Chapter 3

Starch-based double cross-linked amphoteric hydrogel: Synthesis,

characterization and its dye adsorption study
Highlights

The current chapter describes the formation of a starch-based double cross-linked
hydrogel containing both positive and negative charges. The amphoteric hydrogel was
synthesized for the exclusion of anionic and cationic dyes from the waste aqueous
solution. The formation of positive charge on the starch backbone occurs via the reaction
of triethylamine with the open-up epoxy ring of epichlorohydrin, while the carboxylate
ion of poly(acrylic acid) gives the negative charge in it. The amphoteric hydrogel was
characterized by different spectroscopic and analytical techniques. Due to the formation
of a double cross-linked network and the presence of quaternized alkyl chains, the
hydrogel exhibits much lower swelling ability. As an adsorbent, the hydrogel was able to
remove both cationic dye (methylene blue) and anionic dye (Congo red) with adsorption
maxima of 133.65 mg/g and 64.73 mg/g, respectively. This study showed that the
synthesized hydrogel offers remarkable performance as the toxic dye adsorbent for

effluent treatment of wastewater.

Parts of this chapter are published as
[1] Sarmah, D. and Karak, N. Double network hydrophobic starch based amphoteric
hydrogel as an effective adsorbent for both cationic and anionic dyes. Carbohydrate

Polymers, 242:116320, 2020.
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3.1. Introduction

The previous chapter (Chapter 2) described the preparation of a starch-acrylic acid (AA)
hydrogel for agricultural applications. The hydrogel showed immense potential as a
property enhancer for soil and has a controlled release ability of encapsulated materials.
However, besides agricultural uses, hydrogels have huge applicability in wastewater
treatment as discussed in Chapter 1. The adsorption ability of different charged or
neutral species of the hydrogel matrix made them suitable for the removal of various
pollutants from wastewater. Among these, dyes are one of the most toxic color-imparting
agents used in various industries including paper, food, cosmetics, and more
predominantly in textile industries [1-3]. The azo and aromatic groups of the dyes are
responsible for the enormously growing environmental pollution due to their high
toxicity and non-degradability nature. In addition to these, they are also carcinogenic as
well as mutagenic due to the presence of carcinogenic derivatives such as naphthalene,
benzidines, etc. [4-6]. Thus, the removal of these contaminates from wastewater has
received utmost importance and hydrogels have been widely utilized for these purposes.
Although water holding capacity is the main criterion of a hydrogel, but in some
applications such as the removal of effluents from wastewater it will be more effective if
the adsorbent can selectively adsorb the contaminants, not huge amounts of water. In
addition to this, most of the literature reported hydrogels are selective adsorbents for
either cationic or anionic dyes, only [7,8]. However, a few reports are available for the
adsorption of both types of dyes, but adsorption efficiency was not satisfactory [9].

Hence, in the current work, we synthesized a starch-based hydrogel with amphoteric
properties i.e., having both positive and negative charges on the network so that it can be
able to adsorb both anionic and cationic dyes efficiently. Literature advocates the
preparation of an amphoteric hydrogel for dye adsorption. For example, Shukla et al.
synthesized an amphoteric hydrogel for the adsorption of both anionic dye (orange G)
and cationic dye (methylene blue, MB). But the use of only synthetic monomers
restricted its application [10]. Therefore, a new synthetic strategy was developed for the
preparation of a bio-based amphoteric hydrogel in which starch was cross-linked with
epichlorohydrin (ECH) with the subsequent addition of triethylamine (TEA) groups for
the formation of positive charge. To incorporate the positive charge, TEA group reacts
with the epoxy ring of ECH and the carboxylate ion of the N, N-methylene bis-
acrylamide (MBA) cross-linked AA moiety provides the negative charge in it. The
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incorporation of ECH as a cross-linker leads to high cross-linking density which reduces
the hydrophilicity of the hydrogel, resulting in lower swelling ability. The hydrogel was
utilized to remove the cationic dye MB and anionic dye Congo red (CR) from the waste
aqueous solution. To evaluate the efficiency of the hydrogel different experimental
conditions such as temperature, pH, dye concentration, ionic strength, etc. are altered to
obtain the best result. The performance studies established that the synthesized
amphoteric hydrogel is a proficient and sustainable dye adsorbent for wastewater

purification.
3.2. Experimental
3.2.1. Materials

Various chemicals including tapioca starch, AA, ammonium per sulfate (APS), MBA,
and sodium hydroxide (NaOH) were used as the same grade and specifications as
discussed in Chapter 2.

