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A novel zwitterionic superabsorbent polymer hydrogel [ZI-SAH] was synthesized by free radical
polymerization and used for the removal of crystal violet (CV) and congo red (CR) from an aqueous
medium.  ZI-SAH composed of pH-sensitive monomers  poly(3-acrylamidopropyl)
trimethylammoniumchloride (APTMACL) and 2-acrylamido-2-methylpropanesulphonic acid (AAMPSA).
The hydrogel was characterized by SEM and FT-IR spectroscopy, while the visco-elastic behavior was
studied using rheological tests. The hydrogel showed a point of zero charge (PZC) at pH 7.2 and high

was

swelling abilities of 3715% at pH 9 and 3112% at pH 5. The cationic crystal violet (CV) and anionic congo
red (CR) dyes were employed to investigate the removal ability of ZI-SAH using the batch adsorption
method. The materials became more selective towards oppositely charged dyes at pH 5 and 9. The
effects of parameters such as contact time, initial concentration of dyes, pH, ZI-SAH dosage and ionic
strength on the removal performance were investigated. A kinetic study was carried out via Lagergren
pseudo first order and pseudo second order kinetics. The adsorption efficiencies of ZI-SAH were
13.6 mg g~ for CV and 9.07 mg g~* for CR with % removal values of 97 and 89, respectively. The
thermodynamic parameters, namely, AG°, AH® and AS°® were determined, and the negative value of free
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DOI: 10.1039/c9ra02488c energy showed that the process of adsorption was spontaneous. ZI-SAH was recycled and reused in five
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1. Introduction

To overcome the issues caused by water pollution is a prom-
inent research area within the scientific community nowadays.
After the industrial revolution, the industrial and
manufacturing processes increased and the waste water from
these industries directly affected the flora and fauna of water
ecosystems. Many major and minor causes of water pollution
were studied by researchers, and one of the most significant
causes is the release of organic dyes (macromolecules) from
textile industries." In addition, the industries of food process-
ing,> pharmaceuticals,® and leather* are the major contributors
of organic dye effluents, which are directly released into water
and cause water pollution. The toxicity of organic dyes and
heavy metals as pollutants in water has been reported in many
studies.’

The treatment of industrial waste water having organic
pollutants is a challenging process and phenomenon for
researchers. Several traditional approaches such as Fenton
reactions have been used for organic pollutant degradation.®
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consecutive cycles with removal efficiency > 75%.

Naturally, it is not possible to directly degrade and remove the
waste water organic pollutants, especially the organic dyes.”

Although the use of dyes for various industrial purposes
cannot be denied due to their applications. Their harmful
effects, especially on the environment, are more severe as they
are more detrimental in general, in particular to the aquatic
system. Water toxicity can directly impact living organisms,
particularly human beings. It causes many biological and
physiological problems in human beings such as cancer as well
as lung, kidney and skin problems.

Many techniques have been used by various laboratories,
industries and researchers for waste water treatment and these
include physical treatments, chemical processes and biological
activities. These techniques include both classical as well as
modern techniques such as degradation,* ion exchange,*
coagulation,™ oxidation, photo catalysis**** and adsorption.'>*®
Thus, for the present work, the adsorption technique was
selected due to its reasonably greater effectivity and easy
access."

Mostly, in the application of novel absorbents, researchers
take more interest in the synthesis of superabsorbent hydrogels
(SAH) and their applications for protecting water bodies from
toxic dyes and heavy metals.'®" Hydrogels can be used due to
their easy synthesis and handling, low cost® and excellent
absorbance capacity.”* Systematically speaking, hydrogels
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comprise 3-dimensional networks* with excellent elasticity and
better affinity towards water absorption.**** The absorption and
swelling property of a hydrogel is due to the hydrophilic part in
the backbone, which shows greater affinity towards water.>
This hydrophilic (functional group) part consists of hydroxyl
(-OH), amine (-NH,), sulphonic (-SO;H), carboxyl (-COOH),
and amide (-CONH,) groups, which make the gels attractive to
charged organic pollutants and heavy metals via encapsulation
phenomena.”®

In the present work, a novel zwitterionic superabsorbent
hydrogel (ZI-SAH) copolymer was synthesized by the free radical
co-polymerization of pH-sensitive cationic 3-acrylamidopropyl
trimethylammoniumchloride (APTMACI) and anionic 2-
acrylamido-2-methylpropanesulphonic acid (AAMPSA) mono-
mers. The rheological property and swelling ability were studied
in detail. ZI-SAH was applied successfully for the removal of
cationic (crystal violet, CV) and anionic (congo red, CR) dyes in
an aqueous medium. ZI-SAH was found to be more selective and
efficient at pH 5 and 9 for CR and CV, respectively. The mate-
rials were recycled and reused for five consecutive cycles during
the removal process, and the efficiency was still above 75%.

