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Abstract: Hydrogels have attracted great attention as good adsorbents due to their extraordinary
water retention capacity, unique hydrophilic nature, biocompatibility, and abundance in availability.
In this work, a superabsorbent polymer (SAP) hydrogel and its composite were synthesized, with the
introduction of activated charcoal (SAP-AC) for deep removal of the ecotoxic organic dye methylene
blue (MB). The formation of the hydrogel was confirmed by FTIR analysis, and scanning electron
microscopy (SEM) revealed the appearance of a porous microstructure due to the incorporation of
AC. A continuous upflow column was set up, and the adsorption parameters were optimized using
an experimental Doehlert uniform array design. The residual concentration of MB was analyzed by
UV-Vis spectrophotometry at 665 nm (Amax). The experimental data were also discussed in terms of
adsorption kinetics and adsorption isotherm models. Accordingly, MB adsorption followed pseudo
second-order kinetics and better fits the Freundlich isotherm, suggesting a chemisorption mechanism
and a multilayer MB adsorption system. The maximum adsorption capacity was 202.84 mg g~ !
(96.96%) using the SAP and 213.2 mg g*1 (99.48%) using the SAP-AC. The present study proved that
the synthesized composite hydrogel has good activity and selectivity for deep removal of the MB dye
and can be effectively used in wastewater treatment.

Keywords: adsorption; super-absorbent polymers; hydrogel; methylene blue; charcoal

1. Introduction

At the present time, the clean and healthy water shortage has turned out to be a global
challenge. As a result of extensive industrialization and urbanization, clean water resources
are continually endangered. The water crisis is not restricted to available water resources,
but, currently, it is more associated with the low quality of water as a result of toxic pollution
and human interference in the water cycle and nature. Untreated effluents from mining,
crops, food, textile, paper, leather, paint, and dyes industries are polluting water bodies
with toxic pollutants such as metals, dyes, surfactants, pesticides, etc. [1-5]. Currently,
numerous types of freshwater pollutants exist such as physical, chemical, organic, inorganic,
biological, and radiological contaminants [2]. Two of the most toxic and environmentally
detrimental pollutants are dyes and trace metals. They can adversely affect humans and
animals and should be properly addressed [6,7].

Synthetic dyes are widely used as additives to improve the appearance of countless
consumer goods to encourage their consumption, for example, in processed foods [8].
Those dyes are not completely bonded to the materials they modify, so they are released
into the environment, causing serious environmental issues [9,10]. The contamination
of water bodies is caused by both cationic and anionic dyes, making their removal very
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challenging. Even at very low concentrations, their presence can contaminate large wa-
ter bodies, aesthetically disturbing them, as well as reducing sunlight penetration and,
consequently, photosynthesis. Methylene blue (MB) is widely used, and, currently, it is
considered the most common and hazardous dye [11]. Methylene blue (MB) is a cationic
thiazine dye commonly applied in textile industries to color fabrics such as cotton, wool,
silk, etc. [12]. Generally, it is a non-biodegradable, stable, high-water-soluble, and carcino-
genic dye which is threatening aquatic life and also human health [13,14]. The noxious
levels of MB cause a metabolic disturbance in microalgae and decrease water oxygenation
caused by the photosynthesis inhibition which can result in instability and eutrophication
of the aquatic ecosystem [15]. In humans, such dyes and their degradation products can
cause allergy, dermatitis, skin rash, respiratory and eye irritation, sore throat, asthma,
cancer, and mutations, etc. [16-20]. Therefore, there is considerable environmental concern
regarding the treatment of effluents contaminated with such dyes.

Several techniques such as precipitation, coagulation, photodegradation, membrane
filtration, and adsorption, etc., have been applied for the removal of dyes and heavy
metals from impacted wastewater and soils, respectively, amongst which adsorption is
considered to have significant potential, be more viable, and be advantageous because
of ease and simplicity, great efficiency, cost-effectiveness, and probability of materials’
recycling [7,21-27].