ECH is a transparent liquid with molecular weight 92.52 g/mol and 1.18 g/cm” density. It
was procured from SRL, India, and was used without further modification.

TEA is a colorless liquid with molecular weight 101.19 g/mol and density 0.726 g/cm’
was purchased from Avantor, India.

CR is an azo dye containing a negatively charged group. It is a water-soluble compound
with molecular weight 696.66 g/mol. It was brought from SDFCL, India.

MB is a thiazine dye with molecular weight 319.85 g/mol. It is a positive charge-

containing dye and was purchased from LOBA Chemie, India.
3.2.2. Methods
3.2.2.1. Synthesis of the amphoteric hydrogel

The synthesis of the double cross-linked amphoteric hydrogel was done by a facile one-
pot polymerization technique via a two-step reaction. The first step was performed in
accordance with the method described previously by Stanciu et al. with minor
modifications [11]. Briefly, 1 g of starch was stirred with 10 mL of water in a round
bottom flask with a gradual increment of the temperature up to 60 °C. The mixture was
stirred for 2 h for complete dispersion of starch as described in Chapter 2. Then an
equimolar mixture of ECH and TEA was mixed under constant stirring for 30 min. After

that, 3N aqueous NaOH solution was mixed dropwise and stirred for another 5 h at

L]
Page | 3-3



Chapter 3
|

60—70 °C. Viscosity was gradually increased after the formation of the ECH cross-linked
quarternized starch. Subsequently, in the second step, the reaction chamber was
deoxygenated by purging nitrogen gas and the temperature was gradually decreased so
that the temperature of the reaction mixture became 50 °C. At that temperature, 0.683 g
of AA diluted with water was mixed and stirred for another 15 min. Finally, aqueous
solutions of cross-linker MBA (0.04 g) and initiator APS (0.01 g) were added with a
gradual increase in temperature up to 70 °C, and polymerization was allowed to proceed.
After stirring for 1 h the gel formation was completed, and the carboxylic group of the
AA was neutralized with 8N aqueous NaOH solution. The gel was cut into pieces and
used for swelling and dye adsorption study. Hydrogels with different cationic and
anionic groups were prepared by varying ECH to TEA ratio and keeping the amount of
AA constant as shown in Table 3.1. The three hydrogels with different compositions of
ECH and TEA content were encoded as SETA1, SETA2, and SETA3. For comparison
purposes, a hydrogel with only the first cross-linking network was prepared and encoded

as SET.

Table 3.1. Different amounts of reactants used in the synthesis of the amphoteric

hydrogels
Sample Starch ECH TEA MBA APS AA
code content content content content content content
(® (® (® (® ) (®
SETAI 1 0.240 0.263 0.010 0.04 0.683
SETA2 1 0.319 0.349 0.010 0.04 0.683
SETA3 1 0.398 0.433 0.010 0.04 0.683
SET 1 0.398 0.433 - - -

3.2.3. Structural analysis

FTIR spectra and XPS analysis were recorded by using the same instruments under the

same conditions as mentioned in Chapter 2 (Section 2.2.3).
3.2.4. Swelling test

The swelling study of the synthesized SETAs was done using both the direct reaction
product and dry hydrogel powder. A calculated amount of hydrogel samples was
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immersed in distilled water. To determine the swelling ability similar method and

mathematical equation were used as described in Chapter 2.
3.2.5. Dye adsorption study

To examine the dye adsorption ability, the calculated amount of the hydrogel was
immersed in 100 mL of different dye solutions. When adsorption was proceeding, the
samples were filtered, and 2 mL of dye solutions were extracted at a constant interval of
time. The decreased dye concentration was determined by measuring absorbance at Amax
of each dye using a UV-vis spectrophotometer. The adsorption capacity at the

equilibrium state was evaluated using the following equation.

Adsorption capacity, qe = {(Co—Ce)/M} X V Eq. 3.1

where ge (mg. g ') is the equilibrium dye adsorption capacity, Co is the initial, Ce is the
final dye concentration (mg. mL ") in the solution, M (mg) is the weight of the hydrogel,
and V (mL) is the volume of dye solution used [12].

Moreover, various conditions such as temperature, pH of the dye solution, the
concentration of dye, ionic strength, etc. were varied and adsorption capacity was
determined, as explained above. Moreover, the adsorption performance was also
investigated in the MB/CR mixed system at different pH values (3, 6, 8, and 10).
Although the Anax of CR slightly shifted from 493 nm to 475 nm in the mixed system,
but the decreased dye concentration of each dye in the mixed system was also measured

at Amax of individual dye.

