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ABSTRACT

In this study, Acrylamide-co-3-Allyloxy-2-hydroxy-1-propanesulfonic acid sodium salt/ montmorillonite
[(AAm-co-AHPS)/MMT)] hydrogel composite was synthesis via in situ free-radical copolymerization. The
swelling properties and adsorption efficiency of MB were studied. Effect of AHPS ratio on the properties of
hydrogel composite was investigated at different AAm/AHPS molar ratio of 100/0, 95/5, 90/10, 85/15, and
80/20. The highest swelling ratio (49.71 g/g) was observed for the composite containing 15% AHPS. The
hydrogel composites were characterized using FTIR, TGA, XRD, and SEM. Effects of AHPS ionic monomer,
contact time, dye concentration, pH, adsorbent dose, and temperature on the adsorption capacity of MB were
studied. Additionally, the reusability of the composite up to five consecutive cycles was also investigated. The
adsorption process was observed to obey the pseudo-second-order kinetics model, and the adsorption isotherm
was best matched with the Langmuir isotherm model. Hydrogel composite (15% AHPS) achieved gmax of 811.5
mg/g as calculated by Langmuir equation. The calculated thermodynamic parameters AH, AG, and AS revealed
the endothermic nature, spontaneity of the adsorption, and the positive affinity of the composites for MB
adsorption with a favorable increment in the randomness at the interface between the composite and MB
solution during the adsorption process.

Key words : Swelling; Hydrogel Composite; Montmorillonite; Adsorption; Methylene blue; 3-
Allyloxy-2-hydroxy-1-propanesulfonic acid

1. INTRODUCTION

Dyes can be defined as complex aromatic
structures which are not environmentally
friendly because they are stable and more
difficult to degrade in the environment[1].

cancer and causing mutations[4, 5]. Methylene
blue dye (MB) is one of the common dyes in
dyeing silk, cotton, and wood, but its use can
cause a health effect on people such as eye
burns, and on inhalation, it causes difficulty

Pollution of water with dyes is one of the
biggest global challenges that researchers
around the world are working to provide
solutions. The use of dyes is widespread among
many industries, as more than 10,000 dyes are
applied in various industries including printing,
paper, textile, and food industries [2, 3]. In
spite of the industrial importance of the dyes,
their discharge into the water represents a great
danger to the aquatic life. It affects the life
cycle of the living organisms that live in the
water. Its effect may extend to cause health
problems for humans, such as eye irritation and
skin inflammation, and the effect may lead to

breathing, while swallowing causes nausea,
vomiting, methemoglobinemia, heavy
sweating, and mental confusion[5, 6]. All these
implications led many researchers to develop
adsorbent materials to remove the dyes from
the colored wastewater. Amongst these
adsorbent materials, hydrogels have achieved
considerable interest in recent years as
adsorbents for dyes [7-11].

Hydrogels are hydrophilic polymers but
they are insoluble in water because their chains
are partially cross linked, and when dipped in
water or aqueous solutions they allow the water
to penetrate their network structure so they
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have swelling property, and they are also able
to keep large amounts of water inside them
relative to their mass[12, 13]. This feature
(swelling property) increases the surface area of
the hydrogel, which makes it a good material
used to cause adsorption on its surface. Also,
this feature allows enormous modifications to
the hydrogel properties, amongst these
modifications incorporation of inorganic
materials (such as mica, kaolin, and
montmorillonite) within the network structure
of the hydrogels to improve their properties
such as increasing their adsorption capacity,
and this method has gained much attention in
recent years[14-19].

Montmorillonite is one of the clay minerals
composed of two tetrahedral silicate sheets and
one octahedral sheet of aluminum sandwiched
between the two tetrahedral sheets 2:1. It has
gained interest in application as adsorbent for
removing the dyes from the colored wastewater
due to its cheapness, swelling property, and
cation exchange capacity (CEC)[20]. The
inorganic nature of the montmorillonite makes
it incompatible with the polymer matrix, but
this compatibility can be enhanced by entering
organic molecules between the parallel layers
to increase the distance between them. This
organo-modification enables montmorillonite
layers to be intercalated and/or exfoliated
within the polymer matrices[21]. The clay
minerals have been used in designing hydrogel
composites as adsorbents for removing dyes
from the aqueous solutions[5, 6, 22-
26].According to the literature survey that we
made, a study of the adsorption of the MB dye
using the AAm-co-AHPS modified with
organo-montmorillonite hydrogel composite
was not reported, so the aim of the present
study is to develop a new hydrogel composite
combining between the swelling and adsorption
properties of organo-montmorillonite and the
ionic monomer, AHPS. The hydrogel system
will provide ionic groups that contribute to the
good dispersion and suspension of the
montmorillonite in the adsorption solution, and
also provide ionic sites that can adsorb the
cationic dyes. On the other hand, the hydrogel
system will facilitate the easy separation of the

adsorbent material from the adsorption
medium. In this report, we aim to design novel
hydrogel = composite by free radical
polymerization and studying its swelling
properties. Effect of some conditions (such as
contact time, dye concentration, pH, adsorbent
dose, and temperature) on the adsorption
capacities of the MB has been studied.