Hydrogels are a kind of cross-linked polymeric network with high water-absorbing
and water-retaining capacity. They are considered superabsorbents when their water
retaining capability is stretched to several hundreds of their original weight. This property
can be determined by their three-dimensional structure and the extent of free hydrophilic
polymers. Superabsorbent polymers (SAPs) have three-dimensional networks that can
absorb and retain tremendous amounts of water.

Sodium alginate (SA) is a nontoxic biopolymer rich in hydroxyl and carboxyl groups.
SA can be polymerized with monomers such as acrylic acid (AA) and acrylamide (AM),
which have extraordinary thermal and mechanical properties, and also a higher swelling
capacity compared to natural polymers [28]. In this context, the current study aimed to tailor
the biodegradable superabsorbent hydrogel polymer with the incorporation of activated
charcoal for maximum MB adsorption in a continuous column reactor and subsequently
reuse the spent hydrogel for consecutive adsorption cycles.

2. Materials and Methods
2.1. Chemicals and Materials

Sodium alginate (SA) (C¢gHy9NaOy) from brown algae as an alginic acid sodium salt
with a molar weight of 216.12 g mol ! and viscosity of 15-20 cP was purchased from Sigma
Aldrich. The acrylic acid (AA, 99%) monomer (Sigma Aldrich, St. Louis, MO, USA) was
used without further purification. Free radical initiator potassium persulfate (KPS), 99%
from Merck, the crosslinker —N, N-methylenebisacrylamide (MBA), 99% purity, powdered
activated charcoal (AC), and cationic dye methylene blue (MB) were purchased from Sigma
Aldrich and were used without further purification. All dye solutions were obtained using
pure water (18.2 MQ) cm) from a Milli-Q Direct-Q system (Merck Millipore, Darmstadt,
HE, Germany).

2.2. Acrylic Acid Neutralization

To achieve a 70% neutralized acrylic acid (AA) monomer, pure AA monomer (50 mL)
was poured into a 200 mL beaker immersed in an ice-water bath. About 35 mL of 20% NaOH
solution were added dropwise under constant stirring. The reaction is exothermic, and AA
neutralization was performed under a low temperature to avoid self-polymerization [29].

2.3. Adsorbent Preparation

For the SAP preparation, SA (3 g) was gradually dissolved in 120 mL of deionized
water under constant stirring. After complete dissolution, it was poured into a jacketed
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four-necked flask equipped with a mechanical stirrer, a thermometer, a reflux condenser,
and N line. The mixture was churned for 30 min, and the temperature was slowly raised
to 60 °C. After being purged with N, flushing to remove dissolved oxygen, 1.5 wt% of the
initiator KPS dissolved in water (10 mL) was introduced into the sticky solution to generate
alginate free radicals, and the mixture was stirred for another 30 min. In a 250 mL beaker,
about 45 mL of AA (70% neutralized) were dissolved in 100 mL of water and slowly added
to the flask under N flushing. After 5 min, the cross-linker MBA (0.5 wt%), previously
dissolved in 20 mL deionized water, was charged dropwise to the flask. The temperature
was raised to 70 °C and kept at this condition for 3 h to complete the polymerization
reaction. The resulting product was cooled, washed with deionized water to remove
unreacted species, and poured into a Petri dish for complete dryness in an oven at 70 °C.
The dried SAP material was cut into small pieces to be further used for the swelling and
adsorption experiments.

For the preparation of the SAP-AC, two different synthesis routes were adopted, i.e.,
solution mixing and infiltration of the polymer [30]. In solution mixing, the AC powder
(2 wt%) in 10 mL DI water was sonicated for half an hour and was dispersed into the
alginate monomer followed by the polymerization process as mentioned above. For the
infiltration of the polymer, the sonicated AC mixture was poured into the flask right after
the addition of the cross-linker MBA.