2. Experimental

2.1. Materials

3-Acrylamidopropyltrimethyl ammonium chloride (APTMACI,
Sigma Aldrich, 75 wt%) and 2-acrylamido-2-
methylpropanesulphonic acid (AAMPSA, 98%, Alfa Aesar) were
used as cationic monomer and anionic monomer, respectively.
N,N'-Methylenebisacrylamide (MBA, 99%, Sigma Aldrich) was
used as a cross-linker, and ammonium persulfate (APS 98%,
Sigma Aldrich) was used as an initiator. These chemicals were
directly used for synthesizing hydrogels. Congo red (CR, Sigma
Aldrich) and crystal violet (CV, Sigma Aldrich) as sources of
organic dyes were used as-received. Milli-Q distilled water was
used throughout the experimental work. NaNO; (Merck), NaOH
(BDH), HCI (Sigma), and KCl (BDH) were used as reagents
during the research work.

2.2. Synthesis of zwitterionic superabsorbent hydrogels (ZI-
SAH)

ZI-SAH was synthesized using the free radical copolymerization
process at 60 °C for 30 minutes in an oven. AAMPSA (0.98 g) and
APTMACI (120 pl) were taken and placed in a vial, which con-
tained 5 ml of Milli-Q water and 0.05 g of MBA as a cross-linker.
The mixture was sonicated and vortexed till a homogeneous
mixture was obtained. Finally, the mixture was charged with
APS (0.05 g/2 ml of H,0) and kept in an oven at 60 °C for 30
minutes. The synthesized product was washed with water to
remove the unreacted monomers and other substances, dried in
a vacuum oven at 40 °C and 0.75 kPa and stored for further use.

2.3. Dye removal study using ZI-SAH

The hydrogel was employed to remove CV and CR dyes in batch
absorption experiments. For each test, a small piece (0.01 g) of
ZI-SAH was added to 20 ml solution of CV and CR. The pH was
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adjusted and recorded using a pH meter (pH-2601) and it was
shaken at 150 rpm for 14 h (equilibrium time) in a SH-30 Lab
Shaker. For the maximum removal of CV and CR, the pH values
of the solutions were maintained at 9 and 5 for CV and CR,
respectively. UV/Vis spectroscopy (UV-2100) was used to
monitor the absorbance of the CV and CR dyes in the solution
during their removal process from water by the adsorbent. The
Amax Values of CV and CR were obtained and matched with the
previously reported values of 497 nm for CR and 588 nm for CV.
The capacity for the absorption of the hydrogels for dye equi-
librium concentration (C.) was calculated and analyzed. The
gels were separated from the solution by centrifugation at
5000 rpm for 15 minutes and then filtered via Whatman-42 filter
papers. All the specific conditions of the experiment are given in
the caption of each figure.

3. Results and discussion

3.1. Characterization of ZI-SAH

Poly(3-acrylamidopropyl)-trimethylammoniumchloride-co-2-
acrylamido-2-methylpropanesulphonic acid, i.e., ZI-SAH copol-
ymer gels were prepared using free-radical polymerization in
the presence of BIS as a cross-linker and APS as an initiator. All
the FTIR spectra were recorded on PerkinElmer spectrum
version 10.5.1. The FTIR spectra for ZI-SAH and individual
cationic (C-SAH) and anionic (A-SAH) hydrogels are given in
Fig. 1a. All the associated transmittance peaks corresponding to
the functional groups present in copolymer hydrogels were
observed. The peak at 1645 cm " is due to the carbonyl group
(amide), and the peak at 1555 cm ™" is assigned to the bending
vibration of the -NH group; the sharp peaks at 1145 and
1045 cm ™' are because of the bending and stretching vibrations
of the S=O (sulphonic) group, respectively. The peak at
3296 cm™ ' is attributed to the stretching vibration of amide
(-CONH) groups present in the synthesized hydrogel, and the
peak at 2936 cm ™' corresponds to the asymmetric stretching
vibration of C-H. Similarly, the peaks at 600 cm ™" and 500 cm ™"
are attributed to the -OH group's out-of-plane bending. The
formation of ZI-SAH was confirmed by the disappearance of the
peaks at 2477 and 2714 ¢cm™ ' in the case of pure anionic
hydrogels and the disappearance of the peaks at 3393, 1099, and
959 cm ' in the case of cationic hydrogels. Similarly, the
appearance of new peaks at 3070 cm ™" for the ZI-SAH copol-
ymer indicated the interaction between anionic and cationic
monomers and the formation of the ZI-SAH copolymer. The
surface morphology of ZI-SAH was further elaborated by scan-
ning electron microscopy, as shown in Fig. 1b, which indicates
that the surface is rough and most suitable for the adsorption
process.