3.2.5.1. Field emission scanning electron microscopy (FESEM) study after dye

adsorption

FESEM was used to take the surface images of the SETA3 before and after dye
adsorption by a Carl Zeiss Sigma VP equipment (accelerating voltage of 20 kV).

3.3. Results and discussion
3.3.1. Synthesis of the hydrogel

The synthetic route for the preparation of the double cross-linked amphoteric hydrogel is
given in Scheme 3.1. The first step is the cross-linking of the primary hydroxyl group of

starch via ring-opening polymerization of the epoxy group of ECH. In this step, some of
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the epoxy rings quarternized through a reaction with TEA. While in the second step, AA
is grafted with the remaining primary hydroxyl group of starch via free radical
polymerization. In this step, MBA acts as a cross-linker to form the second network.
ECH network is a tough and ductile network that helps in enhancing cross-link density of
the hydrogel. The increase in cross-linking density decreases the swelling ability and this
could be varied by changing the amount of ECH. In the last step, the introduction of AA
generates hydrophilicity. The cationic group produced through quarterization of the
epoxy group and the anionic group present in the AA moiety leads to the formation of an
amphoteric hydrogel which helps in the adsorption of both anionic and cationic dyes

effectively.
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Scheme 3.1. Synthetic route of the double cross-linked amphoteric hydrogel.
3.3.2. Structural analysis
3.3.2.1. FTIR analysis

The structural conformation of the double cross-linked amphoteric hydrogel was
performed by using FTIR spectroscopy. The FTIR spectra of bare starch, ECH, SET, and
the hydrogels are shown in (Figure 3.1.a and b).
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Figure 3.1. FTIR spectra of (a) ECH, starch, and SET (b) SETA1, SETA 2, and SETA3.

From the spectra, the intimate interactions between starch, ECH, TEA, and AA could be
easily understood. The disappearance of characteristic peaks of ECH such as epoxy
(853.88 cm ') and C-Cl (758.83 cm ') in the FTIR spectra of SET and the synthesized
hydrogel indicates the opening of the epoxy ring [13]. Further, it also supports the cross-
linking of ECH through the ether linkage with starch moiety. Moreover, the diminishing
of the strength of the absorption bands of SET and the three SETAs at 3430.29 cm '
indicates the decrease of hydrogen bonds and hydroxyl groups of starch; which confirms
the cross-linking between starch and ECH [14,15]. In addition to this, the spectra also
showed the characteristic bands for the successful grafting of AA on the starch
backbone. The sharp band present at 2800-2922.60 cm ' is attributed to the C-H
symmetric and asymmetric stretching frequencies present in starch, AA, and ECH
moieties. The band at 1726.92 cm ' corresponds to the carboxylic group of AA as
mentioned in Chapter 2. In addition, the bands at 1625.24 cm ' represent —NH
stretching frequency of the 2nd cross-linker, MBA. Moreover, the presence of a sharp
band at 13991455 cm’! represents the stretching vibration of —H,C—O—CH,—, which
indicates the formation of ether linkage between AA and the primary hydroxyl group of
the starch moiety [16]. This also supports the cross-linking between primary alcoholic
groups of starch through ECH. Further, the band at 1162.98 cm ' represents the —CN
stretching frequency of TEA and MBA, which supports the quaternization of starch [17]
and the presence of the cross-linker. Moreover, the characteristics band at 1021.63 cm™

represents the -C—O—C— linkage of starch.
3.3.2.2. XPS analysis
The chemical composition of SETA3 was investigated by XPS studies (Figure 3.2.a).
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The analysis showed that the hydrogel contains C, N, O, Na, and Cl with atomic
fractions of 64.94%, 1.77 %, 28.96 %, 2.83%, and 1.55%, respectively. To understand
the extent of the reaction, high-resolution XPS spectra of C 1s, O 1s, and N 1s were also

analyzed (Figure 3.2.b-d).
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Figure 3.2. XPS spectra of (a) SETA3; (b) C 1s, (¢) O 1s, (d) N 1s, (e) Na 1s, and (f) Cl
2p for SETA3.