2. EXPERIMENTAL PROCEDURE
2.1 Materials

Sodium modified montmorillonite (Na-
MMT) with 0.5-5 wit%
aminopropyltriethoxysilane and 15-35 wit%
octadecylamine was delivered from Sigma-
Aldrich Company Ltd (USA), AHPS and AAm
were brought from Sigma-Aldrich Company
Ltd (Germany),  Methylenebisacrylamide
(MBA) and Ammonium per sulfate (APS) were
received from Merck (Germany), and the
cationic methylene blue dye (MB) used in the
adsorption studies was provided by Fluka
(Switzerland).There is no further purification
was done for the materials and used as
received.

2.2 Characterization

FTIR spectrometer (model Cary 630) made
by Agilent technologies Company was used to
denote the functional groups of the prepared
composites under operating conditions of the
sample scan 32, resolution 8 cm™!, and spectral
range (wave numbers cm™') from 4000 cm™! to
400 cm!. X-Ray Diffraction (XRD) (PAN
analytical equipment model X Pert PRO) with a
Secondary  Monochromator and Cu-Ka
radiation (A=1.542A) was used to investigate
the hydrogel composites under operating
conditions of the accelerating voltage 45 kV,
current 35 mA, the scanning speed 0.02°/sec,
and diffraction angle region (26) from 2° to
30°.Scanning electron microscope (SEM)
(Model Quanta 250 FEG) attached with EDX
Unit (Energy Dispersive X-ray Analyses) was
employed to investigate the morphological
structures of the hydrogel composites under
operating conditions of accelerating voltage 30
K.V, resolution for  Gun.lnm, and
magnification 500X and 2000X. Simultaneous
the rmogravimetric analyzer (Linseis STA
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PT1600 TGA) was used to investigate the
thermal behavior of the hydrogel composites
under operating conditions of heating range 25-
750 °C, heating rate of 10 °C/min, and nitrogen
atmosphere.

2.3 Preparation of the hydrogel composites
(HC)

All the hydrogel composites were prepared
by the in-situ free radical co-polymerization
method. Each hydrogel composite sample was
prepared as follows: A 0.02 g of Na-MMT was
added in distilled water (20 mL), then allowed
to agitate for 24 h.A mixture of pre-weighed
monomers (AAm & AHPS) (0.03 moles) was
added to the MMT dispersion in addition to
3x10* mole of APS and MBA each. Then, the
mixture was heated at 80 °C and kept under
well stirring pending the gel was being formed.
Five hydrogel composites (HC) was prepared
by the method mentioned above at molar ratios
of AHPS from 0 to 20% and the obtained
composites were coded here as HCO, HCS5,
HC10, HC15, and HC20, respectively. The
obtained composites were washed with water to
remove unpolymerized monomers and uncross-
linked polymers, then dried and stored.

2.4 Gel Fraction

The dried and pre-weighted hydrogel
composites were dipped in distilled water for
24 h at 25°C to measure its insoluble part, and
this was performed at dilute concentrations to
ensure full dispersion of the hydrogel material.
Then the swollen samples were removed from
the water and dried at 60 °C to constant weight.
The insoluble fraction in the samples was

measured gravimetrically from equation 1

Dried insoluble gel
Gel fraction (GF) =

Initial weight of gel (1)
2.5 Swelling measurement

Dried and pre-weighted gel composite
sample (0.05+0.001 g) contained in a nylon
screen tea bag was dipped fully in plenty of
distilled water (250 ml) and let to absorb the
water at room temperature. Then, the samples
are accurately weighed at the time (t) and return
it to the water. Hydrogel composites swelling
was followed periodically by extract the gel

bag from the water, fast-drying, and re-
weighing. Equations 2 and 3 were employed to
compute the swelling ratio (SR)and equilibrium
water content (EWC), respectively.

SR— (We—Wi) /W, 2)
EWC = (Weq - Wi ) / Weq (3)

Where W; and Weq is the weight of the dipped
gel sample at time t and at equilibrium. Wi is
the initial weight of the gel.