3.2. Characterization of ZI-SAH after dye entrapment

The removal capacity of ZI-SAH towards anionic (congo red, CR)
and cationic (crystal violet, CV) dyes was examined in an
aqueous medium. The sorption of dyes was visually confirmed
by changing the solution color, as shown in Fig. 2a. As APTMAC]I
is cationic and AAMPSA is anionic, both undergo structural

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) FTIR spectra of the superabsorbent hydrogel and (b) SEM image of ZI-SAH.

changes with the change in the pH of the medium. The trapping
and removal of the dyes by ZI-SAH are due to the diffusion and
electrostatic forces of attraction. The existence of positive
charge on the polymer network favors the attraction of anionic
dyes, while the negative charge attracts cationic dyes. Above and
below the point of zero charge (PZC), ZI-SAH became more
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selective and removed the oppositely charged dye more effi-
ciently. After absorption, the hydrogels were characterized by
FTIR spectra, as shown in Fig. 2b. The peaks at 1203 and
1391 cm ™' are the characteristic peaks for CV, and the peak at
1441 cm™ " is assigned to the C=C aromatic group; the peak at
1540 cm ™' is probably due to the N=N stretching band of the

(a) Discoloration of CV solution before and after adsorption; (b) FTIR spectra; (c) SEM image of ZI-SAH-CV and (d) SEM image of ZI-SAH-

RSC Adv., 2019, 9, 18565-18577 | 18567
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Fig. 3 Rheological investigation of (a) viscosity as a function of shear rate and (b) moduli as a function of angular frequency for ZI-SAH at 40 °C.

azo group in CR. The change in surface morphology was also
studied by SEM, as shown in Fig. 2(c and d), which indicated
and confirmed the attachment of dyes in aggregates on the
surface of ZI-SAH successfully.

3.3. Rheological study of ZI-SAH

Rheology is the study of the flow behavior of a liquid and soft
solid having a non-Newtonian property under the application of
force. Currently, rheology is a characterizing tool used to verify
the deformation and mechanical properties of polymers,
emulsions, hydrogels, etc. Various characterization techniques
have been used to determine the internal properties such as
physical and chemical cross-linking and visco-elastic behavior
as well as the internal structure using rheology. The rheological
study of hydrogels helps understand the mechanical strength of
a copolymer hydrogel while using rheological parameters such
as the relationship between viscosity (n) and shear rate (1), shear
stress vs. shear rate, and moduli (storage modulus (G'), the
property of elastic materials and loss modulus (G”), and the
property of viscous materials) via frequency and oscillatory
dynamic mechanical analysis.”” Thus, rheological modeling
enables researchers to differentiate between the viscous and
elastic responses® of the materials to be studied.
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Fig. 5 % Removal as a function of pH for ZI-SAH.

3.3.1. Flow curve study. Viscosity measurements as a func-
tion of shear rate were obtained at 35 °C and 40 °C, as shown in
Fig. 3a. A slight increase in viscosity was observed initially,
followed by a decreasing trend with the increase in the shear

0.8 i |
0.6
0.4+ r——

024

L |
\ ZPC(7.2) |

DpH
o
o

-0.2

-0.4 .
[
\I\l

-0.6 - | | I -\

-0.8 T T T
2 4 6 .8 10 12
pHi

(a) % swelling as a function of pH for ZI-SAH; temperature is 25 °C, dose is 0.90 g + 0.05, equilibrium time is 24 h. (b) Illustration of PZC of

Z|-SAH; dose is 0.02 g, pH range is 2-11 using 0.1 N NaNO3 solution, equilibrium time is 24 h, and the volume taken is 20 ml.
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Fig. 6 Q as a function of contact time at different initial concentrations of dyes: (a) CV at pH 9 and (b) CR at pH 5. ZI-SAH dose: 0.07 g,

temperature: 25 °C.

Tablel Absorption capacity and % removal of ZI-SAH towards CV and
CR at different initial concentrations

ge (mgg™) % Removal
Initial concentration - -
(ppm) cv CR cv CR
5 1.25 1.23 98 86
15 3.80 3.43 96 80
30 8.06 6.28 95 73
40 10.75 7.88 94 71
50 13.6 9.07 92 70

rate probably due to the deformation of intermolecular forces in
the gels. These results showed that physical interactions, such
as hydrogen bonds, existing in the polymer network are in the

100
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g
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direction of the shear rate or flow, thus confirming a pseudo-
plastic behavior.”® It was further studied that the decrease in
viscosity was less at a high temperature because the gels
changed from a swollen to a collapsed semi-solid state while
expelling water molecules from the three-dimensional network
of the ZI-SAH system.*”

3.3.2. Frequency sweep study. During frequency sweep, the
loss modulus (G”) and storage modulus (G') as a function of
angular frequency were measured, as shown in Fig. 3b. This
study was carried out to justify the mechanical characteristics,
which were more supportive during the elucidation of the three-
dimensional network of the gel, and this was necessary for
studying the future application of these materials. The results
indicate that the values of G’ were greater than those of G” for

14 1

—o—CR

0 T T T T T T T T T T
0 10 20 30 40 50
Initial conc. (ppm)

Fig.7 (a) % removaland (b) g. (mg g~ as a function of initial concentration of dyes used for absorption process. pH for CR was 5 and that for CV

was 9; equilibrium time was 14 h.
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Fig. 8 % Removal as a function of ZI-SAH dose at 25 °C with 14 h

contact time; for CV: concentration 10 mg L™, pH 9 and for CR:
concentration 15 mg L™, pH 5.

the entire range of angular frequency, illustrating that the
elastic property is superior to the viscous property of the
synthesized ZI-SAH. This phenomenon of the elastic property
elaborated the concept of solid-like materials of the synthetic
product, which is better for mechanical stability and applicable
for the adsorption process. These results confirm that ZI-SAH
can be used for the removal of dyes from solutions.