The C 1s peak of SETA3 is deconvoluted into four peaks, which are assigned to C—H
and C-C at 284.63 eV, C-N and C-O-C at 285.58 eV, O-C-0O, C-O, and C=0 at
286.18 eV and COO at 288.00 eV. All these are characteristic peaks for carbon-
containing moieties starch, AA, MBA, ECH, and TEA. For O 1s, the peak at 531.22 eV
is attributed to C—O, C—O-C groups, and the peaks at 532.61 eV and 533.27 eV are
assigned to O—C—O and C=0, and COO groups, respectively [18]. These deconvoluted
O Is peaks confirmed the presence of AA moiety and the formation of ether linkage
between starch and AA. Moreover, the N 1s spectrum is deconvoluted into three peaks at
399.76 eV, 401.59 eV, and 402.29 eV which are attributed to N-H, N—C, and N" groups,
respectively [19]. These segments are due to the cross-linker MBA and TEA moiety of
the hydrogel. Thus, from the high-resolution XPS study the presence of the quaternary
ammonium group and COO group of AA in the hydrogel is confirmed. Thus, the XPS
study established that the synthesized hydrogel was an amphoteric hydrogel having both

positive and negative charges in it. Moreover, the XPS study also supports the presence
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of Na and Cl in SETA3 (Figure 3.2.e and f). The Na atoms are coming from the NaOH
that is used to neutralize the carboxylate groups of AA and the Cl atoms are due to the

use of ECH.
3.3.3. Swelling of SETAs

The swelling values of all three hydrogels are shown in Figure 3.3.

704 I Dry hydrogel
B Reaction mass

Swelling (g/g)

SETAI SETA2 SETA3

Type of hydrogel

Figure 3.3. Swelling values of the hydrogels

It is seen that the synthesized hydrogel showed much lower water adsorption capacity
although it contains hydrophilic PAA moiety compared to the conventional
superabsorbent hydrogel. This observation demonstrated that internal hydrophobicity
generates inside the hydrogel matrix which drastically decreases the swelling ability.
This is due to the increased cross-linking density leading to a very compact structure by
decreasing the distance between the cross-linked points. With an increase in the strength
of the hydrogel, the pores between the cross-linked points lose their ability to open up
too much. Hence, the pore size decreases resulting in lower swelling ability [16].
Moreover, the swelling ability also depends on the hydrophobic functional groups
present in the three-dimensional network of the hydrogel. The formation of long alkyl on
the starch backbone through quaternization using TEA also provides hydrophobicity to
the hydrogel. The hydrophobicity increased with the increase in the amount of TEA to
ECH ratio [11]. Moreover, the dry hydrogel showed much lower swelling than the direct
gel, obtained as the reaction product. This is due to the reason that upon drying at
elevated temperature the cross-linking of the hydrogel increased too much and hence the

pore volume decreased, resulting in low water absorption.

3.3.4. Dye adsorption
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To evaluate the performance of the synthesized hydrogel as an adsorbent, a liquid-phase
dye adsorption analysis was carried out. As the hydrogel contained both cationic and
anionic groups in its network, it can be able to combine with the anionic and cationic
groups of dye molecules through electrostatic interactions. Here, cationic dye, MB, and
anionic dye CR were chosen for the study. SETA3 can be able to adsorb the water
contaminant (dye) efficiently with a limited amount of water owing to the lowest
swelling ability. Hence, all the adsorption performance was carried out using SETA3 as
the representative hydrogel. It is well known that the removal efficiency of soluble dyes
is dependent on the solution temperature, pH, salt concentration, equilibrium adsorption
time, initial concentration of dye, etc. The influence of these parameters on dye

adsorption was studied comprehensively to obtain the best adsorption result.
3.3.4.1. Effect of adsorbent dosages

Figure 3.4. (a and b) displays the effect of hydrogel dose on the removal percentage of
MB and CR. The color removal efficiency enhanced with an increase in adsorbent
dosages and reached up to 98.41% with 45 mg adsorbent dosages for MB and 95.64%
for 80 mg adsorbent dosages in the case of CR. This phenomenon can be attributed due
to the presence of a greater charge functional group which enhanced the availability of
the active adsorbent sites with an increase in adsorbent dosages. Figure 3.4.(c and d)
displays the effect of adsorbent dosages on the adsorbent amount. It is seen that,
although the adsorption percentages increase from 94.5% to 98.41% and 91.46% to
95.64% 1n the case of MB and CR, respectively, but adsorption amount (qe) decreases.
Hence, with a combination of adsorption efficiency and adsorption amount (qe) the
optimized dosages for MB and CR are 35 mg and 70 mg, respectively. Moreover, with
these optimized adsorbent dosages the adsorption capacity of the synthesized hydrogels:
SETAI, SETA2, and SETA3 was evaluated for both dyes (Figure 3.4.e). As expected,
the dye adsorption capacity for CR increased with the increase of ECH to TEA ratio due
to the more positive charge in the polymer matrix. Hence, SETA3 owned the highest
adsorption capability (64.73 mg/g) for CR, while the adsorption declined gradually in the
case of SETA2 and SETA1. However, the adsorption capability for MB was found to be
higher in the case of SETA1 than SETA2 and SETA3. But the capacity was not differed
too much for the other two hydrogels, due to the presence of the almost same amount of

