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Abstract

In this study, nanocomposite hydrogels of poly(methacrylic acid-co-acrylamide) (Poly(MAA-co-AAm)) containing different
weight percent bentonite clay nanoparticles (0, 5, 10, and 15 wt. %) were used to remove methyl violet (MV) dye. FTIR,
SEM, TGA, and XRD were used to analyze the properties of adsorbents. Results showed that bentonite nanoparticles were
successfully distributed in the hydrogel system. Bentonite nanoparticles at 10 wt. % gave the maximum MV dye adsorp-
tion efficiency. The highest adsorption was obtained at a pH of 5, an adsorbent dosage of 1.5 g/L, a temperature of 25 °C,
a contact time of 60 min, and a pollutant concentration of 10 mg/L. In thermodynamics studies, a negative values of Gibbs
free energy (AG®) indicating that the adsorption process was spontaneous. In addition, Poly(MAA-co-AAm) hydrogels and
Poly(MAA-co-AAm)/bentonite nanocomposite hydrogels gave the adsorption enthalpy (AH®) of —-61.24 and —36.14 kJ/mol
witch shows that the adsorption process is exothermic in the temperature range 25-45 °C using both adsorbents. Langmuir
isotherm model was successfully applied in describing the equilibrium behavior of the adsorption process. The kinetic
study showed that the pseudo-second-order model was more successful in describing the kinetic behavior of the adsorption
process than pseudo-first-order and Elovich models. Poly(methacrylic acid-co-acrylamide) and poly(methacrylic acid-co-
acrylamide)/bentonite adsorbents gave the o parameter values of 0.4276 and 22.15 mg.(g.min)~!, respectively indicating the
high adsorption capacity of these adsorbents.
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Introduction
Water pollution from the improper discharge of industrial dyes
originated from various industries such as textile, leather, paper,

plastic, tanning, etc. is a very serious environmental concern,
which threaten the living organisms and ecosystem [1, 2], thus,

P4 Seyed Jamaleddin Peighambardoust

P

j-peighambardoust@tabrizu.ac.ir

Seyed Hamed Mousavi
mhmousavi@ut.ac.ir

Separation Processes & Nanotechnology Lab, Faculty
of Caspian, College of Engineering, University of Tehran,
Tehran, Iran

Faculty of Chemical and Petroleum Engineering, University
of Tabriz, 5166616471 Tabriz, Iran

Polymer Research Laboratory, Department of Organic
and Biochemistry, Faculty of Chemistry, University
of Tabriz, Tabriz, Iran

Department of Food Science, College of Agriculture,
University of Tabriz, 5166616471 Tabriz, Iran

they have to be removed from wastewater streams before enter-
ing to the environment. Dyes are of major classes of polluting
substances [3, 4] that are divided into cationic and anionic types
[5, 6]. The annual production of industrial dyes is estimated to
be 10,000 tons, of which about 1 to 10 percent of is being dis-
charged to the environment [7]. Due to their complex structure,
chemical dyes cause pollution in the environment and harm
humans, animals and other living organisms, especially aquatic
animals [8, 9]. Dyes are aromatic substances that have a high
solubility in water, so they are easily dispersed in water and
trap hydrogen molecules [10]. These pollutants are structur-
ally divided into three categories: cationic, anionic, and non-
ionic. Cationic dyes have more destructive effects than other

@ Springer


http://orcid.org/0000-0001-7514-4445
http://crossmark.crossref.org/dialog/?doi=10.1007/s10965-022-02956-0&domain=pdf