2.4. Water Retention Capacity

A known amount of the dried composite hydrogel was immersed in a beaker contain-
ing 300 mL of pure water at 21 & 2 °C. The weight of the swollen hydrogel was observed at
definite time intervals until it attained a constant value. The swollen hydrogel was removed
through filtration using a plastic strainer, and the excess water on the hydrogel surface was
wiped with a paper towel. Subsequently, the hydrogel was weighed (W) using a digital
balance, and the swelling capacity (Sg/.) was calculated using the following relation:

_Wd _Ws

Sg/8 W,

@
where W; is the weight of the dry composite, and W; is the weight of hydrogel in the
swollen state after being dipped in water for 24 h.

2.5. Column Adsorption Studies

The experiments were performed using 70 mg of the SAP or SAP-AC contained in
an upflow column (6 cm diameter and 30 cm height). The column was connected to a
reservoir, and a peristaltic pump was used to recirculate 300 mL of the MB solution (initial
concentration of 50 ppm) at a flow rate of 28 mL min~! for recirculating the batch mode
operation. The column and the reservoir were covered with aluminum foil to prevent
exposure to light. Adsorption parameters were optimized by an experimental Doehlert
uniform array design for k = 2 variables (temperature, pH), using the response surface
methodology (RSM), aiming for the maximum removal of the contaminants [31]. Table 1
shows the Doehlert design for two factors with the coded values and their responses. The
analysis of the designs was carried out using a statistical software package (Statistica 14.0.1,
Tibco Software Inc., Palo Alto, CA, USA).
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Table 1. Doehlert design for two factors.

Coded Values Real Values

Exp. no. pH Temperature (°C) Exp. no. pH Temperature (°C)
1 0 0 1 6.00 37.5

lrep. 1 0 0 lrep. 1 6.00 37.5

lrep. 2 0 0 1rep. 2 6.00 37.5
2 1 0 2 10.00 375
3 0.5 0.866 3 8.00 50.0
4 -1 0 4 2.00 37.5
5 -0.5 —0.866 5 4.00 25.0
6 —0.5 0.866 6 4.00 50.0
7 0.5 —0.866 7 8.00 25.0

To find the real experimental values using the coded values, the following equation
was used:
Vi = A x (X + M;) @

where V; is the experimental value; A; is the average sum value, i.e., [(max + min)/2]; X; is
the coded value; and M,; is the average subtraction value, i.e., [max — min)/2], respectively.

A small aliquot of the liquid (5 mL) was drawn at specific times and was analyzed
for the residual MB concentration using a UV-Visible spectrophotometer at 665 nm. After
reaching equilibrium (24 h), the reaction was stopped, and the polymer hydrogel was
drawn from the column and weighed to determine its swelling efficiency under specific
experimental conditions. The concentration of the adsorbed MB per unit mass of the
adsorbent at equilibrium (g, mg g~ !) and percent adsorption removal (R%) were calculated
using Equations (3) and (4), respectively:

go= GGV ©

w

(COC;CE) x 100 @)

e

R% =

where C, and C, are the initial and equilibrium concentrations of the adsorbate (mg L) v
is the volume of the solution (L); and w is the weight of the adsorbent (g) [32].

3. Results and Discussion
3.1. Swelling Capacity

The freshly prepared dried SAP hydrogel and the swollen hydrogel are depicted
in Figure 1. The SAP showed a water retention capacity of 573.8 g g~ ! after 24 h at
room temperature.
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Figure 1. Alginate-acrylic SAP (a) after drying and cutting (b) a small piece for swelling test and
(c) hydrogel after 24 h in water.

The AC loading capacity varied between 2 and 5 wt%, and, when AC was dispersed
into the alginate monomer (solution mixing route), the desired polymerization did not
occur, and no hydrogel formation was observed as shown in Figure 2a,b. Thus, in this
study, the infiltration route was adopted for the preparation of the AC composite hydrogel.
Moreover, increasing the loading percentage (>2 wt%) also hindered the polymerization
process, and the swelling capacity of the prepared hydrogel composite was diminished
drastically. Thus, the loading percentage of AC was only limited to 2 wt%. Figure 2¢,d
show the synthesized composite SAPs with 2 wt% loading through the infiltration route.