anionic groups (COO ) in the hydrogel networks for all the cases.
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Figure 3.4. (a) Effect of adsorbent dosages on adsorption of MB, (b) effect of adsorbent
dosages on adsorption of CR, (c) effect of adsorbent dosages on adsorption amount for
MB, and (d) effect of adsorbent dosages on adsorption amount for CR; (e) dye
adsorption capacity of the three SETAs, (dye concentration 50 ppm, 100 mL;
temperature 323 K, pH: 8 for MB and 6 for CR).

3.3.4.2. Effect of initial dye concentration

The effect of initial dye concentration (from 10 ppm to 50 ppm) on the adsorption
performance of the hydrogel was also investigated keeping the optimized amount of the
adsorbent. It is clearly seen from the figure that with the increase in concentration of dye
from 10 ppm to 50 ppm, the adsorption amount was enhanced (Figure 3.5. a). However,
the corresponding adsorption efficiency declined from 99.5% to 92.6% in the case of MB
and 95.1% to 90.26% for CR (Figure 3.5.b). This may be explained on the basis of the
fact that at a lower dye concentration (10 ppm) due to the availability of sufficient
numbers of active adsorption sites, a higher percentage of adsorption was observed. In
contrast, with the increase in dye concentration, there is a lower percentage of
availability of the active adsorption sites of the hydrogel surface [20,21]. As a result, a

lower percentage of adsorption has been monitored at higher dye concentrations.
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Figure 3.5. (a) Effect of dye concentration on adsorption amount, and (b) effect of dye
concentration on adsorption, and (dye concentration 50 ppm, 100 mL; adsorbent dosage:

35 mg for MB and 70 mg for CR, temperature 323 K, pH: 8 for MB and 6 for CR).
3.3.4.3. Effect of temperature

Figure 3.6.a shows the effect of temperature on dye adsorption capacity. With the rise in
temperature from room temperature (RT) to 323 K the adsorption efficiency for both MB
and CR was enhanced. With the rise in temperature from room temperature (RT)
adsorption efficiency for the dye molecules increased. This is due to the reason that the
penetration of the dye molecules from the solution depends on their interactions with the
polymer network. At RT, all the dye molecules are unable to penetrate the adsorbent
matrix. With the increase in temperature, more numbers of dye molecules acquire
enough energy to undergo interaction with the active sites of adsorbent surfaces [22]. In
addition, with the increase in temperature, the swelling of the hydrogel may also enable
the passage of a huge number of dye molecules resulting in a higher rate of adsorption.
Further, the increasing temperature lowers the solution viscosity which enhanced the
diffusion rate of the dye molecules toward the adsorbent matrix resulting in a higher rate

of adsorption. This proves the endothermic nature of the adsorption process.
3.3.4.4. Effect of pH

Figure 3.6.b demonstrates the effect of pH on the adsorption performance of the
synthesized amphoteric hydrogel. During the experiment, in the case of MB, the pH of
the aqueous solutions varied from 3 to 10. CR is a diazo dye and the initial pH affects its
molecular form in an aqueous solution [23]. At lower pH its color changes from red to

dark blue, therefore in this section, the pH of CR solution was varied from 6 to 10. The

Page | 3-12



Chapter 3

medium pH affects the adsorption capacity of the hydrogel. In the case of MB at pH 3,
much lower adsorption was observed. In an acidic environment, the excess of H ions in
the aqueous solution competes with the positively charged dye molecules to interact with
the carboxylate ion resulting lowering of adsorption [7]. However, under the alkaline
condition (pH 8) a higher adsorption percentage for MB was observed due to an increase
in the electrostatic attraction forces. This phenomenon is due the increment of the
negative active sites, due to the deprotonation of the carboxylic groups of the AA chain.
However, further, increase in pH from 8 the electrostatic attraction between MB and
COO™ was partially destroyed due to the charge screening effect of the excess Na' ions
[24]. In contrast, the highest adsorption for CR was at pH 6 and further decreased with
increasing pH. The number of negative charge increases with the increase in pH of the
system and compete with the negatively charged dye to get attached to the active site of
the adsorbent through electrostatic interactions. This leads to a lower percentage of

adsorption.
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Figure 3.6. (a) Effect of temperature on adsorption, and (b) effect of pH on adsorption,
(dye concentration 50 ppm, 100 mL; adsorbent dosage: 35 mg for MB and 70 mg for
CR, temperature 323 K, pH: 8 for MB and 6 for CR).