113 Page2of 13

Journal of Polymer Research (2022) 29: 113

dye pollutants. Most of them release into surface waters by the
textile industry [11]. Malachite Green (MG) with the chemical
formula of C,3H,¢CINj is a cationic dye with a molar mass of
393.94 g/mol. MG is one of the dyeing products of aniline. In
various industries such as the production of paint, paper, cloth-
ing, textiles, and printing presses, the pollution of the aquatic
environments can be seen due to the release of dye pollutants.
Among these, textiles play a major role in polluting the aquatic
environment of the planet because about 15% of the dye used
in textile factories is disposed directly to the wastewaters that
are released into surface waters [12, 13]. Complete removal of
dyes from the wastewater streams is a challenging issue because
of their longer stability in the environment. In previous stud-
ies various techniques such as electrochemical, ion exchange,
catalysis, deformation and adsorption have been suggested to
remove the dyes from aqueous solutions [14, 15]. In the adsorp-
tion process, a variety of natural and synthetic adsorbents such
as chitosan, alginate, activated carbon, algae, etc. can be used.
Among these, natural adsorbents have a high priority due to
their availability as well as their reversibility and biodegradabil-
ity. The presence of carboxyl, amine, and hydroxyl functional
groups on the surface of the adsorbers are important factors in
increasing the adsorption of pollutants [16, 17]. Water treat-
ment systems based on hydrogel show the potential of efficient
adsorption due to the three-dimensional network of polymer
chains and hydrophilic nature of hydrogels [18]. In addition,
hydrogels are cheap, non-toxic, chemically and physically sta-
ble, they form a good polymer network with a good ability to be
recycled [19, 20]. Hydrogels exhibit a high adsorption affinity
to remove different chemicals from aqueous solutions even at
lower concentrations, which makes them important for wide-
spread use in environmental applications [21, 22]. Numerous
substances including natural polymers (chitin, chitosan, car-
boxymethyl cellulose, etc.), agricultural wastes, silicate layers
such as mineral clays and activated carbon are used as a sorb-
ent to remove some chemicals from wastewater [23]. Most of
these materials are cheap, biocompatible and abundant having
good mechanical and chemical properties enabling them to be
used for wastewater treatment [24]. In general, all soils have a
high swelling in the aqueous medium. There is no exception
for Bentonite as a mineral material to this rule and due to the
presence of van der waals force in its structure, after adsorbing
water, its volume reaches six times its original volume [25, 26].
Bentonite with overall formula Al,H,Na,0,;Si, possesses a
large surface area and cation-exchange ability making it suitable
to remove organic dyes fromwatse waters [27, 28]. Of course,
it should be noted that in clays with high water adsorption,
the structure of this mineral is two quadrilateral layers of silica
and one octahedral layer of alumina. By replacing silica (in the
quadrilateral layer) with magnesium and divalent iron (in the
octahedral layer), different groups are formed [29, 30]. The aim
of this study was to synthesize and describe poly nanocompos-
ite hydrogels (MAA-co-AAm)/bentonite as a biodegradable

@ Springer

adsorbent, inexpensive and effective in adsorbing methyl vio-
let dye. Different techniques such as FTIR, TGA, SEM, and
XRD were applied to specify the hydrogels’ structure. Adsorp-
tion parameters including process temperature, time, the con-
centration of dye, adsorbent dosage and pH were studied.
Mathematical models of Langmuir, Freundlich, Dubinin-
Radushkevich (D-R) and Temkin isotherm were used to
describe the equilibrium behavior of the adsorption process.
Also, to study the kinetic behavior of the process, common
models such as pseudo-first-order, pseudo-second-order, and
Elovich were used. In addition, the thermodynamic behavior of
traditional hydrogels was evaluated. In this study, the effect of
operating conditions including pH, temperature, contact time,
and initial MV concentration on the adsorption performance
will be studied that is a need for optimization of the operat-
ing conditions. Also, the thermodynamic adsorption param-
eters of synthesized hydrogel samples were investigated for
this adsorption process and changes in Gibbs free energy and
entropy of the adsorption will be estimated at different tempera-
tures. These thermodynamic data for the system of this grafted
hydrogel composite as an adsorbent and MV as an adsorbent
were never reported similarly by any scholars.

Materials and methods
Materials

Methacrylic acid (MAA) and acrylamide (AAm) monomers
and methyl violet (MV) dye (A,,,,, =582 nm) were purchased
from Merck (Darmstadt, Germany). Potassium persulfate
was obtained from Samchun (Seoul, South Korea). N,N'-
Methylenebisacrylamide (MBA) and bentonite were pur-
chased from Sigma Aldrich (Munich, Germany).

Synthesis of poly(MAA-co-AAm)/Bentonite
nanocomposite hydrogels

Poly(MAA-co-AAm) and poly(MAA-co-AAm)/Benton-
ite nanocomposite hydrogels were prepared using free
radical polymerization. For copolymerization of mono-
mers in hydrogel synthesis, 5 ml MAA were poured in a
three-necked flask equipped with nitrogen gas inlet—outlet,
mechanical stirrer and a thermometer. Bentonite in a con-
centration of 0—15 wt. % was dispersed in 2 g of AAm and
10 mL of deionized water, and the mixture was sonicated
for 20 min at 25 °C to fully disperse the nanoclay in the
AAm solution. A mixture of bentonite, AAm and N,N'-
Methylenebisacrylamide (MBA) as a crosslinker were added
to the flask and heating was continued to 70 °C for 30 min.
To produce free radicals potassium persulfate (as an initiator)
was then added to the above mixture under nitrogen gas.
The first signs of gel formation appeared after 20 min. The
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reaction was performed for a total time of 3 h to complete
the polymerization process. The obtained nanocomposite
hydrogels were further purified to remove the non-reactive
monomers by deionized water washing for several times.
The obtained adsorbents (nanocomposite hydrogels) were
let to dry out gently at 55 °C for 48 h followed by pulveriza-
tion to pass through a sieve with 250-500 pm mesh size.
Poly(MAA-co-AAm) hydrogel without bentonite nanaoclay
were synthesized according to the above-mentioned proce-
dure for comparison purpose.