2.6 Adsorption study of MB

0.01 g of dried hydrogel composite sample
was transferred into a caped tube containing
distilled water, the gel composites were swelled
for 24 hours until equilibrium, then the swollen
sample was dipped in 20 ml dye solution at
room temperature. Effect of AHPS monomer
concentration, contact time, initial dye
concentration, dye solution pH, gel dose, and
dye solution temperature on the adsorption
capacity of the hydrogel composites was
studied and the amount of dye adsorption per
gram at time t (gi) and at equilibrium (qg.) was
computed from equations 4 and 5, respectively.
The removal percentage (R %) was calculated
from equation 6.

_ [GU — ct)v
CJ.t - m (4)
~ [c“ — ce)v
CJ.E! - m (5)
R0p = Co = C) o 100
Co (6)

Where Co, C;, and C. are the concentrations
of dye solution at time = 0, time = t, and
equilibrium, respectively. V(L) is the volume of
dye solution, and m(g) is the mass of the pre-
weighed dry hydrogel.

3. RESULTS AND DISCUSSION

3.1. Characterization of the copolymer
hydrogels
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Fig. 1A displays FTIR spectra of the
organo-montmorillonite and the hydrogel
composites (HCO, HC5, HC10, HC15, and
HC20), and as shown FTIR spectrum of the
organo-MMT displays a split band at 2851 and
2925 cm !whichassigned to the C-H of
octadecylamine, symmetric and asymmetric
stretching vibrations, respectively, the band at
1466cm'is  ascribed to the ammonium
salt[21],the band at 3645 cm™! is ascribed to —
OH stretching in the clay structure,1613 cm™ is
bending vibration of H,O, 1095 and 995 cm™!
are stretching vibration of the bond between
silicon and oxygen, as well as 913and
842cm'are ascribed to bond between
multivalent metal and oxygen [27].Regarding
the FTIR spectra of the hydrogel composites,
the broadband observed at regions of 3100 to
3500cm™'is belongs to the stretching vibration
of N-H in the amide group, the bands observed
at around1640cm'arerelated to the stretching
vibration of C=0 group, the band at 2929 cm!
is assigned to the —CHy— stretching arising due
to polymerization, and the band at
1440cm'refers to the stretching vibration of
C—N group[8]. The verification of existing the
anionic AHPS in the composite is the
appearance of the distinctive bands at 1185
cm'and 1036 cm 'which approved the
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The hydrogel composites were subjected to
thermal gravimetric analysis (TGA) to study
their thermal stability, and as shown in
Fig.1B.whish presents the TGA and DTG
curves for the samples HCO and HC15,it can be
seen that the two composites show similar
degradation characteristics and weight loss %
occurred at two distinct degradation stages, the
first stage ranged between 100 °C and 280 °C,
and this stage displays 6.25% and 6.07%
weight loss for HCO and HC15, respectively,
and this may be belonging to the releasing of
moisture and bonded water. The second stage
of weight loss started at about 270°C and
continued up to 496 °C for HCO and 486 °C for
HC15, this step was owing to the degradation
of the hydrogel polymer and breaking the
carbon-carbon bonds (about 76.12% and 78.6
% weight loss for HCO and HC15,
respectively). The two degradation stages were
in harmony with the main peaks of the DTG
curves. The Tma(the temperature at the
maximum degradation rate) for HCO was 443
°C but HC15 was 438 °C and the residue %was
14.6 % and 11.5 % for HCO and HC15. This
slight difference in the thermal stability could
be due to the increase in degradation rate by
adding the AHPS monomer in the hydrogel
chains as a result of cleavage of sulphonate
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Fig. 1.FTIR spectra of organo-montmorillonite and the hydrogel composites (A), and
TGA & DTG analysis of the hydrogel composite with 0%AHPS (HCO) and 15%AHPS (HC15) (B)

symmetrical and asymmetrical
vibration of SO, respectively.

stretching

groups.
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Fig. 2 shows the XRD patterns of organo-
MMT, HCO,and HC15. A diffraction pattern of
organic montmorillonite Fig.2(a)shows a strong
peak corresponding to a basal spacing of 21.46
A° at the angel (260 = 4.1), the XRD of the
hydrogel composites shown in Fig. 2(b&c)
indicates that the diffraction peak of MMT is
disappeared in both samples. This result
suggests that the MMT minerals are
intercalated and completely exfoliated in the
hydrogel chains matrix causing destroying the
ordered structure of MMT and disappearing the
d-spacing in the direction of (001) which
appeared clearly in Fig. 2(a)[28].
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Fig. 2. XRD patterns of (a) organo-MMT,
(b)hydrogel composite with 0%AHPS (HCO0), and
(c)hydrogel composite with 159%AHPS (HC15).