3.3.4.5. Effect of contact time

Figure 3.7.(a and b) shows the effect of time on the dye removal efficiency of the
hydrogel. The equilibrium adsorption time for MB and CR was found to be 100 min and
75 min, respectively. After this particular time, the dye adsorption was leveled off. The
rate of adsorption is higher at the initial stage compared to the equilibrium time. This
observation indicates that at first there may be some electrostatic interactions of the

charged active site of the hydrogel with the dye molecules. After this interaction, there
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may be mass transfer through swelling of the hydrogel which leads to hydrogen bonding
or van der Waals interactions. The decreased intensity of the UV—vis spectra of both the

dyes with time are shown in Figure 3.7.c and d.
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Figure. 3.7. (a) Effect of contact time on adsorption of MB, (b) effect of contact time on
adsorption of CR, (¢) UV-vis spectra of adsorbed MB solution with time, and (d) UV—
vis spectra of adsorbed CR with time, (dye concentration 50 ppm, 100 mL; adsorbent

dosage: 35 mg for MB and 70 mg for CR, temperature 323 K, pH: 8 for MB and 6 for
CR).

3.3.4.6. Kinetics of adsorption

Adsorption kinetics is a vital tool to predict the adsorption phenomenon and the rate of

adsorption. Further, the contact time to reach equilibrium is a significant factor for dye
adsorption in real applications. During adsorption, adsorbate molecules migrate from the
solution to the adsorbent's outer surface, followed by diffusion into the boundary layer,
and finally the complete mass transfer takes place via internal pore diffusion. Thus, to
figure out the adsorption mechanism pseudo-first-order model, pseudo-second-order
model, and intra-particle diffusion model were investigated. The linear form of first,

second-order [25], and intra-particle diffusion kinetics [24] are represented in Eq.(3.2)—
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(3.4), respectively.
log(qe-qt) = —k;/2.303t + logqe Eq.3.2
t/qt = 1/qet + 1/k,qe’ Eq.3.4
qt= kst'*+ C Eq.3.4

where ge is the equilibrium adsorption capacity and qt (mg/g) is the adsorption at time t
(min); k; (min™), k, (g. mg‘l.min_l) and k; (mg/g.min_l/z) describe the rate constants of
the pseudo-first-order model, pseudo-second-order model, and intra-particle diffusion
model, respectively and C is the boundary layer thickness. Linear plots for log (ge-qt)
against t and (t/qt) against t for pseudo-first and second-order models and qt against t'
for the intra-particle model are shown in Figure 3.8.(a—c). The closeness of the linear
correlation coefficient (R?) to unity is a good agreement with the pseudo-second-order
models. However, the linear correlation coefficients in the case of the pseudo-first-order
model for MB and CR were found to be 0.9016 and 0.8277, respectively. The correlation
coefficient value indicates that the pseudo-second-order model is more reliable which
suggested that chemisorption occurs via ionic interaction between the adsorbate and
adsorbent, and it is the rate-determining step [26]. The results obtained from the different
kinetics models are depicted in Table 3.2.

The kinetics data were also analyzed by using the intra-particle diffusion model.
According to this model, the greater the intercept (C) larger the boundary layer thickness.
Moreover, if this process involved in the adsorption process; the plot qt versus t"* should
be a straight line and if it plays a major role in the rate-determining step of adsorption the
straight line should pass through the origin [27]. However, if it exhibits multilinear plots,
then more than one process simultaneously operates during adsorption. From Figure
3.8.c, it is seen that there are two linear regions for the plots, qt versus t"% This result
indicates that two or more processes affect the adsorption of CR and MB on the
hydrogel. The linear region of the plot is associated with the diffusion of the adsorbate
through the aqueous solution to the boundary layer of the hydrogel. The second phase is
the internal diffusion towards the adsorbent's interior part. Moreover, none of the plots
passing through the origin indicate that not only intra-particle diffusion took place, but
also other mechanisms must associate with the adsorption process [28,29]. The presence
of intercepts in the plots indicates the boundary layer thickness which also proves this
fact. Thus, it can be suggested that along with surface adsorption intraparticle diffusion

took place concurrently.
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From the kinetics study, it can be concluded that the dye adsorption process takes place
in a three-step mechanistic route. In the first step, the dye molecules are transported from
the bulk solution to the outer surface of the hydrogel. The second step is the penetration
of the adsorbent to the interior part of the hydrogel and the third step is the adsorption of
the charged adsorbate onto the oppositely charged active sites in the inner and outer
portions of the adsorbent [28,29].
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Figure 3.8. (a) Pseudo-first-order kinetics for MB and CR, (b) pseudo-second-order
kinetics for MB and CR, (c) intra-particle diffusion models for MB and CR, (dye
concentration 50 ppm, 100 mL; adsorbent dosage: 35 mg for MB and 70 mg for CR,
temperature 323 K, pH: 8 for MB and 6 for CR).