Characterization method

The chemical structure of monomers (MAA and AAm), ben-
tonite nanoclay, poly(MAA-co-AAm) and poly(MAA-co-
AAm)/bentonite nanocomposite hydrogels were examined
using FTIR spectroscopy (Tensor 27, Broker, Germany) in a
scanning range of 400 to 4000 cm™'. X-ray diffraction patterns
were obtained using an X-ray diffractometer (Siemens S5000,
Germany) according to method described previously [27]. SEM
was applied to characterize the surface morphology of nano-
composite hydrogels according to the procedure described pre-
viously [24]. EDXA and dot-mapping (Microanalysis Oxford
Instruments model 7718 INCA PentaFET) technique was used
to determine the distribution of nanoclay at the cross-section
of hydrogels. Thermogravimetric analysis (TGA) was con-
ducted to evaluate the thermal stability of samples [31]. To
study the adsorption capacity, MV-dye at different concentra-
tions (10-100 mg.L~! DW) was used. For this purpose, 0.05 g
of dry hydrogel was added to 50 mL of MV-dye solution and
magnetically stirred (800 rpm) for 60 min. After reaching
equilibrium adsorption capacity (initial tests were performed
at 25 °C, contact time of 60 min and weight of 1 g.L.™! of the
adsorbent dosage), the solutions were filtered by centrifugation
its dye content was measured by UV-Vis spectrophotometry.
The adsorption capacity of the adsorbents at equilibrium (q,,
mg.L~") and adsorption efficiency (R %) were calculated using
Egs. 1 and 2, respectively.

(CO - Cl)

0

R(%)= x 100 €))]

q,= u 2)
m

where, C,) is the initial concentration of the contaminant, C,

is the final concentration, V is the volume of the solution

used, and m (g.L_l) is amount of adsorbent used.

Swelling behavior of hydrogels

Swelling behavior of copolymer and nanocomposite hydro-
gel samples were investigated. For this purpose, 20 mg of

adsorbent was poured into 10 mL of DW and after one day
(24 h), the solution was centrifuged. The adsorbent was
separated from DW and weighed. The amount of adsorbent
swelling ratio was calculated using Eq. (3) [24].

(Wwet - Wdry)

Swelling Ratio = ———— 3)
dry

where W, and W, are the wet and dry weights of the
hydrogels, respectively.

Results and Discussion
Properties of hydrogels

Figure 1a shows the FTIR spectra of the bentonite nano-
particles indicating characteristic peaks at wavenumber of
3616 cm™! (corresponding to the tensile vibration of the
hydrogen bonds), 1474 and 1596 cm™! (indicating the bend-
ing of Nitrate-ions) [32]. The rest of the vibrations are in the
range of 10001050 cm™! due to the tension of the Si-O-C
bond [33]. Figure 1b shows the FTIR spectra of poly(MAA-
co-AAm) hydrogel after adsorption of the dye contaminant.
The peaks at 1631 and 1699 cm™! indicate the involvement
of the carbonyl and vinyl groups of MAA monomer in the
free radical polymerization. In addition, the peaks of 1728
and 1751 cm™! are symmetrically bonded to carboxylate ani-
ons and C=0 tensile vibrations in the monomers, respec-
tively [34]. The absorption peaks at wavenumbers of 1648
and 1654 cm™! were assigned to the C=C in MMA and
AAm disappeared after polymerization. Figure 1c shows
the FTIR spectra of poly(MAA-co-AAm)/bentonite nano
composites after adsorption of MV dye. Compared to the
shape of the copolymer hydrogel, the vibration distance was
reduced, which indicates that the methyl violet (MV) dye
was trapped in the pores of the nanocomposite. In addition,
the increase in the transmission spectrum in 1653 cm™!,
which is related to the poly(MAA-co-AAm) bonds, indi-
cates that these bonds are filled with dye contaminants.
Finally, the peaks in the nanocomposite structure between
400-500 cm™" are related to Si—O-Si and Si—O-Al bond ten-
sion [35].