The SEM images of the hydrogel
composite with 0% AHPS (HCO0) and the
hydrogel composite with 15% AHPS (HC15) at
magnifications 500 and 2000X were presented
in Fig. 3. It is obvious that the morphological
structure of both hydrogel composites is
porous, so they showed good performance in
MB adsorption because the porous structure
allows penetration of MB from dye solution
onto these gel pores. There was a significant
difference in the porous density and the
diameter of pores between both hydrogel
composites, the composite HC15 was highly
porous and the average diameter of pores was
35.07 um higher than that of HCO which was

23.83 um. This variance in diameter is
responsible for the wide difference between the
two composites in the swelling and the
adsorption capacity.

Fig. 3.SEM images of hydrogel composite with
0%AHPS(HCO0), and hydrogel composite with
15%AHPS (HC15) at magnification of 500X and
2000X

3.2 Gel Fraction

Fig. 4A shows the gel fraction for the
prepared hydrogel composites. It can be
observed that the increase in the molar ratio of
AHPS from 0% to 20% in the hydrogel
composite causes a decrease in the gel fraction
% from 99.1% to 72.1%. This behavior could
be due to that the increasing of anionic AHPS
in the feed composition results in an increase in
the repulsion between the growing radical
chains and hence retard the crosslinking
reaction. So, the fraction of the insoluble part is
dramatically reduced.

3.3 Swelling studies

Swelling capacities of the hydrogel
composites at different times were studied in
the distilled water at room temperature and
pH=7. As indicated in Fig.4B the rate of
hydrogel swelling increases over time, reaching
an equilibrium point, and this point is referred
to as equilibrium swelling. This usually occurs
because the pores, in the beginning, are
voracious to absorb water, then after that the
tendency of the pores to absorb water decreases
until reaching an equilibrium state at which the
rate of water absorption is equal to the rate of
water leakage from the pores. The craving of
water absorption can be attributed to the ionic
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nature of the prepared hydrogel composites,
which is due to the presence of ionic sulfonate
groups, and the presence of a water-loving
MMT, which acts as pervading channels that
allow the water molecules to easily diffuse into
the hydrogel network[29]. Additionally, due to
the ability of MMT molecules to ionize, the
osmotic pressure increases between the
hydrogel chains and the swelling medium,
causing the hydrogel to crave water absorption
[30]. Also, Fig.4B revealed that there was a
gradual increase in the swelling capacity by
increasing the percentage of AHPS in the
hydrogel composite until reaching a
concentration of 15%, after this concentration
the capacity of the swelling decreases, and this
can be ascribed to the gradually increasing of
percentage of AHPS monomer from 5% to 15%
causes increasing the ionic property of the gel,
and hence increasing the water absorbency.
After a concentration of 15%, there is a
shrinkage occurs in the gel because the increase
in the formation of hydrogen bonding in the gel
inducing formation of aggregates in which the
counter-ions condense and a drop in the
osmotic pressure occurs, and this leads to a
decrease in the swelling ratio.

120.0
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Also, Table 1 presents the values of EWC
computed quantitively by equation 3. The EWC
of the hydrogel composite with 0% AHPS was
0.9507, and this value increased t00.9681-
0.9803 after incorporation of AHPS into the
composite system. This is due to the
hydrophilicity of the AHPS monomer and
modified montmaorillonite.

To get more information about the mechanism
of swelling of the hydrogel composites,
experimental swelling kinetic data were

assessed using the second-order swelling
kinetic model(equation?7)

t 1 t

St KsSZ  Se 7)

Where S; is the swelling(g/g) at time t, Sc and
ks(min') are the theoretical equilibrium
swelling capacity and the rate of swelling
constant for the pseudo-second-order model,
respectively. The plot of t/S; versus t gives
straight lines, Se and ks were computed from the
slope and intercept of the plotted straight lines,
respectively.