Figure 2. Composite SAP-AC (a) 2 wt% and (b) 5 wt% by solution mixing and (c) freshly prepared
SAP-AC (2 wt%) and (d) dried SAP-AC by infiltration method.
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The composite hydrogels were further applied to evaluate their water retention ca-
pacity. Figure 3a,b display the swollen SAP-AC hydrogels after being dipped in distilled
water and 50 ppm MB solution at room temperature, respectively. It is visibly evident that
the swollen SAP-AC composite hydrogel structure turned out to be fully amorphous and
transparent (Figure 3a). These phenomena point out the imbibition of water molecules
into the SAP-AC hydrogel which gives additional proof for the enhanced swelling capacity
related to the alginate hydrogel. Such behavior is caused by the presence of water molecules
inside the micro- and macro-pores of the composite hydrogel and the disorder caused by
the absorbed water [33].

Figure 3. SAP-AC hydrogel after 24 h (a) in water and (b) in 50 ppm MB solution.

3.2. MB Adsorption Experiments
3.2.1. Effect of pH on MB Adsorption at Constant Temperature

In the adsorption process, pH plays a significant role in the aqueous system. The
pH of the solution can directly affect the charge distribution on the adsorbent surface,
and, consequently, it can bring a change in the interactions between the adsorbent and
the adsorbate molecules. The effect of pH as a function of time was studied between
pH 2 and 10, respectively. Beyond pH 10, the precipitation of MB can take place, which
can lead to a misinterpretation of its adsorption [34]. First, experiment 1 (pH 6.0 at 37 °C)
was performed along with its repetitions to find the experimental error as displayed in
Figure 4a,b.

200 4 200 4 ‘s//,‘:/,d_'/—;d

150 150

—a—Exp. 1
—e—Exp. 1rep. 1
—&—Exp. 1rep. 2

—a—Exp. 1
—e—Exp. 1rep. 1
—&—Exp. 1rep. 2

100 - 100

9. (mg/g)

%(mg/g)

50+ 50

VY
T T T /- T T T T T 7/ T T

0 2 4 20 24 0 2 4 20 24
a Time (h) b Time (h)

Figure 4. MB adsorption as a function of time at pH 6.0 and 37.5 °C using (a) SAP and (b) SAP-AC
as adsorbents.
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As the swelling capacity of hydrogels is influenced by the ionic strength, therefore,
no buffer solution was applied to retain the pH of the solution. Figure 5a,b display the
influence of pH on MB adsorption at a 37.5 °C temperature. In both cases, the adsorption
of MB was favored at alkaline pH conditions. Using the SAP as an adsorbent, the highest
MB adsorption equilibrium reached 202.84 mg g~ ! at pH 10.0, followed by 185.25 mg g~
at pH 6.0, and the lowest MB adsorption (34.09 mg g~ ') at pH 2.0 as demonstrated in
Figure 5a. On the other hand, an increased MB adsorption equilibrium of 213.17 mg g !
was achieved at pH 6.0 followed by 208.73 mg g~ ! using the SAP-AC as the adsorbent
as shown in Figure 5b. At pH 2.0, in both cases, the lowest MB adsorption capacities of
34.09 mg g~ ! using the SAP and 94.01 mg g~ ! using the SAP-AC were achieved, respectively.
The reason for achieving higher MB adsorption equilibrium in comparison with acidic
conditions may be because, at alkaline conditions, the ionization of carboxylic functional
groups present on the SAP surface occurs, and the electrostatic attraction force is increased
between the MB and the adsorbent surface since MB is a cationic dye. In addition, at acidic
conditions (pH 2), lower MB adsorption occurred because of the existence of H* ions in
excess, which destabilizes the MB molecules and also competes with MB ions for the active
adsorption sites [34]. Likewise, at low pH conditions, the protonation of COO™ groups
minimizes the main anion-anion (COO™-COO™) repulsive forces, and, therefore, that is the
main reason why a lower MB adsorption was noticed as demonstrated in Figure 5a,b [33].

q.{mg/g)

200 +

150 4

100

50

4‘ 45——__‘_;—4l
150
—a—pH 6.0 —=—pHB.0
o— pH 10.0 5 —e—pH10.0
—4—pH2.0 o —A—pH20
£ 100
o
50
&%
& —— P e
0_ IIII T T
20 24 20 24
Time (h) b Time (h)

Figure 5. MB adsorption as a function of time at 37.5 °C using (a) SAP and (b) SAP-AC as adsorbents.