Figure 2 shows the XRD patterns of bentonite nanoparti-
cles, poly(MAA-co-AAm), and poly(MAA-co-AAm)/ben-
tonite nanocomposite hydrogels. As shown in the figure,
bentonite nanoclay shows many diffraction peaks due to the
presence of different crystalline phases. The distinct peak
at 20 = 5-10° (specified in 20 = 5.7°) related to the basal-
spacing (d,) for layered gallery structure of bentonite nano-
clay. From Bragg’s equation for layered silicates such as
bentonite nanoclay, the dO01 is calculated as 1.55 nm. For
poly(MAA-co-AAm) and poly(MAA-co-AAm)/bentonite
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nanocomposite hydrogels, this distinct peak hasn’t appeared
which can be due to the complete disaggregation of the
bentonite silicate layers during the formation of the nano-
composite structure. This means the complete dispersion of
single layers of clay into polymeric matrix occurred. In this
case, the exfoliated structure for the resulting nanocomposite
is obtained. The XRD results showed that the formation of a
layer structure (exfoliation) in the obtained nanocomposite
structure, indicates the proper distribution of nanoclay par-
ticles in the polymer matrix, which is a reason to increase
the resistance and thermal properties of nanocomposite
hydrogel. Also, in the poly(MAA-co-AAm)/bentonite nano-
composite hydrogel XRD pattern, some peaks in 20 = 12.5,
16, and 22° are observed which indicating the amorphous
structure of copolymer samples [36].

Wavenumber (cm™!)

Figure 3 shows the TGA curves of poly(MAA-co-AAm)
and poly(MAA-co-AAm)/bentonite nanocomposite hydro-
gels and the detailed TGA analysis results are shown in
Table 1. Usually, TGA analysis was performed to investigate
the thermal stability behavior of poly(MAA-co-AAm) and
poly(MAA-co-AAm)/bentonite nanocomposite hydrogels.
The results of TGA analysis showed that the weight loss of
copolymer and nanocomposite hydrogel samples was done
in three stages. The first stage of weight loss occurred in the
range of 50-150 °C temperature, which could be due to water
loss in the sample by evaporation. It is noteworthy to men-
tion that at this stage, the weight loss of the nanocomposite
sample is more than the copolymer hydrogel sample and this
is due to a large number of water molecules in the hydrogel
nanocomposites structure [37]. In the 2nd degradation stage,

Fig.2 X-ray diffraction
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Fig.3 Comparison of TGA 120
analysis results of poly(MAA-
co-AAm) and poly(MAA-co-
AAm)/bentonite nanocomposite 100

hydrogels
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weight loss of about 7.4 wt. % at the temperature range of
168-208 °C is related to the breaking of C—O—C bonds in
the chains of methacrylic acid and the resulting hydrogels
[32, 34]. The another stage of weight loss took place in the
range of 200450 °C temperature, where the hydrogels lost a
significant part of their weight, which could be related to the
destruction of acrylamide bonds as well as the decomposi-
tion of excellent monomer compounds. Also at this stage,
the C-H bond of methacrylic acid, which is the dominant
monomer of the hydrogel, is decomposed. The final weight
loss can be due to the decomposition and destruction of the
structure of the mentioned materials, which at this stage we
see a slight weight loss. As shown in Fig. 3, the addition of
bentonite nanoparticles increases the thermal stability of the
nanocomposite. In addition, a comparison of the nanocom-
posite sample with the sample without nanoclay shows that
the addition of bentonite nanoclay to the polymeric hydrogel
caused a significant increase in the temperature of the nano-
composite during the heating steps. This result may be due
to the exfoliated structure that creates strong hydrogen bond

300 400 500

Temprature (°C)

interactions with methacrylic acid and acrylamide mono-
mers, evaporating water molecules, destroying the chains
and opening the nanocomposite layers.

In order to study morphology and changes in samples of
poly(MAA-co-AAm) and poly(MAA-co-AAm)/bentonite
nanocomposite hydrogels before and after the methyl vio-
let dye adsorption process, SEM—-EDX and dot-mapping
analysis were used. Figure 4 shows the SEM micrographs
for poly(MAA-co-AAm) and poly(MAA-co-AAm)/ben-
tonite nanocomposite hydrogels in the dry state. In hydro-
gels, the amount of swelling depends on the porosity and
the average size of the pores. Due to the presence of cap-
illary forces, water is distributed through the pores. As
shown in Fig. 4b the presence of bentonite nanoparticles
increases the porosity of hydrogel and thus, increases the
water permeability in the structure of hydrogels. Dot map-
ping results (Fig. 4c) show the cross-sectional distribution
of Si element (purple dots) as a marker of nanoparticles.
Figure 4a also showed a uniform distribution of nanopar-
ticles in the microstructure of nanocomposite hydrogels