3.4. Swelling property and point of zero charge (PZC)
measurement

The swelling property is one of the characteristics of gel mate-
rials. A dried gel swells due to the presence of ionic groups as
well as due to the hydrophilicity and diffusion of water
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Fig. 10 Langmuir adsorption isotherm for dye removal in an aqueous
medium using ZI-SAH.

molecules inside the network of the gel, which change it into
a swollen state. Thus, the swelling of a gel in water justifies the
concept of swelling ratio, which is actually the absorption of
water by a dry gel. The swelling property of ZI-SAH was inves-
tigated at pH 3, 5, 7, 9 and 11. Initially, it was found that at any
PH, the gel swelled at a considerable rate and then, the process
slowed down; however, ZI-SAH was kept for 24 h until equilib-
rium was established between water and hydrogels. The
maximum amount of swelling was found at pH 9 (3715%) as
well as at pH 5 (3112%) compared to the dry weight, as shown in
Fig. 4a. This was due to the presence of ionizing groups
(-N*(CHj3); and -SO3H), which caused electrostatic repulsions
in the 3D network of ZI-SAH and enhanced the hydrophilic
nature of polymer chains. Thus, the water molecules easily
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Fig. 9 Q. as a function of different salt concentrations. ZI-SAH dose 0.02 g; solution concentration of CV 20 mg L™ and that of CR 50 mg L;

temperature 25 °C.
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Table 2 Various parameters obtained with different applied adsorption isotherms

Langmuir Freundlich Temkin
Dyes K (Lg ') ¢m (mgg "), theoretical gn(mgg '), exp. R* Ry K@Lg™H N 1n R A(Lg™) B(mol") R
Ccv 0.143 12.37 13.6 0.9865 0.122 1.59 1.60 0.622 0.9930 34.34 157.10 0.8355
CR 0.016 16.12 9.07 0.9839 0.218 1.147 1.32 0.753 0.9837  5.002 1106.05 0.9493
107 . extended the gel network to become larger in size. The high %
0.8.] ) swelling at pH 9 compared to that at pH 5 is because of the
06 y'?a'Zf(i );;(;.70598 compositional difference (85% : 10%, % mole composition)
D0.4.] between the anionic and cationic monomers in ZI-SAH. The
- 0.2] compositional difference was calculated through the number of
0.0.] moles of the individual monomer in the total composition of
U U R ST, SR S the ZI-SAH copolymer before the synthesis of ZI-SAH. The
02 00 02 04 06 08 10 12 14 . .
1.0 oy percent (%) swelling was calculated by applying eqn (1):
08+ y=0.622x+0.2023 . . W= Wy
g’ 2.22 R?=0.9930 % Swelling = T x100 1)
0.2] Here, W and Wy are the swollen and dry weights of the ZI-SAH
0.0] samples, respectively.
LB S 1 The swelling of ZI-SAH depends on the pH of the medium;

— :
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
log C,

Fig. 11 Freundlich adsorption isotherm for dye removal in an aqueous
medium using ZI-SAH.
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Fig. 12 Temkin adsorption isotherm for dye removal in an aqueous
medium using ZI-SAH.

penetrated the polymer gel network to swell it. Thus, at pH 5,
the cationic part became more active and exhibited a greater
number of positively charged repulsive sites. Moreover, at pH 9,
the anionic sites became more negatively charged, which

This journal is © The Royal Society of Chemistry 2019

therefore, the swelling was studied at different pH values in
correlation with PZC (Fig. 4b). It was found that ZI-SAH swelled
at all pH values due to the diffusion and synergistic effects of
the cationic and anionic segments (electrostatic interactions).
However, the swelling at PZC was only due to the diffusion
process of water from the surrounding to the polymer network,
while there was no contribution of the electrostatic repulsion of
the -N"(CH3); and -SO;H groups for swelling as the network
exhibited net zero charge.

Point of zero charge (PZC) is the pH at which the surface of
the adsorbent or material becomes neutral. PZC is very useful
and helpful to know the behavior of adsorbents during the
adsorption study. PZC of the ZI-SAH copolymer was examined
and determined by adding 0.02 g of dried ZI-SAH into a number
of sample bottles having 20 ml of 0.01 M NaNO; solution.
Initially, the pH of each bottle was adjusted to 2, 3, 4, 5, 6, 7, 8, 9,
10 and 11 using 0.1 M NaOH and HNOj solutions and was noted
by a pH meter. The bottles were kept in a shaker and shaken for
up to 4 h at 125 rpm at 25 °C under a controlled temperature.
After shaking, the bottles were placed for 2 h and the final pH of
each bottle was noted carefully. The value obtained for PZC of
ZI-SAH was determined from eqn (2) and was found to be 7.2, as
shown in Fig. 4b.

ApH = pH; — pHy (2)

Here, pH; and pHg are the initial and final pH values of the
solution, respectively.