Further experiments were performed to examine the effect of temperature and pH
conditions on MB adsorption using the SAP and SAP-AC as adsorbents. Temperature is
also an essential parameter that plays an important role in dye adsorption and desorption.
Figure 6a,b depict MB adsorption capacities at two different temperature conditions as a
function of time at pH 4.0 and 8.0 using the SAP as an adsorbent. Based on obtained data,
the alkaline conditions (pH 8) demonstrated superiority over acidic conditions for a higher
adsorption capability of MB dye. The adsorption capacity of MB dye increased when the
solution pH was increased. At pH 8 and at 25 °C, the adsorption capacity was found to be
higher (202.24 mg g~ !), and at 50 °C it was 185.74 mg g~ !. The same phenomenon was
observed at pH 4.0, i.e., the MB adsorption was higher (195.73 mg g~ !) at 25 °C than at
50 °C (176.44 mg g~ ). The reason may be due to the desorption of MB dye at an elevated
temperature [35].
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Figure 6. MB adsorption as a function of time at (a) 25 °C and (b) 50 °C using SAP and at (c) 25 °C
and (d) 50 °C using SAP-AC as adsorbent.

A similar phenomenon was observed when the MB adsorption experiments were
performed at pH 4 and 8 using the SAP-AC, respectively. As it is clear from Figure 6¢,d, at
pH 8, the MB adsorption capacities are higher than that observed at pH 4.

The adsorption curves are steep as a result of a more rapid adsorption rate in the initial
stage. Similarly, during the later phase of the adsorption process, the adsorption curves
are comparatively flat because the MB adsorption volume gradually accumulates during
the prolongation of adsorption time. The adsorption equilibrium is achieved as soon as
the active adsorption sites on the hydrogel surface are fully saturated. In comparison, the
SAP-AC had a higher MB adsorption capacity than the SAP because of the incorporation of
AC, which also has the capability to adsorb MB [36].

In both cases, the alkaline conditions (pH 8.0) show superiority over acidic conditions
for the enhanced adsorption capability of MB dye using the SAP-AC as an adsorbent. The
maximal MB adsorption capacity achieved at 25 °C was 195.4 mg g~ ! and 201.40 mg g~ !
at pH 4.0 and 8.0, respectively, as demonstrated in Figure 6c. In comparison, a marginally
higher MB adsorption capacity (205.80 mg g~!) was achieved at pH 8.0 and an elevated
temperature (50 °C) as depicted in Figure 6d. The adsorption capacity of MB dye improved
when the pH of the medium was increased from pH 2 to 6. Thereafter, the pH caused
no considerable effect in a broad pH range from 6 to 10, and the adsorption capacity
was insignificant in such a pH range. Such findings can lead to a significant benefit in
wastewater applications as the pH range of real wastewater is generally basic/neutral [37].
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3.2.2. Effect of Temperature on MB Adsorption at Constant pH

In the temperature study, the MB adsorption capacity by the SAP as an adsorbent
was compared at two different levels (25 and 50 °C) keeping the pH constant. Figure 7a,b
illustrate the MB adsorption capacity as a function of time at pH 4.0 and 8.0 correspondingly.
Comparatively, it is clear from the graphs that MB adsorption by the SAP is favored at
lower temperatures (25 °C) and alkaline pH (8.0) conditions.