Table 1 Detailed TGA analysis

0 Stage of Weight Loss Weight Loss (%) Range of Reason
results Weight Loss
(4
First for Copolymer 4.2 50-150 water loss
Total for Nanocomposite 5.7
Second for Copolymer 7.4 168-208 breaking of C—-O-C bonds
Total for Nanocomposite 4.1
Third for Copolymer 52.4 250450 destruction of acrylamide bonds and
Total for Nanocomposite ~ 51.9 monomer compounds
Forth for Copolymer 25.26 Over 450 decomposition of the materials structure
Total for Nanocomposite  23.46
Total for Copolymer 89.26 0-900 -
Total for Nanocomposite ~ 85.16
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Fig.4 SEM images of a)
poly(MAA-co-AAm) hydrogel
(1 um), b) poly(MAA-co-
AAm)/bentonite nanocom-
posite hydrogel (1 um), and c)
dot-mapping of nanocomposite
hydrogel for same resolution

(1 um)

SEM WV 150V, WO: 643 men
View Bobs: 4.24 Dot 5t
SEM MAGE 305 Xx | Doty 667379

confirming that clay nanoparticles were not accumulated
in the matrix. Also, after the adsorption process of MV-
dye, the pores and surface roughness of the nanocomposite
were almost saturated, which can be due to the filling of
the pore by dye molecules.

The effect of different parameters on the adsorption
performance

Weight concentration of nanoparticles

Figure 5a shows effect of weight percent of nanoparticles
on dye adsorption efficiency. A lower dye adsorption was
observed at either low (2.5 wt. %) or high (15 wt. %) con-
centrations of nanoparticles. The highest dye adsorption of
96% was obtained at a nanoparticle weight percent range
of 7.5-12.5 (wt %). It is known that with increasing the
weight percentage of bentonite nanoparticles inside the
hydrogel, due to the increase of active sites and effective
surface, the amount of dye adsorption increased sharply
and when the amount of bentonite nanoparticles reached to
12.5 wt. %, due to the accumulation of these nanoparticles
inside the hydrogel, the dye adsorption decreases because
in this weight percentage, the active sites available for the
adsorption process are reduced.

Effect of pH

The initial pH of the medium is an important factor of the
adsorption process that affects adsorbent surface ionization
and charge [38]. Figure 5b shows the effect of initial pH
(in a range of 3—-10) on the efficiency of dye adsorption for
Poly(MAA-co-AAm) and Poly(MAA-co-AAm)/bentonite
nanocomposite hydrogels. First, the adsorption efficiency
of Poly(MAA-co-AAm)/bentonite was higher than that of
Poly(MAA-co-AAm) hydrogels at all pH ranges tested. Sec-
ond, either at lower (pH <4) or higher (pH > 9) pH values,
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the adsorption efficiency was significantly reduced. A high-
est adsorption rate of 94 and 90% was obtained at pH =7 for
Poly(MAA-co-AAm)/bentonite and Poly(MAA-co-AAm)
hydrogels, respectively. There are repulsive electrostatic
forces between the surface of adsorbent and the dye mole-
cules originated from H ions in acidic pH, and OH™ ions in
alkaline pH, which reduce the adsorption efficiency [39, 40].

Adsorbent dose

The adsorbent dose is another important parameter that
affects the adsorption efficiency of contaminants [41].
In this study, the adsorption capacity of Poly(MAA-co-
AAm) and Poly(MAA-co-AAm)/bentonite nanocomposite
hydrogels was evaluated at an adsorbent dose range of
0.5-4 gL', an initial dye concentration of 10 mg.L~!, an
initial pH of 7, and a contact time of 60 min. As can be
seen from Fig. 5c, the adsorption efficiency of Poly(MAA-
co-AAm)/bentonite nanocomposite hydrogel was higher
than that of Poly(MAA-co-AAm) hydrogel at all adsor-
bent dosages tested. With increasing the adsorbent dose,
a favorable increase in the adsorption efficiency for both
types of hydrogels was observed. This can be explained
by an increased contact surface of the adsorbents, which
facilitates the adsorption process at a higher concentration.
According to the results, with increasing the adsorbent
dose from 0.5 to 1.5 g.L ™!, the adsorption efficiency of
the dye was increased. Dosage higher than 1.5 g.L~! did
not significantly change the adsorption efficiency of both
adsorbent types. This could be due to the reduction of dye
concentration in aqueous solution and reduction of active
ingredient [42].