3.5. Effect of pH on % removal of dyes

The removal ability of ZI-SAH was evaluated for both CR and CV
in the entire pH range (3-11) under the same condition. The
effect is illustrated in Fig. 5. From the data calculation and

RSC Adv., 2019, 9, 18565-18577 | 18571
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Fig. 13 Lagergren pseudo first-order kinetics of the adsorption of dyes (CV and CR) by ZI-SAH from aqueous media with different initial

concentrations.

observation, it was found that the anionic dye (CR) was removed
at pH 5 (acidic medium), while the cationic dye (CV) was
removed at pH 9 although the anionic part of the ZI-SAH system
worked at all pH values.* From the calculated data, it was found
that the adsorption capacity of ZI-SAH increased from 50 mg g™
to 57.5 mg g ' (% removal: 86.3) and then decreased to 54 mg
g™ ' at pH 6. CV was removed at pH 9 with a maximum
adsorption capacity of 9.49 mg g ' (% removal: 97). The
removal process was due to the diffusion and electrostatic
attractions between the polymer network and dye molecules. As
the ZI-SAH system possessed both charges at all pH values, high
positive charge density was observed at pH < pH PZC and high
negative charge density was observed at pH > pH PZC. There-
fore, the removal capability also varied and depended on the
removal species. The removal efficiency of CR was high at low
PH values because CR is a negatively charged macromolecule
and the electrostatic interaction between CR and ZI-SAH (with
high positive charge) was dominant. Similarly, ZI-SAH (with
high negative charge) showed enhanced removal capability
towards CV at high pH (optimum pH of 9) of the medium due to
the positive charge on its structure. This property is very

important and makes ZI-SAH more selective below and above
the PZC value in any direction of the pH scale. The percent
removal was calculated using eqn (3):

(Co — CE)

% Removal = C

x 100 (3)
Here, C, is the initial concentration of dyes and C. is the
concentration of dyes at equilibrium.

3.6. Contact time effect

The effect of contact time was analyzed. We treated ZI-SAH
(dose, 0.07 g) for the removal of CV (at pH 9) and CR (at pH 5)
by taking different initial concentrations (5 ppm, 15 ppm,
30 ppm, 40 ppm and 50 ppm) of dyes at 25 °C in a temperature
control shaker machine, while the contact time range was from
0.33 h (the first reading was taken at 20 minutes) to 14 h
(equilibrium time). Initially, the rate of adsorption of both dyes
was greater due to the availability of a large number of
adsorption active sites in the hydrogel network. Gradually, the
adsorption rate decreased due to the reduction in the number of
active sites for adsorption till equilibrium was established. The

Table 3 Kinetic parameters measured for dye removal by ZI-SAH in an aqueous medium

Pseudo first order kinetics

Pseudo second order kinetics

Initial conc. mg L™" ge (exp) e (cal) Ky (min™") R qe (exp) ge (cal) Kio (min™") R
Ccv 5 1.25 0.988 0.4488 0.975 1.25 1.24 1.052 0.995
15 3.811 1.958 0.432 0.908 3.811 3.831 0.663 0.995
30 8.06 2.511 0.409 0.981 8.06 8.16 0.555 0.998
40 10.75 3.353 0.363 0.981 10.75 11.18 0.402 0.999
50 13.6 6.82 0.428 0.989 13.6 14.06 0.167 0.996
CR 5 1.23 0.7933 0.46 0.87 1.23 1.22 0.67 0.995
15 3.43 2.216 0.51 0.96 3.43 3.42 0.52 0.995
30 6.28 1.233 0.18 0.75 6.28 7.07 1.24 0.998
40 7.88 1.088 0.38 0.94 7.88 7.90 3.22 0.999
50 9.07 1.54 0.33 0.96 9.07 9.12 1.35 0.996
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Fig. 14 Pseudo second order kinetics of the adsorption of dyes by ZI-SAH from an aqueous medium at different initial concentrations.
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Fig.15 Effects of temperature on absorption of CV and CR by ZI-SAH;
dose 0.03 g, pH 9 for CV and pH 5 for CR at temperatures of 303 K, 308

K and 313 K.

data are plotted for Q, (the amount in mg g~ adsorbed at time t)
vs. t in Fig. 6, which indicates that the absorption rate is greater

initially and gradually decreases with time.**

However, the

equilibrium for CV was established earlier (Fig. 6a) compared to
that for CR (Fig. 6b) although the equilibrium time for both was
the same. The early establishment of equilibrium for CV as

100

% Removal
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o
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o
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Fig. 16 Recycling and regeneration of CV and CR.

3.7. Batch study of CV and CR

Table 4 Various thermodynamic parameters for the adsorption of CV and CR at different temperatures

compared to that for CR was because of the availability of a large
number of active sites for CV, which was based on the compo-
sition of the anionic monomers.

