrogel nanocomposite contain hydrophilic
functional groups on their surface (Scheme 1). These func-
tional groups play a significant role in adsorption process.
The adsorption studies through factors such as pH, dose, con-
tact time, concentration, and temperature demonstrated that
the adsorption between synthesized adsorbents and MB dye
depended mainly on the changing pH values. In acidic medi-
um, the adsorption of MB was not favourable because the
carboxylic groups on the surface of the adsorbents were pro-
tonated. At high pH, the carboxylic groups on the surface of
adsorbents were completely ionized as a result of a strong
electrostatic interaction between anionic adsorbents and cat-
ionic MB dye. This result suggests a strong electrostatic at-
traction between the adsorbent and the MB dye molecules as
the driving force. Furthermore, the adsorption capacity of MB
for the CMC-cl-pAA/Fe;04-C30B hydrogel nanocomposite
was observed to be comparatively lower than that of the hy-
drogel. This could be due to the incorporation of Fe;04-C30B
nanocomposite, which could promote more cross-linking net-
works in the polymer matrix, leading to a decline in the num-
ber of active hydrophilic functional groups.

Conclusions

In this study, CMC-cl-pAA hydrogel and CMC-cl-pAA/
Fe;04-C30B hydrogel nanocomposite were successfully syn-
thesized and characterized using various analytical tech-
niques. Several properties, as well as the adsorptive perfor-
mance of as-synthesized materials, were assessed and com-
pared. Based on physicochemical characterization of CMC-cl-
pAA hydrogel and CMC-cl-pAA/Fe;04-C30B hydrogel

nanocomposite, we confirmed that the incorporation of
Fe;04-C30B nanocomposite on the bare hydrogel improved
its thermal stability and mechanical strength. Furthermore,
under optimized conditions, the CMC-cl-pAA/Fe;0,4,-C30B
hydrogel nanocomposite exhibited comparatively lower ad-
sorption capacity towards MB dye than the CMC-cl-pAA hy-
drogel. Both adsorbents followed the pseudo-second-order
and Langmuir adsorption models, indicating that the chemi-
sorption is the controlling mechanism. The maximum adsorp-
tion capacities obtained for CMC-cl-pAA hydrogel and CMC-
cl-pAA/Fe;04-C30B hydrogel nanocomposite were 1109.55
and 1081.60 mg/g, respectively. The higher adsorption capac-
ities of hydrogel and hydrogel nanocomposite could be due to
the copious availability of hydrophilic functional groups on
their surface. Although the CMC-cl-pAA hydrogel exhibited a
higher adsorption capacity than CMC-cl-pAA/Fe;04-C30B
hydrogel nanocomposite, it is worth mentioning that CMC-
cl-pAA/Fe;04-C30B hydrogel nanocomposite offers easy
separation after adsorption, reusability, and mechanical and
thermal stability, which holds a greater advantage for the prac-
tical application on actual industrial wastewater.
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