Fig.4C displays the swelling kinetics
curves for the hydrogel composites and the
different kinetic parameters were collected and
tabulated in the Table 1.The plots gave straight

Swelling (g/g)
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Fig. 4. Gel fraction of the prepared hydrogel composite (A), swelling capacities (B), swelling
kinetics of the prepared hydrogel composites (C), and (D) effect of pH on the equilibrium swelling of the
hydrogel composite without AHPS (HCO) and with 15% AHPS (HC15)

lines with good linear correlation coefficients
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ranging from 0.9716 to 0.9982, and the

participation in the formation of the hydrogen

Table 1. Swelling equilibrium values, swelling kinetic parameters, and equilibrium water content of

the hydrogels

Hydrogel Seq (9/9) EWC Seq (9/0) Ks x 10 Ki R
composite (Experimental) (Theoretical) (gg'min™) (gg' min™h

HCO 19.28 0.9507  22.85 438 023 09716
HCS 30.37 0.9681 325 6.55 069  0.9982
HC10 42.90 09772 4475 4.98 1 0.9955
HC15 49.71 0.9803 545 273 081 09916
HC20 18.86 0.9497 18.85 15.51 0.55 0.9959

theoretical equilibrium swelling capacity (Se)
for HCO, HC5, HC10, HC15, and HC20 were
22.85, 32.5, 44.75, 5450, and 18.85 g/g,
respectively, which were in agreement with the
experimental values, Table 1. This confirms
that the swelling process obeys the pseudo
second-order kinetic model. Also, as shown in
Table 1, the initial swelling rate for the
composites with AHPS was higher than the
composite without AHPS indicating the
influence of the ionic nature of AHPS on the
swelling rate.

3.4. Equilibrium swelling ratio at various pH

The swelling to equilibrium for the
hydrogel composite without AHPS (HCO) and
with 15 % AHPS (HC15) at various pH values
2-10 was studied at room temperature and the
medium pH was adjusted using a diluted HCI
solution (0.1 M) for acidic medium and NaOH
solution (0.1 M) for basic medium and the
results were shown in Fig. 4D.The pH of the
swelling medium influenced the equilibrium
swelling of both hydrogel composites as
observed. The ionization of AHPS is quite and
independent of pH of the medium. However,
the hydrogen bonds formed between
neighboring groups (such as the nitrogen atom
of the amino group of the acrylamide unit,
carbonyl of the amide group, and the hydrogen
atom of the hydroxyl group of the AHPS unit)
can form a cage-like structure. This cage-like
structure has a relatively larger volume, which
allows more water to be absorbed and thus
increases swelling. In the acidic medium, the
protonation occurs in the amino groups, so their

bonds responsible for the formation of the
cage-like structure decreases, which leads to
the contraction of the hydrogel and this leads to
a decrease in swelling at equilibrium. In the
basic medium, the amino group is deprotonated
and more ready to participate in the formation
of the hydrogen bonds needed to form the cage-
like structure that allows large amounts of
water to enter the hydrogel and the equilibrium
swelling increases. Increased swelling after the
AHPS enters the AAm composite is an
expected action due to its ionic nature.

3.5Adsorption of MB dye

3.5.1 Effect of the ionic monomer

The impact of the ionic AHPS monomer on
the hydrogel composite to adsorb the MB from
the aqueous solution was examined by dipping
the pre-swollen composites in neutral MB
solution (100 ppm) for 24 hours contact at 25
°C and composite dose = 500 ppm, and the
findings were presented in Fig. 5A. It was
observed that the equilibrium adsorption
capacity (ge) increased from 116 mg/g to 198
mg/g with the increasing of AHPS ratio in the
hydrogel composite from 0% to 15%, but after
the concentration raised to 20% in the
composite HC20 the value of g. decreased to be
148 mg/g. This can be explained as follows:
when AHPS units enter to the hydrogel
composite, the number of the anionic groups in
the composite increase through which the
positive MB molecules can bind with, therefor
the adsorption occurs. At AHPS concentration
higher than 15%, the swelling of the composite
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decreases as described in the swelling behavior,
there for the adsorption capacity decreases.
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Fig. 5. Effect of (A) ionic monomer and (B) contact
time on the capacity of the hydrogel composite to
adsorb MB.

3.5.2 Effect of contact time

Time is very important factor for
adsorption of the dye, so we studied the impact
of contact time on the capacity of the hydrogel
composite with 15%(HC15) to adsorb MB dye
from aqueous solution at 25°C, neutral
medium,[MB]i=100 ppm, and [Composite
dose]i = 500 ppm, and the findings were
presented in Fig. 5B. As shown, the adsorption
rate was rapid in the early stage of adsorption
then decreased by time, until the hydrogel
reached equilibrium. The initial increase in MB
adsorption might be ascribed to the many
available wvacant sites on the hydrogel
composite which bind with MB units without
any hindrance and by the time more sites in the
hydrogel were filled, and the adsorbed MB
units make hindrance, so it was difficult for
more dye molecules to reach the remaining
vacant sites, and at this point, a state of
equilibrium onto the hydrogel composite
comes. The adsorption capacity of HC15 was
196 mg/g after 480 min contact and no
significant increase after this time, so we

considered 480 min to be the optimal contact
time to attain the equilibrium.