Table 3.2. The kinetics parameters for adsorption of MB and CR on SETA3

Model Kinetic parameters MB CR
Pseudo-first-order ki 5.1x10 6.4x107
Pseudo-second-order K> 1.37x107 3.1 102
R? 0.9902 0.9976
Intra-particle diffusion K; 8.9 3.29
C 34.19 32.73
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3.3.4.7. Isotherm study

The adsorption isotherm explains the interactions between the adsorbent and the
adsorbate molecules. Langmuir and Freundlich adsorption isotherms are used to
analyzed the dye adsorption mechanism Figure 3.9.(a and b). The mathematical

expressions for Langmuir and Freundlich adsorption isotherms are represented as-

Ce/qe = 1/qmCe + Ki/qm Eq.3.5
Inge = InKy + 1/n InCe Eq.3.6

where Ce (mg.L™") is the dye concentration in equilibrium, ge (mg. g ') is the
equilibrium adsorbed amount, gqm (mg. g ') denotes the utmost adsorption capacity, K
and Ky (L. mg ") are the Langmuir and Freundlich constants. The Langmuir constant K
(L. mg ") relates to the affinity and free energy towards adsorption, while the slope of the
Freundlich isotherm represents the intensity of adsorption [25]. The results obtained
from the intercept and slopes of the linear plots for Langmuir (Ce/qe against Ce) and
Freundlich (Inge against InCe) isotherms are tabulated in Table 3.3. The data was found
to disagree with the Langmuir model with a very poor correlation factor, which assumes
that multilayer adsorption takes place during the dye uptake. However, the data are best
fitted with the Freundlich adsorption isotherm with a high correlation factor for both
dyes. The result reveals that multilayer adsorption occurs on heterogeneous surfaces in
accordance with the Freundlich adsorption isotherm. The slope (1/n) of the Freundlich
adsorption isotherm indicates the favorability of the adsorption process. If the 1/n value
is between 0.1 and 1, then the adsorption process is admiring, while a lower value of 1/n
than 1 represents the adsorption involved in the chemical process [3]. The 1/n values for
both MB and CR in between 0.1 and 1 indicate that chemisorption is the preferred
adsorption process. These results also support the electrostatic attraction of the dye on

the active sites of the adsorbent.

Table 3.3. The isotherms parameters for adsorption of MB and CR on SETA3

Model Isotherm parameters MB CR

Langmuir Isotherm Qm 149.25 125
Ky 0.67 4.87
R? 0.9427 0.9125
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Freundlich Isotherm n 2.80 1.48
Kr 78.26 21.48
R? 0.9859 0.9963
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Figure. 3.9. (a) Langmuir adsorption isotherm for MB and CR, and (b) Freundlich
adsorption isotherm (dye concentration 50 ppm, 100 mL; adsorbent dosage: 35 mg for

MB and 70 mg for CR, temperature 323 K, pH: 8 for MB and 6 for CR).
3.3.4.8. Dye adsorption in a mixed system

To investigate the usefulness of SETA3 the dye adsorption experiment was also done in
a mixed system (Figure 3.10). It was found that compared to single system, the dye
adsorption capacity enhanced in the mixed system. It is noted that the Am.x of each dye
was decreased at the mixer. This may be due to the reason that, all the charged groups
can be effectively used for the adsorption of both positive and negatively charged dye
molecules simultaneously. Hence, electrostatic interactions occurred in all charged
groups of the hydrogel effectively. To investigate selective adsorption, the dye
adsorption experiment was also carried out in different pH values, at pH 3 and 6 (acidic)
and pH 8 and 10 (basic). It was shown that at acidic pH (3 and 6) the adsorption
percentage for CR is 98.64% and 97.34%, respectively. While at that pH, the adsorption
performance for MB was 77.62% and 95.94%, respectively. On the other hand at pH 8
and 10, the adsorption percentage for MB was 99.9% and 98.48% and for CR 95.58%
and 87.92% respectively. The decreased UV-vis spectra of the dye mixer and their
photos at different pH values are shown in Figure 3.10.b.
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Figure 3.10. (a) Digital photos and (b) UV—vis spectra of MB/CR mixture before and
after adsorption at different pH values (dye concentration 50 ppm for each dye, 200 mL;
adsorbent dosage: 50 mg, temperature 323 K)