The absorption of CV and CR by ZI-SAH as an adsorbent was
studied via batch experiments, maintaining the optimized pH

AG® (k] mol ™)

Dye Initial conc. (mg L") AS° (J mol 'K AH° (k] mol ) R 303 K 308 K 313K
cv 10 0.23 63.93 0.983 —3.639 —4.754 —5.869
CR 15 0.22 66.09 0.9998 —2.77 ~1.67 —0.54

This journal is © The Royal Society of Chemistry 2019
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for each pollutant for 14 h. The maximum amount of dyes
adsorbed (g. mg g~ ') was calculated using eqn (4):

o VG- )

m

Here, g. (mg g ') is the maximum amount of absorbed dyes
in mg ¢! on the ZI-SAH system, C, is the initial equilibrium
concentration in mg L™" of the dyes in liquid solution, C. is the
equilibrium concentration in mg L™ of the dyes in liquid
solution, m (g) is the amount of ZI-SAH used as an adsorbent
and V is the volume (in ml) of solution. The amounts of dyes
removed with different initial concentrations are calculated and
tabulated in Table 1. The data showed that the maximum
adsorbed amount g. (mg g ) of CV removed by the ZI-SAH
system was greater than that of CR; however, the g. (mg g )
values of both dyes increased with an increase in the initial
concentration from 1.25 mg g~ ' to 13.6 mg g~ ' for CV and
1.23 mg g ' t0 9.07 mg g ' for CR, as shown in Fig. 7b. Second,
the % removal decreased with an increase in the initial
concentration for both dyes, as shown in Fig. 7a. This was due to
the availability of space in the polymer network. At low
concentrations, the available space was large, while the same
space became less for reactants used in high concentrations.
Therefore, we reduced the % removal capability of ZI-SAH, and
the same results were reported previously by our group.® A
higher % removal of CV at a higher initial concentration as
compared to that for CR was due to the presence of high
negative charge density on ZI-SAH as the amount of AAMPSA
was higher in the ZI-SAH copolymer as compared to that of
APTMACL

3.8. Effect of ZI-SAH dose

The effect of the change in dosage for the removal of CV and CR
was studied by considering different initial amounts of ZI-SAH
ranging from 0.01 to 0.05 g at pH 9 for CV and pH 5 for CR at
25 °C for 14 h (equilibrium time). It was observed that the %
removal of CV increased from 87 to 97.4% and for CR, it
increased from 64 to 89% with an increase in the initial dose
ranging from 0.01 to 0.05 g, as shown in Fig. 8. This clearly
indicated that with the increase in the amount of ZI-SAH, the
availability of absorption space for dyes increased (in terms of
functional groups), which ultimately favored more dye mole-
cules to be entrapped inside the polymer network and increased
their removal from the aqueous medium.

3.9. Effect of ionic strength

The effect of ionic strength was determined to investigate the
absorption capability of ZI-SAH towards CV and CR using
different concentrations of KCl and NaNO; (0.1 M, 0.2 M, 0.3 M,
0.4 M and 0.5 M). The results obtained are plotted in Fig. 9,
which shows that the concentration of CV decreases with the
increase in the concentrations of KCl and NaNO;. This was due
to the increase in the number of K ions and Na' ions in the
solution, which blocked the active sites more in competition
with the dye molecules, thus decreasing the CV absorption.*
However, it is clear from Fig. 9 (right) that the effect of NaNO;
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compared to that of KCl on CV is more, which indicates that Na*
ions are strong competitors for CV molecules as compared to K*
ions. An opposite trend was observed for CR and its absorption
capacity towards ZI-SAH increased with the incremental addi-
tion of KCl and NaNO; (Fig. 9 (right)). The results show that the
effect of NaNO; remains greater in comparison to that of KCl,
which may be due to the common ion effect. When the pH of
the solution is 9, a greater number of Na* ions can be obtained
from NaOH in the solution during pH adjustment. Further-
more, this phenomenon may be due to the presence of similar
ions or co-ions in the solution, which can enhance the ionic
strength of the entire medium due to the strong intermolecular
forces, facilitating the entrapment of dye molecules in the ZI-
SAH network.**?*

3.10. Absorption isotherm models

To study the mechanism of dye removal by ZI-SAH, different
isotherms, i.e., Langmuir, Freundlich and Temkin were used.
The study was performed at different temperatures, but the
optimum temperature was selected where maximum absorp-
tion occurred.

3.10.1. Langmuir isotherm. The Langmuir model describes
the mechanism of the adsorption of substances on the surface
in a uniform manner, as presented in eqn (5). It is basically set
on the concept of the homogenous monolayer formation of dyes
on the surface of polymer gels.

C. 1 C.

= + = 5
qe qul dm ( )

Here, C. (mg L") is the equilibrium concentration of dyes in
solution, ¢. (mg g~ ') is the maximum amount absorbed, K; (L
g ') represents the free energy known as the Langmuir constant
and ¢, (mg g~ ") is the maximum amount required for mono-
layer adsorption. The data were plotted as C./g. vs. C., as shown
in Fig. 10; from the slope and intercept, K; and ¢,, were calcu-
lated. The K; and g, values for both CV and CR showed
abnormality as the theoretical and experimental g. (mg g~ ')
values were not in a close correlation with the regression factor
of 0.98, as shown in Table 2. Thus, the adsorption is not
chemical for both CV and CR. The feasibility of the adsorption
process was further elaborated by measuring the equilibrium
parameter or separation factor (R;) using eqn (6) and the values
are shown in Table 2.