3.5.3 Adsorption Kinetics

To determine the MB  adsorption
mechanism by the hydrogel composite with
15% AHPS, the pseudo-first-order and pseudo-
second-order kinetic models equations [31, 32]
were used.

(8)

Log (ge — 0) = log Qe
t 1 t

- = +—
at K,dz e

Where ¢: and ge are the amount of MB dye
adsorbed (mg/g) at time t and equilibrium time,
respectively, geaand qe. are the theoretical
equilibrium adsorption, and ki(min™!) and k: (g
mg~! min~!) are rate constants for the pseudo-
first model and the pseudo-second-order model,
respectively.

1
2.303
(9)

The findings of adsorption kinetics of the
HC15 hydrogel were plotted in Fig6and data
was tabulated in Table 2, and as observed the
correlation coefficients (R?) obtained from the
pseudo-first-order model (R> = 0.9284) is
lower than that of the pseudo-second-order
model (R?=0.997), and the difference between
the experimental g. values and the g. values
computed from the second-order kinetic model
was low, while the difference was high for the
first-order kinetic model, which indicates a
better fit of adsorption data to the pseudo-
second-order model.
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Fig. 6. Pseudo-first-order (a) and pseudo-second-
order (b) kinetic models for MB adsorption kinetic
data
Table 2. kinetic constants values of the MB

adsorption.

Qe,exp Pseudo-first-order

kinetic Pseudo-second-order Kinetic

(mg/g) model model
q k Qe e
el 1 2 [ -1 2
in-1 (9 mg" R
(mg/g) ~ (min™") (Mglg) v

196 150.65 0.0136 0.9284 207.10 0.00016 0.9970

3.5.4. Effect of initial dye concentration

The effect of the initial MB concentration
on the adsorption capacity was carried out at
various concentrations of MB (100-1000 ppm)
while keeping all other adsorption conditions
constant(pH=7, room temperature, gel dose
=500 ppm, and contact time = 480 min), and
the adsorption findings are given in Fig.7 (a)
which shows a reduction in the adsorption
capacity of the composite at low MB
concentration which was due to the
unsaturation of the adsorption sites. The
adsorption capacity raised with the increment
of the MB concentration and reached to
equilibrium value at 768 mg/g at initial MB
concentration 800 mg/L, and this is a result of
the electrostatic repulsion between positively
MB molecules which causes rapid diffusion
toward the adsorption sites of the composite.
3.5.5. Adsorption isotherms

The adsorption isotherm data were

analyzed using the linear forms of
1000 a
T 800 x X X
g’ 600 X
g 400 %
2004 X

0+ T T r T T
0 200 400 600 800 1000

Initial MB concentration (mg/L)

log(qge)

Langmuir[33] and Freundlich [34]isotherm
models, and the findings were plotted in Fig. 7
b and c and tabulated in Table 3.

Langmuir Isotherm (equation 10)

Ce 1 Ce

—= +

de KiQmax Qmax (10)
Where Ce(mg/l), ge(mg/g)and gmax(Mg/g) arethe
concentration of dye at equilibrium, the
quantity of dyes adsorbed at equilibrium, and
the maximum adsorption capacity of the
adsorbent, respectively. Ky(L/mg) is the
Langmuir isotherm constant, K. and Qmax Were
obtained from the intercept and slope of
plotting Ce/ge versus Ce, respectively.

Freundlich Isotherm (equation 11)

1
lo g(q.) = 1o g(Kg) +EIDEECEJ (11)

Where K; (mg/g) and n (intensity of
adsorption) are the Freundlich constants which
can be computed from the intercept and slope
of plotting log(qe) versus log (Ce), respectively.

Data in Table 3 appeared that the
correlation coefficient R? value of Freundlich
isotherm model is lower than that of Langmuir
isotherm, and this indicates that the Langmuir
model is the best-fit model for the adsorption of
MB dye onto the hydrogel composite.

Table 3. Isotherm constants for MB adsorption,
(Ge.exp196 Mg/g).