200 200 - -
N /: N
> >
- —~
2 1004 —=—25°C 2 100 —=—25°C
= *50°C - e 50°C
(=2 (=2
50 + 50
0 04
ryi
T T rad T T T T
0 4 20 24 20 24
a Time (h) b Time (h)
250 - 250
200 4 200 - /ﬁl
= 150 o 1504 /
2 S —=—25°C
E E —e-50°C
o 100 o 100
50 50
0 __l' T I’Il T T T O -_.l' T T IIII T T
0 4 20 24 0 2 4 20 24
c Time (h) d Time (h)

Figure 7. MB adsorption capacity as a function of time at (a) pH 4.0 and (b) pH 8.0 using SAP and at
(c) pH 4.0 and (d) pH 8.0 using SAP-AC as adsorbent.

At pH 4.0, the observed MB adsorption capacity was 185.74 mg g~! at 25 °C and
176.44 mg g~! at 50 °C, respectively. In comparison, at pH 8.0, a higher MB adsorption
capacity was observed, i.e., 202.24 mg g ! at 25 °C and 195.73 mg g~ ! at 50 °C. A higher MB
adsorption at alkaline conditions corresponds to an intensification in the negative surface
charge of the SAP due to the de-protonation of carboxylic acid groups; consequently, the
number of available adsorption sites was increased. Moreover, at elevated temperatures,
the bonds between the adsorbed MB molecules and the adsorbent are weakened which
leads to a reduction in the removal of adsorbed MB [38].

Temperature is also an important variable that can affect the adsorption process.
There are two possibilities, i.e., the adsorption capacity decreases as the temperature
rises, demonstrating the adsorption as an exothermic process. Moreover, by raising the
temperature, the probability of collision between the adsorbent and adsorbate will increase,
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which could possibly aid the adsorption process in a positive way. The effects caused by
temperature variation on the MB adsorption capacity using the SAP-AC were studied at
three different temperature ranges (25, 37.5, and 50 °C) keeping the pH constant. According
to the literature, it can be suggested that the hydrogen bonding between the hydrogel and
MB molecules is weakened with an increase in temperature (>50 °C) which can lead to a
decrease in MB removal [39]. Among all experiments, the highest MB adsorption capacity
was found at 37.5 °C and pH 6 using the SAP-AC as an adsorbent.

Fast MB adsorption during the initial few hours and relatively sluggish adsorption
after 20 h until 24 h were observed as depicted in Figure 7c,d. These may possibly be a
consequence of the occupied active adsorption sites and penetration of the MB molecules
into the microporous open-framework structure of the synthesized composite hydrogels,
respectively. Comparatively, at an elevated temperature (50 °C), a higher and more rapid
MB adsorption equilibrium was observed at alkaline conditions (pH 8.0), as compared to
acidic conditions (pH 4.0) using the SAP-AC.

3.3. MB Adsorption Percentage and Swelling Ratio

The MB adsorption percentage and swelling ratio during various experimental con-
ditions applied by using Doehlert’s design are demonstrated in Figure 8a,b. Maximum
MB adsorption was observed at optimized conditions (pH 10.0 and 37. 5 °C) for the SAP,
and, for the SAP-AC, the optimized conditions were pH 6.0 and a 37.5 °C temperature,
respectively. At equilibrium, the highest concentrations of adsorbed MB per gram of the
adsorbent were 202.84 mg g~ ! (96.96%) using the SAP and 213.2 mg g~ ! (99.48%) using
the SAP-AC, respectively. The time required to achieve MB adsorption equilibrium was
>20 h. Such an extended adsorption time can be managed in practical applications, firstly,
because of the achieved deep MB dye removal (99.48%) and, secondly, because of the lower
frequency of required adsorbent regeneration cycles. Due to the incorporation of AC in
the polymer matrix, the adsorption of MB was essentially improved as a consequence of
the electrostatic attraction forces between the cationic dye and the anionic polymer. Such
findings can provide an important advantage to use the composite hydrogel for wastewater
applications as the pH range of real water typically can be found in basic/neutral pH
conditions. At such a pH range, de-protonation of carboxylic groups leads to a rise in the
negative surface charge of the composite hydrogel. As a consequence, the available adsorp-
tion sites on the composite hydrogel were increased. MB adsorption capacity was enhanced
through the electrostatic interaction among the carboxylic groups (negatively charged) of
the hydrogel and the MB ions (positively charged). On the other hand, the reduction in the
MB adsorption capacity at acidic conditions can be explained by the electrostatic repulsion
between the MB molecules and the adsorbent caused by the presence of more hydrogen
ions in the medium. Hence, the interaction between MB and the more positive adsorbent is
reduced [39].