Effect of dye concentration
The concentration of pollutants is also an important factor

in the adsorption process because it acts as a driving force
of mass transfer between the adsorbent (solid phase) and the
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Fig.5 a) Effect of nanoparticle wt. %, b) pH, ¢) adsorbent dosage, d)
the initial concentration of dye (MV), e) contact time, and f) tempera-
ture on adsorption efficiency of poly(MAA-co-AAm) and poly(MAA-

aqueous phase [43]. Figure 5d shows the effect dye concen-
tration on the efficiency of the adsorption process. Increasing
the concentration significantly decreased the adsorption effi-
ciency for both types of adsorbents. At low dye concentrations
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co-AAm)/bentonite nanocomposite hydrogels. Data are mean of trip-
licate measurements. Error bars indicate the standard deviation

(i.e., 10 mg.L™"), the intermolecular bonds of the dyes could
be weak, while at high concentrations (i.e., 100 mg.L_l) the
active sites on the adsorbent surface are completely saturated
leaving extra dye molecules unabsorbed [44—46].

@ Springer



113 Page 8of 13

Journal of Polymer Research (2022) 29: 113

Effect of temperature

Temperature influences the kinetic energy of adsorbent mol-
ecules, and thereby, could affect the efficiency of the adsorp-
tion process [24]. The effects of temperature change in the
range of 25-45 °C on the adsorption efficiency are shown in
Fig. Se. Increasing the temperature could enhance the mobil-
ity of the hydrogel side groups causing the adsorbed dye mol-
ecules to be separated from the hydrogel structure and reduce
the adsorption rate. This process indicates that the adsorption
reaction is exothermic. The highest adsorption rate (95%) was
obtained at a temperature of 25 °C.

Contact time

The efficiency of adsorption at time intervals of
20-250 min was evaluated considering a pH of 7, and
an adsorbent dose of 1.5 g.L=!. Figure 5f shows that the
adsorption of dyes was faster in the biggening of the pro-
cess; however, the adsorption rate reached to a plateau
after 60 min. In the biggening, there are unoccupied sur-
faces that are active to absorb the dye. Upon increasing
contact time, those active sites on the adsorbent mole-
cules become saturated, which this leads to a reduction in
the adsorption rate. According to the results, the optimal
time for adsorption of dye with an initial concentration of
10 mg.L~! was obtained at 60 min.

Adsorption isotherm models

To evaluate the adsorption behavior of dye contaminants
using two types of adsorbent hydrogels the Langmuir [47],
Freundlich [23], Dubinin-Radushkevich (D-R) [48], and
Temkin [27] isotherm models were used according to fol-
lowing equations.

dm - Ky - C, 1

Langmuir : g=an- 9> g1
amemulr: =TT, 1K +c, @

1
Freundlich : q, = k; Ce/n ®)

D-R:q,=q,.exp(—fe’) , e=RTLn<1+Ci> (6)

e

RT
q, = BLn(AXCe), B = b_T (7)

Temkin :
In these equations q,, shows the maximum dye absorp-
tion capacity (mg.g™!), K and n are Freundlich constants,
e represents Polanyi coefficient, K| is Langmuir constant,
A (g_l) and by (kJ.mol_l) are the Temkin constants, f is
the activity coefficient (mol®.J=2), R is the universal gas
constant and T is the absolute temperature (K). [49-51].
Table 1 shows the constants and parameters of the models.
In addition, R; is a dimensionless parameter in Langmuir
model, which shows the type of adsorption process. The
value of R; >1 indicates undesirable, R; =1 shows lin-
ear, R; =0 represents irreversible, and 0 <R; <1 indicates
desirable adsorption processes. As shown in Table 2, a
value range 0—1 was obtained for R; parameter using for
both adsorbent types of showing that the adsorption pro-
cess was optimal [23]. The adsorbents synthesized in the
present study showed a highly potential in removal of MV
dyes compared to other adsorbents of researchers’’ studies
(Table 3). By drawing a linear isothermal shape, a constant
can be obtained [27]. The isotherm models using synthe-
sized adsorbents showed nonlinear relationship (Fig. 6).
Using Langmuir model, the correlation coefficient (R?)
was 0.9965 for Poly(MAA-co-AAm) hydrogel and 0.9986
for Poly(MAA-co-AAm)/Bentonite hydrogel adsorbents.
These values were significantly higher than those of other
models. In addition, the n parameters obtained using
Poly(MAA-co-AAm) and Poly(MAA-co-AAm)/Bentonite
hydrogels were 2.75 and 3.27, respectively, indicating that
the MV dye adsorption process using these types of adsor-
bents are both optimal and physical. The A and by param-
eters determined by the Temkin model showed that the