1

RA=—— 6
YT 1+KG, (6)

Here, C, is an initial concentration of dyes and K; is the Lang-
muir constant. The R;, values for CR and CV in the present study
were 0.218 and 0.122, respectively, which indicated that the
process of adsorption was favorable; however, the experimental
and theoretical ¢, (mg g~ ") values were not in a close relation to
CV and CR but were not very far away from each other.
Furthermore, the regression value (0.98) and the value of AH®
(>40 kJ mol™ ') for both CV and CR dyes in our case were
63.93 k] mol " and 66.09 k] mol ', respectively, which sug-
gested the possibility of the Langmuir isotherms. Thus, the

This journal is © The Royal Society of Chemistry 2019
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adsorption may be monolayer with an establishment of chem-
ical bonds between the adsorbent and the adsorbate.***

3.10.2. Freundlich isotherm. The Freundlich model for
adsorption mechanism is not restricted to monolayer homo-
geneity; thus, the Freundlich isotherm is an interpretation of
the adsorption mechanism via the multilayer formation of
heterogeneous surfaces.* The logarithmic form of the Freund-
lich isotherm is represented in eqn (7):

1
log g.=log K; + Zlog C. (7)

Here, g. (mg g~ ') is the maximum amount of dye absorbed, C.
(mg L") is the equilibrium concentration of dye in solution, K¢
(mg g~ ") is the adsorption capacity (known as the Freundlich
adsorption constant), and 7 is the Freundlich parameter, which
is used to indicate the adsorption intensity. The graph is plotted
for log g. vs. log C. (Fig. 11); the parameters K¢ and n were
determined from intercept and slope, respectively. The higher
regression factor (R*) values, i.e., 0.9930 and 0.9837 for CV and
CR, respectively, compared with that for the Langmuir isotherm
(Table 2) confirmed that the absorption of dyes by ZI-SAH
follows both Langmuir and Freundlich isotherm models.
However, the other parameter of the Freundlich model, namely,
n further highlighted the interface concentration within the
solution, which can be justified by the n values. In this study,
the values of n obtained for CV and CR were 1.60 and 1.32,
respectively, which confirmed that the absorption of dyes by ZI-
SAH is efficient. As the value of n > 1, therefore the sorption
process for CV and CR is corporative in this study.*

3.10.3. Temkin isotherm. The Temkin isotherm model, as
mentioned in eqn (8), gives information about the interaction of
the adsorbate and absorbent. This model assumes that the heat
of adsorption of all molecules in the layer can decrease linearly
rather than logarithmically with coverage.

qe = ElnAT—l—Eln C. (8)
by br

Here, by is the Temkin constant related to the heat of adsorp-
tion, T is the absolute temperature, R is the universal gas
constant (8.314 ] K~ ' mol ') and Ay is the isotherm equilibrium
binding constant. Another constant B = RT/by can also be used,
as shown in eqn (8). The data were plotted as g. and In C,, as
shown in Fig. 12. The by and At values were calculated from the
slope and the intercept of the linear trend. The lower regression
factor (R®) values of 0.83 and 0.94 for CV and CR, respectively,
showed that the absorption of dyes by ZI-SAH does not follow
the Temkin model (Table 2). Similarly, in the current study, the
values of At (34.34 and 5.002 L g~ for CV and CR, respectively)
and B (157.10 and 1106.50 ] mol " for CV and CR, respectively)
indicated a physical absorption process.

3.11. Absorption kinetic study

Two adsorption kinetic models, i.e., Lagergren pseudo first
order and pseudo second order models were applied to inves-
tigate the kinetics and kinetic statistical parameters. The linear
form of Lagergren pseudo first order kinetics is given in eqn (9):

This journal is © The Royal Society of Chemistry 2019
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In(g. — q) = In Q. — Kp1? 9)

Here, g.(mg g~ ') is the maximum amount adsorbed at equi-
librium, g, (mg g~ ) is the amount adsorbed at various times (¢)
before the establishment of equilibrium, and ki, (min~") is the
constant called the rate constant of the pseudo first order
kinetic equation.

The plot of In(g. — ¢¢) vs. ¢ is given in Fig. 13, where the
kinetic parameters Q. and Kp; can be determined from the
intercept and the slope of the plot, respectively, as tabulated in
Table 3. The abnormal trend in Ky ; (min~") and low R* values
indicated that the adsorption of CV and CR by ZI-SAH from an
aqueous medium deviates from the pseudo first order kinetics.
Furthermore, the g. (mg g ') (calculated and experimental
shown in Table 3) values for different initial concentrations did
not have a close correlation with each other, which showed that
the removal of CV and CR is not via pseudo first order kinetics.

Thus, the pseudo second order kinetic model was applied,
the integrated form of which is given in eqn (10):

t 1 t

— = + = 10
¢ Kige g (10)

Here, Ki, (min~") is the rate constant of second order kinetics.
In Fig. 14, t/q. is plotted against ¢; from the slope of the linear
trend, the constant parameters can be measured, as given in
Table 3. The regression factor (R*) values for various concen-
trations of both CV and CR were greater than 0.98 or near to 1,
as shown in Table 3. This indicated that the absorption of dyes
occurs through the mechanism of pseudo second order
kinetics, which was further confirmed by the closeness of the
calculated and experimental values of g. (mg g™ ).