R?*=0.9934

Celqe
o
[=>]

0 200 400 600 800
Ce (mg/L)

R?=0.9734

-0.056

0.95 195
log(Ce) (mg/L)

2.95

Fig. 7. Plot of (a) adsorption capacity versus initial MB concentration, (b) Langmuir isotherm model,
and (c) Freundlich isotherm model.
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Isotherm model  Isotherm model constant

Langmuir K. (L/mg) 0.03244
Qmax (MQ/Q) 811.512
R? 0.9934

Freundlich Ks (Mg/g) 191.188
n 4.485
R? 0.9734

3.5.6Effect of pH on MB adsorption

Here, the effect of pH range (2-10) on the
adsorption of MB by the hydrogel composite
was examined at room temperature, gel dose =
500 ppm, initial MB concentration = 800 ppm,
and contact time = 480 min, and the findings
were displayed in Fig. 8A.As seen in this
figure, the adsorption capacity was low in the
acidic medium and high in the basic medium,
and this is expected because the competition
between the hydrogen ions and the cationic MB
molecules in acidic medium, on the other hand,
the reduced swelling of the hydrogel composite
in the acidic medium.

3.5.6 Effect of the adsorbent dosage

The effect of the adsorbent material was
studied where different concentrations were
used (0.5-10 g/L) while maintaining all other
adsorption conditions constant (neutral MB
solution, initial MB concentration = 800 mg/L,
and contact time = 480 min). Figure 8B shows
the results obtained using the hydrogel
composite with 15%. It was observed that the
removal % increased from 48% to 96% as the
concentration of the adsorbent material
increased from 0.5 g/L to 5 ¢/L, indicating a
rapid increment in the removal % at this stage
with an increment in the dose of the adsorbent
material. This can attributed to the increment in
the surface area and the availability of effective
adsorption sites, which leads to an increment in
the removal ratio. It was also noted that the
increment in the removal ratio is slow, as it
increased from 96% to 99% by increasing the
adsorbent dose from 5 g/L to 7 g/L. However,
after the dose 7 g/L there was no change in the
ratio of removal and this may be by reason of
the overlapping of the active sites at a higher
dose and consequently, there was no noticeable

increment in the effective surface area of
adsorption. However, we noted that the
removal % increased to twice after increasing
the dose of the absorbent material 10 times, so
we preferred that the subsequent experiments
continue at 0.5 g/L.

3.5.7 Effect of temperature on dye
adsorption

The effect of temperature on the removal of
the dye was studied, whereby the adsorption
process was carried out at three different
temperatures (20, 40, and 60 °C) while
maintaining all other adsorption conditions
constant (neutral MB solution, initial MB
concentration = 800 mg/L, adsorbent dose =
500 mg/L, and contact time = 480 min). Figure
8C shows the results we obtained when using
the hydrogel composite to remove the dye. It
was found that the adsorption capacity
increased significantly from 872 to 1025 mg/g
as the temperature increased from 20 °C to 60
°C and this indicates that the adsorption process
is preferred at elevated temperatures. This
increase is due to the following reason: When
the temperature is raised, the hydrogel
composite network is swollen, so the surface
area exposed to the adsorption increases, and
there are a greater number of active sites that
are associated with the dye molecules in the
adsorption process. On the other hand, when
the temperature increases, the viscosity of the
dye solution decreases, and the rate of diffusion
of the dye particles increases, allowing a
greater number of dye molecules to penetrate
the hydrogel network and bind to the active
sites. From the above, it is clear that the
adsorption process of MB dye on the surface of
the hydrogel composite with 15%AHPS is a
heat-absorbing process (endothermic).

To confirm this result, the thermodynamic
parameters such as Gibbs free energy change
AG (KJ mol™), standard enthalpy change
AH(KJ mol™), and standard entropy change
AS(JK'mol™), (Equations 12-14) were also
studied.

AS AH
Ink,=— - —
R RT (12)
— Cae
Ke / Ce (13)
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AG=—RTink, (14)

Where K¢, Cae, and Ce are the equilibrium
constant, the amount of dye adsorbed (mg/g) at
equilibrium, and the equilibrium concentration
(mg LY of the dye in the solution,
respectively, T and R are the solution
temperature (in kelvin) and the universal gas
constant (0.008314K J mol™!' K™'), respectively.
AH and AS were computed from the slope and
intercept of van’t Hoff plots of LnKc versus
1/T(Figure not presented).The values of AH,
AS, and AG for MB adsorbed by the hydrogel
composite are listed in Table4, and by looking
at the results, we note the positive value of
enthalpy change AH (8.0445 KJ mol™') which
confirm that the adsorption of MB onto the
hydrogel composite is physisorption and
endothermic. The positive entropy change AS
(0.0347 KJ K' mol™) value exhibited the
randomness of MB molecules increased at the
interface between the composite and MB
solution during the adsorption process, but the
increase in the negative values of AG predict