The pH of the medium can have a substantial influence on the swelling ratio and
structural stability of the hydrogels. In the current study, a positive correlation was observed
between the volume of the absorbed water and the pH of the solution, i.e., as the pH
increases, the swelling capacity of the hydrogel also increases, which is in accordance with
prior studies [40,41]. The reduction in the swelling ratio of the SAP under acidic conditions
(pH 2.0) can be due to the protonation of the carboxylate anions; anion-anion repulsive
forces are reduced, and, hence, the swelling ratio is decreased [42]. Furthermore, as a result
of protonation, the strengthening of H-bonds occurs in -COOH; this enhances the physical
crosslinking degree in the skeleton network of the SAP molecule. Conversely, at an alkaline
pH, the ionization of -COOH groups occurs, and the H-bonds are gradually weakened [33].
Consequently, electrostatic repulsion gives rise to the additional volume being accessible in
the hydrogel to retain extra water, and thus the swelling capacity is enhanced evidently.
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Figure 8. Comparison of various reaction parameters using SAP and SAP-AC for (a) percent MB
adsorption and (b) swelling ratio.

3.4. Adsorption Capacity

The experimental design shown in Table 1 was used to understand the effects of pH
(X1) and temperature (X3) on the adsorption capacity of both the SAP and SAP-AC. To
analyze the effects, the percent adsorption removal (R%) calculated after 24 h was used as
response variable. Figure 9 summarizes the results obtained with the SAP. The regression
retrieved a quadratic model (R? = 0.859), given by Equation (5):

R(%, 24 h) = 91.1267 + 29.31X; — 34.3967X;2 — 0.9411X, + 10.2773X,2 + 2.8291X1 X, (5)

Figure 9a shows the contour plot of this surface, a saddle-like surface with a zone of
maximum close to X1 = 0.5 (pH = 8.0). The Pareto chart shown in Figure 9b highlights the
statistical significance of the terms of the model. At a p-value < 0.05, almost all terms of
the model are deemed significant, except for the linear term of the temperature (X;) and
the interaction of both variables (X1X5). Moreover, the negative signal of the term X2
indicates that the experimental space contains an inflection point, i.e., a local maximum.
Finally, Figure 9c shows the correlation plot of predicted vs. observed values of R(%). It
can be seen that the model overestimates R(%) at boundary points (R(%) > 96%), probably
caused by the high curvature of the quadratic model.

The response surface of the SAP-AC has a similar geometry, as indicated in Figure 10.
However, as the contour lines (Figure 10a) and the Pareto chart (Figure 10b) suggest, the
effect of temperature is more subtle in this case, whereas the term of interaction (X;X») is
considered statistically significant. The quadratic R(%) model for the SAP-AC is given by
Equation (6) (R? = 0.846):

R(%, 24 h) = 98.9433 + 18.4267X; — 27.6683X12 + 0.4099X, + 3.2519X,2 + 2.8291X, X, (6)

The residual plot in Figure 10c, similar to the results observed for the SAP in Figure 9c,
shows a deviation from the expected value for R(%)~96%, probably due to an overestima-
tion of the model curvature. This is reflected in the slightly low value of the model’s R?.
Nevertheless, the model was able to capture the curvature of the response R(%) with respect
to the pH, whose coefficient is strongly negative (—27.67) and indicates the occurrence of
an inflection point within the experimental space.

According to the model, the optimum operating points determined for each material
are (X1 = 0.425, X, = —0.013) for the SAP and (X7 = 0.332; X; = —0.203) for the SAP-AC.
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These points correspond to pH =7.70 and T = 37.31 °C for the SAP, and pH=731and T =
34.60 °C for the SAP-AC.