3.12. Thermodynamic investigation

Thermodynamic studies of the effects of various parameters on
the absorption of CV and CR by ZI-SAH were performed by
measuring E, using the Arrhenius equation (eqn (11)), while
AH°, AS° and AG° were calculated from eqn (12), (13) and (14),
respectively:

E,
InK,=InA4 - RT (11)
AG® = AH° — TAS® (12)
AG° = —RTh K, (13)
AS°  AH°
In K,= =~ RT (14)

Here, T is temperature in Kelvin, R is the universal gas constant
(8.314 k] mol ' K™') and K, is the thermodynamic equilibrium
constant; AS° (J mol™" K™'), AH° (k] mol™") and AG° are the
changes in entropy, enthalpy and Gibbs free energy, respec-
tively. The data were plotted as In K, vs. 1/T, while the values of
AS° and AH® were calculated from the intercept and slope of the
plot, as shown in Fig. 15 and mentioned in Table 4. The ob-
tained values of entropy and enthalpy were used in eqn (12) to
obtain the value of Gibbs free energy to check the spontaneity of
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the process. The value of K, was determined from the ratio of
Caas (solid) (concentration of adsorption on solid) to C. (liquid)
(concentration in liquid at equilibrium).

The positive value of enthalpy showed that the absorption
of CV and CR by ZI-SAH was endothermic in nature. The
absorption was found to increase in value on increasing the
temperature because the enthalpy value was positive, which
showed the endothermic nature of the process. Thus, the
increase in temperature favored the adsorption process and
showed the affinity of CV and CR towards ZI-SAH. Similarly,
the positive value of AS° showed the increase in the disorder
of dye molecules on the ZI-SAH system (randomness), while
the negative value of free energy confirmed the spontaneity of
the process.**

The spontaneity was studied at three different temperatures
and the data were tabulated, as shown in Table 4. It was found
that AG° showed a negative value at all temperatures (303, 308
and 313 K), which confirmed the spontaneity and thermody-
namic feasibility of removal at different temperatures.
Furthermore, it was observed that the AG° value shifted from
—3.639 to —5.869 kJ mol " in the case of CV, which indicated
that the CV removal by the increase in temperature (303 to 313
K) is more spontaneous. However, the AG®° value for CR changed
from —2.77 to —0.5 k] mol ', which showed that the adsorption
of CR with the increase in temperature is less spontaneous.

3.13. Regeneration and recycling of ZI-SAH

ZI-SAH with entrapped dyes from the solution was regenerated
by using 0.1 M NaOH solution. The entrapped dyes within ZI-
SAH were kept in 20 ml of 0.1 M NaOH solution for 1 h. It
was found that the color (due to the presence of dye molecules)
of ZI-SAH changed to colorless. The solution was also tested
with 10 ml acetone via the solvent extraction method, which
washed away the dye molecules. For the regeneration and
recycling of ZI-SAH, the second method was preferred. It was
found that the regeneration of ZI-SAH was better and appro-
priate by acetone compared to that by NaOH because the
addition of NaOH degraded the dyes within the hydrogels, while
acetone extracted the dyes from the hydrogel network. Basically,
NaOH reduced the chromophore of dyes and denatured it, as
shown in the chemical reaction in Fig. S1.7 The color of crystal
violet is because of the presence of the conjugated system of the
three rings and C=C bonds. However, when it reacts with the
OH group, the C=C bond is destroyed, due to which the
conjugation becomes decentralized from C=C; hence, the
chromophore and auxochrome become deactivated and thus,
the substance (dye) becomes colorless. Congo red showed
a similar behavior toward NaOH solution.*” The regenerated
gels were further reused for the removal of dyes in 5 consecutive
cycles and the % removal was found to be greater than 75%,
which showed the good efficiency of ZI-SAH as compared to that
of classical adsorbents. The classical adsorbents such as saw
dust, peels of various fruits and vegetables, and nut shells
require modification and functionalization before use and their
recycling involves multiple steps, which overall limits the
impact on these species (Fig. 16).
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4. Conclusion

The zwitterionic superabsorbent hydrogel (ZI-SAH) system was
synthesized through free radical polymerization at 60 °C for 30
minutes in an oven. The rheological study revealed that the
behavior of the gels was non-Newtonian, pseudo-plastic and
semi-solid in nature, which was a good indication for the use
the gel in adsorption applications. ZI-SAH was successfully
applied for the removal of crystal violet and congo red. The
effects of various parameters such as contact time, pH and ionic
strength were examined. The Langmuir, Freundlich and Tem-
kin isotherm models were studied to elucidate the mechanism
of the adsorption process of the dyes on ZI-SAH. It was found
that both CV and CR followed the Freundlich adsorption model.
The kinetic investigation showed that the removal of dyes fol-
lowed pseudo second order kinetics. The stability of the ZI-SAH
system was checked through regeneration and reuse for five
consecutive cycles. The results indicated that ZI-SAH could be
used after multiple cycles with >75% removal efficiency. Easy
synthesis (single-step one-pot synthesis), regeneration, and
quick recycling with better efficiency in multiple cycles make ZI-
SAH cost-effective and more suitable for dye removal from an
aqueous medium compared to other classical adsorbents.
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