884

600

qt (mg/g)

pH=8

qt (mg/g)

0 20 40 60 80

Temperature (°C)

pH =10
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Table 4 Thermodynamic parameters for the
adsorption of MB dye into hydrogel composite

AH AS - AG (KJ mol ™)

(KJ (KIK™! 293 313 333
mol™") mol™) K K K
8.0445 0.0347 2129 2.856 3.517

Removal (%)

Removal (%)

3.5.8 Reusability

One of the most important parameters in
the practical application of any adsorbent is its
lifetime because its performance for a longer
period of time leads to a significant reduction in
the cost of treatment. Thus, it is worth studying
the evaluation of the stability of the adsorbent
material and its reuse. This study was carried
out by repeating the removal of the dye five
times with the same adsorbent material. After
each cycle, the adsorbent material was washed
with 0.1 M HCI and re-used again to remove
the dye. Figure 8D shows the reusability results
of the hydrogel composite with 15% AHPS.
The results showed the effectiveness of the re-

i
(=]
(=]

OoOOOOO

N B O ®

o o © o
.
o

0 2 4 6 8 10 12

Adsorbent dose (g/l))

Cycle1 Cycle2 Cycle3 Cycle4 Cycle5

Number of cycle

Fig. 8. Effect of pH (A), the adsorbent dose (B), and Temperature (C) on the MB adsorption by the hydrogel
composite, and (D) MB adsorptioncycles of reuse of the hydrogel composite with 15 % AHPS

the spontaneous nature of the MB adsorption
and the adsorption is favorable at high
temperatures.

use of the adsorbent material to adsorb the dye
where the removal ratio was after the first cycle
86.4% and after the fifth cycle 83.96% where
the initial concentration of the dye 200 mg/L.
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This slight decrease in efficiency, possibly due
to the loss of the adsorbent during washing.
These results give this material an application
and economic advantage as an adsorbent to
remove the MB dye from the colored water.

3.5.9 Comparison Qgmax With the previous
studies

Given the great diversity among conditions
of adsorption processes in other reported
studies, it is difficult to compare the efficacy of
any adsorbents with other adsorbents
previously reported in the literature. However,
to highlight the importance of this study and its
results in adsorption of the MB dye, the
comparison was facilitated by presenting the
maximum adsorption values (qmax) calculated
from the Langmuir isotherm equation obtained
in previous studies in Table 5. Looking at the
values presented in the table and comparing
them with the value obtained in our study, it is
clear that the prepared hydrogel composite can
be used very effectively in adsorbing the MB
dye from its aqueous solutions.

SEM, TGA, and XRD. The hydrogel composite
with 15% AHPS achieved high water swelling
ratio 49.71 g water/g gel and tested as
adsorbent MB from aqueous solution. The
adsorption experiments demonstrated the
validity of the tested composite for the effective
adsorption of the MB dye, where the results
showed that the effectiveness of the adsorbent
material was 768 mg dye/g composite where
the initial concentration of the dye was 800
mg/L, and the practical results were consistent
with the theoretical calculations of the
Langmuir equation, which showed that the
maximum adsorption capacity of the adsorbent
material is 811.5 mg/g. The study of adsorption
kinetics resulted in compatibility of the Pseudo-
second-order kinetic model with the practical
results of adsorption. Calculations of the
thermodynamic parameters also contributed to
understanding the nature of adsorption, as it
showed that the adsorption of MB onto the
hydrogel composite with 15% AHPS is
physical and endothermic. And the reusability
studies revealed that the obtained adsorbent
material has a good activity even after five

Table 5. Comparison of the present work with previous studies.

Adsorbent gmax (Mg/g) Reference
Acrylamido-2-methyl-1-propanesulfonic acid-based hydrogel 261.78 [8]
Lignocellulose-g-poly(acrylic acid)/montmorillonite 1994.38 [35]
Decanted Moroccan clay 114.16 [36]
N-tert-butylmaleamic acid-based hydrogel 384.6 [37]
Activated carbon 882.4 [38]
Straw with Fe3O4 magnetic nanoparticles 1374.6 [39]
Activated biochar 77.3 [40]
Xanthan gum-co-acrylic acid/graphene oxide 793.65 [41]
(AAm-co-AHPS)/ Organo-MMT 811.5 This study

CONCLUSION

In this work, novel hydrogel composite
based on AAm, AHPS, and modified MMT
was synthesized successfully to remove the MB
dye from aqueous solution. Structure of the
hydrogel composites was confirmed by FTIR,

cycles of reuse.
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