Table 2 Equilibrium constants

Hydrogel sample Langmuir Freundlich Temkin Dubinin—
and parameters from adsorption Radushkevich
process of MV dye (D-R)
Poly(MAA-co-AAm) A 137.037 n 2.75 B 6.612 E 0.176
k 0.201 k 10.69 Ar 5.79 . 150.45
R, 0.014-0.488 R? 0.8781 R? 0.9351 B 4x10°°
R? 0.9965 R? 0.9214
Poly(MAA-co-AAm)/bentonite  q,, 149.32 n 3.27 B 8.077 E 0.372
Nanaocomposite k 0.374 k 8.26 Ar 234 q, 17411
R, 0.009-0.338 R? 09287 R? 0.9844 B 9% 1077
R? 0.9986 R? 0.9398
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Table 3 Comparison of adsorption capacity of Poly(MAA-co-AAm)
hydrogel and Poly(MAA-co-AAm)/bentonite nanocomposite hydro-
gel with other adsorbents in adsorption of MV dye from aqueous
solution

Adsorbent q. (mg/g) Reference
Activated carbon (laboratory grade) 12.552 [42]
NaOH-treated Sargassurn fluitans 99.83 [43]
BDH activated carbon 6.56 [44]
Neem sawdust 4.354 [45]
CMC-g-P(AAm)/MMT 172.4 [22]
Gum xanthan-psyllium-cl poly(acrylic 1.641 [46]
acid-coitaconic)
PANI-ZrPB 56 [47]
CMC-g-P(MMA)/Cloisite 30B 140.845 [24]
BCMFCCr(VI) 178.57 [40]
Poly(MAA-co-AAm) 137.037 This work
Poly(MAA-co-AAm)/bentonite 149.32 This work

interaction between MV dye and adsorbent surface is
weak. Also, the D-R isotherm model showed a value of
8 kJ.mol~! for the E = ﬁ parameter which indicates the

physicality of the hydrogels’ adsorption process [24].
Thermodynamic study
Thermodynamic parameters such as enthalpy (AH®), entropy

(AS®) and Gibbs free energy (AG®) were calculated according
to Egs. 8 and 9 [52-54].

AG=-RTLn (1000 x Kp) (8)
-AH AS

Ln (1000xKp) = ——=— + ==

n (1000xKp) = —m— + = ©

where, T is the absolute temperature (K), R is the universal
constant of gases (8.314 J/mol.K) and K, (K,=q,./C,) is the
equilibrium constant.

The values AH® and AS° are determined by the slope and
width of In K vs. 1/T in the diagram, respectively, which
can be seen in Fig. 7, and the obtained parameters are sum-
marized in Table 4. A negative value of AG® parameter for
both types of adsorbents indicates that the MV-dye adsorption

process was successful and spontaneous. Moreover, negative
values of AH® parameter for Poly(MAA-co-AAm) (-61.24 kJ.
mol~!) and Poly(MAA-co-AAm)/bentonite (-36.14 kJ.mol™")
hydrogels showed that the adsorption process was exothermic
(at a temperature range 2545 °C). The negative value of AS°®
also showed that the random collisions of dye molecules with
the adsorbent surface increased during the adsorption process
[24, 55].

Kinetics study

In this study, pseudo-first-order [56], pseudo-second-order
[57], and Elovich [58] kinematic models were used to ana-
lyze experimental data according to Egs. (10), (11) and (12),
respectively.

g =q. (1-e7) (10)
k, g2 t

q[_l+k—2qet (11)

‘Zz_B n (afi) (12)

where, q, and q, show the adsorption capacity at time t of dye
per gram of dry adsorbent and the equilibrium adsorption
capacity (mg.g~") respectively, k, and k, are the constants of
adsorption rates (k, is constant adsorption rate (min~") and
k, is the constant quasi-quadratic kinetic model rate (g.(mg.
min)~!)), a and p are the initial absorbance (mg.(g.min)~")
and the desorption constant (g.mg~") respectively, in Elovich
kinetic model. The slope and cut of the log diagram (q.—q,)
in front of t represent k; and q.. In the same way, k, and q,
are calculated with graph t/q, versus t. Correlation coefficients
were calculated and obtained from the analysis of experimental
data using three kinetic models used in the study [59, 60].
Equation (10) for the pseudo-first-order and Eq. (11) for the
pseudo-second-order were used to study the kinetics linearly.
The relation between kinetic parameters using both types of
adsorbents are shown in Fig. 8. The kinetic parameters of
the adsorption of MV-dye using both types of adsorbents are
shown in Table 5. As can be seen from Fig. 8 and Table 5,

Fig.6 L.inear relatilonship of . 170 @ . % 170 [ A
Langmuir, Freundlich, Temkin, 145
and D-R isotherm models 120 145
for the adsorption MV dye &b I 120
from aqueous solution using %D 95 %D 95
Poly(MAA-co-AAm) hydrogel ; 70 Langmuir ; 70 Langmu.ir
and Poly(MAA-co-AAm)/ben- 45 Freundlich 45 Freundlich
tonite nanocomposite hydrogel 20 _Eﬁﬁlkm 20 _Egkm