3.3.4.9. Dye adsorption mechanism

Various factors including interaction between adsorbent and adsorbate, their physical and
chemical structures, and mass transfer process influence the dye adsorption mechanism.
When the hydrogels are allowed to swell in a dye solution, then the dye molecules
migrate onto the hydrogel surface and are adsorbed through van der Waals interactions
and hydrogen bonding [30] Subsequently, electrostatic interactions occurred between the
charged groups on the hydrogel with the cationic and anionic groups of dyes (Scheme
3.2.). A higher amount of total content in cationic (N (C,Hs")) or anionic (—COQO")
groups can provide a higher number of sites for the dye binding, thus can enhance the

dye adsorption capacity of the hydrogel.
(a) FTIR analysis

FTIR spectral analysis was done on dye-adsorbed SETA3 and shown in Figure 3.11.a.
After adsorption, the adsorbent shows some characteristic peaks that confirm the
conjugation of MB, CR, and mixer of these two. With the addition to the characteristic

peaks of SETA3, an evident peak at 1570 cm ' in the FTIR spectrum of CR adsorbed
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SETA3 and mix dye adsorbed SETA3 is assigned to the -N=N- group of CR [31].
Moreover, in the FTIR spectra of MB-adsorbed SETA3 and mix dye-adsorbed SETA3,
there is an evident peak in 1580 cm™ which is due to the aromatic ring of MB [32]. Thus,
FTIR analysis supports the adsorption of dye molecules on SETA3.
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Scheme 3.2. Schematic representation for the possible interactions between the hydrogel

and dye molecules.
(b) FESEM analysis

To investigate the surface morphology of SETA3 before and after adsorption FESEM
analysis was also performed. Figure 3.11.b represents the FESEM images of the SETA3
before the adsorption of the dye molecule. It is seen that the surface of SETA3 is
completely smooth without any roughness. Figure (3.11.c and d) represents the FESEM
images of the synthesized hydrogels after adsorption of MB and CR, respectively. It is
clearly seen that the surface of SETA3 exhibited a totally different morphology after
absorption of the dye molecules. The surface of SETA3 becomes uneven and rougher
due to the presence of the dye molecules. Moreover, it is also seen that both MB and CR
adsorbed SETA3 exhibited a completely different surface morphology. MB adsorbed
SETA3 exhibited a surface full of interconnected clouds like rough particles. In contrast,
the CR adsorbed SETA3 contains the comparatively greater size of different irregular
shapes like pentagons, hexagons, squares, triangles, and various other shapes also. Figure
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3.11.(e and f) represents the surface morphology of SETA3 after adsorption of MB and

CR mixer at two different magnifications.
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Figure 3.11. (a) FTIR spectra of MB, CR, and mixed dye adsorbed SETA3; FESEM
images of (b) SETA3, (c) MB adsorbed SETA3, (d) CR adsorbed SETA3, and (e, f) mix
dye adsorbed SETA3.

The mixed dye adsorbed SETA3 exhibited an interrelated surface morphology with both
of the dye molecules as seen from these figures. This phenomenon proves the
collaborative effect of both of the adsorbed dye molecules, which can be attributed due
to the electrostatic contact between the charged groups of the adsorbate. The similarity of
the mixed dye adsorbed surface with the individual dye adsorbed surface was also
reported by various kinds of literature such as Liu et al. [33]. Some parts of the surface
similarity of mix-dye adsorbed SETA3 with the individual dye adsorbed SETA3 are

shown with red and yellow dotted lines.
3.4. Conclusion

In conclusion, the work has introduced a facile method to obtain a new kind of starch-
based amphoteric hydrogel having both cationic (EtsN") and anionic (COO") groups.
Three hydrogels with different compositions were successfully synthesized via a two-
step one-pot procedure. The hydrogel shows remarkable potential in wastewater
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purification with the potential to adsorb both anionic and cationic dyes simultaneously

with high efficiency. From the kinetics study, it can be concluded that the adsorption

process follows a three-step route which is obeying pseudo-second-order kinetics.

Further, Freundlich isotherm was the best-fitted adsorption isotherm with a high

correlation factor. In conclusion, the synthesized hydrogel can give a noteworthy

contribution to hydrogel research. We also expect that this work would lead to the

improvement of advanced water purification techniques.
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