0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160

C, (mg/L) C. (mg/L)
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Fig.7 Relation of In K, vs. 1/T 10
to determine thermodynamic o i
parameters y = 6.1584x - 11.401 P
9.5 y = 7.4737x - 15.498 P
-~ -7 |
A -
A o
X 9 . o .
- -
S -
— -7 o
: 8.5 P -
P
- e o
o -
8 B = Copolymer
©® Nanocomposite
7.5
3.1 3.15 3.2 3.25 3.3 3.35 3.4

and the value of R?, the pseudo-second-order for Poly(MAA-
co-AAm) and Poly(MAA-co-AAm)/bentonite nanocomposite
hydrogels showed better and closer results to experimental
results. In general, the quasi-quadratic kinetic model has
a higher correlation and absorption coefficient compared
to other kinetic models. By examining and considering the
values of the q, and k, parameters as well as matching the

1T % 10° (K

data with the quasi-quadratic kinetic model, the MV dye
adsorption process may be followed by a combined chemical
and physical mechanism. Parameter values of o for MV dye
adsorption process were calculated using Poly(MAA-co-AAm)
and Poly(MAA-co-AAm)/Bentonite hydrogels at 0.4276 mg.
g~ !.min and 22.15 mg.g~!.min. These results indicate a high
adsorption value of nanocomposites.

Table 4 Thermodynamic

Adsorbent) T (°C) AG° (KJ/mol) AH° (KJ/ AS° (J/mol.K)
constants and parameters for mol)
the adsorption process of MV
dye using Poly(MAA-co-AAm)  pgly(MAA-co- 25 -23.136 5120  -94.78
hydrogel and Poly(MAA-co- AAm) Hydrogel 30 _22.287
AAm)/Bentonite nanocomposite 35 -21.868
hydrogel 40 -21.463
45 -21.198
Poly(MAA-co- 25 —22.132 —-62.136  —128.85
AAm)/bentonite 30 -22.69
Nanocomposite 35 -22.168
Hydrogel 40 -21.727
45 -21.431
Fig.8 Nonlinear relationship 7 6.3
of kinetic models to determine 6.2 (b)
the kinetic parameters of the 6
adsorption process MV dye 6.1
using Poly(MAA-co-AAm) s & 6
hydrogel and Poly(MAA-co- ‘éﬁ %D 59
AAm)/bentonite nanocomposite ; 4 Pseudo-second-order ; 58 Pseudo-second-order
hydrogels . Pseudo-first-order 57 Pseudo-first-order
3 Elovich ' Elovixh
¢ Data 3.6 ¢ Data
2 5.5
0 40 80 120 160 200 240 0 40 80 120 160 200 240
time (min) time (min)
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Table 5 Kinetic constants and
parameters determined for the

adsorption process of MV dye

Hydrogel sample Pseudo-first-order ~ Pseudo-second-order Elovich Model
Model Model
Poly(MAA-co-AAm) Hydrogel q; 5.33 q, 18.699 0.4276
K, 0.012 K, 0.341 [} 0.219
R? 0.925 R? 0.932 R? 0.876
Poly(MAA-co-AAm)/bentonite q, 6.069 q, 17.639 22.15
Nanaocomposite Hydroge K, 0.165 K, 0.433 B 0.436
R? 0.816 R? 0.977 R? 0.9042
2. Wadhera P, Jindal R, Dogra R (2019) Synthesis of semi inter-

Conclusions

Dyes and pigments are the main pollutants in wastewater
streams of various industries. Poly(MAA-co-AAm) hydro-
gels and Poly(MAA-co-AAm)/bentonite adsorbents were
used to remove MV-dye from aqueous solution. Amide and
carboxylate functional groups were characterized by FTIR
in the structure of adsorbents that could be important for the
adsorption process. SEM confirmed the presence of numer-
ous surface pores at in the surface of adsorbents that possibly
favors the adsorption efficiency of MV-dye. The Langmuir
model was found to be more capable in interpreting equi-
librium behavior than other models. In addition, the values
obtained from the parameters R;, n and E of isothermal
models, showed that the dye adsorption process of MV dye
is physical and desirable. Temkin isotherm model (A and by
parameters) showed a weak interaction of the adsorbent sur-
face with the MV-dye. The determined kinetic data showed a
good agreement with the quasi-second-order kinetic model
and the latter had a better correlation coefficient and higher
adsorption capacity than those of other models. By examin-
ing and considering the values of the qt and k2 parameters
as well as matching the data with the quasi-quadratic kinetic
model, the MV dye adsorption process may be followed by
a combined chemical and physical mechanism. The ther-
modynamic study showed that the adsorption process was
spontaneous and exothermic.
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