@) b ®) X1| T-nnz ]
(X1)2 Y 57.694
(x2p 25 |
(X1)(X2) 3.751
X2 A‘%uge
p=.05

Standardized Effect Estimate (Absolute Value)

X2 (Temperature)

Predicted Values

-1.0 -05 0.0 0.5 1.0 0 10 20 30 40 S50 60 70 80 90 100 110
X1 (pH) Observed Values

Figure 9. Response surface for the percent adsorption removal of MB by SAP after 24 h of continuous
recirculation. (a) Contour plot of adsorption as a function of pH and temperature; (b) Pareto chart
of standardized effect estimates; and (c) residual plot showing observed vs. predicted values.

(Cmp o =50 ppm; V =300 mL; mgapp = 70 mg.).

(a)10 (b)

X1 1 63.802

(X1)? ~60.59
()(2)2 | 7.121
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X2 11419
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Standardized Effect Estimate (Absolute Value)
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-05
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-1.0

Figure 10. Response surface for the percent adsorption removal of MB by SAP-AC after 24 h of
continuous recirculation. (a) Contour plot of adsorption as a function of pH and temperature;
(b) Pareto chart of standardized effect estimates; and (c) residual plot showing observed vs. predicted

values. (Cpp,0 = 50 ppm; V = 300 mL; mgap.ac,o = 70 mg.).
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3.5. MB Adsorption at Higher Initial Concentration

In order to find the effect of the initial MB concentration, the adsorption of MB was
investigated at optimized reaction conditions using higher concentrations in the range of
100 and 200 mg L1, respectively. All the experiments were performed in triplicates, and
the standard deviation was calculated for each point. For comparison purposes, a set of
blank experiments was also performed to find any MB adsorption within the experimental
apparatus (tubing, column, stirring reservoir, or peristaltic pump, etc.). Figure 11a,b
displays the MB adsorption capacity and adsorption percentage as a function of time using
the SAP and SAP-AC as adsorbents at a 100 ppm MB initial concentration. In comparison
with a lower MB concentration, it is noticeable that, as the charge of MB molecules increases,
the MB adsorption capacity also increases.

»
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Figure 11. MB adsorption as a function of time. (a) Adsorption capacity and (b) percent ad-
sorption using 100 ppm, and (c) adsorption capacity and (d) percent adsorption using 200 ppm
initial concentration.

In the case of the SAP, the MB adsorption capacity reached 367.09 mg g~! with
88.93% removal efficiency and a swelling ratio of 24.03 g g~ 1; for the SAP-AC, it attained
399.03 mg g~ ! with 95.89% removal efficiency and a swelling ratio of 265.40 g ¢~!. How-
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ever, a slight reduction in the swelling ratio and MB adsorption percentage was observed
when the initial MB concentration was increased from 50 mg L' to 100 and 200 mg L, re-
spectively. This phenomenon can be described by the fact that numerous active adsorption
sites are available at low MB concentrations. However, by increasing the MB concentration,
such circumstances varied due to the tough competition for the adsorption sites; hence,
more adsorbate molecules are occupied per unit mass of the adsorbent. However, the
removal percentage demonstrates a declining trend [43]. The highest MB adsorption effi-
ciency was achieved using the SAP-AC due to the combined adsorptive nature of both AC
and the SAP, providing more active and selective adsorption sites for the MB molecules to
be adsorbed.

Figure 11c,d depict the MB adsorption capacity and percent MB adsorption as a
function of time by the SAP and SAP-AC as adsorbents using a 200 mg L~! initial MB
concentration. According to the results obtained, an increase in the MB adsorption capacity
was achieved with a gradual reduction in the percent MB adsorption and swelling ratio as
compared to lower MB initial concentrations.

Comparatively, using the SAP-AC as an adsorbent, a higher (736.75 mg g~') MB
adsorption capacity was obtained with 92.26% removal efficiency, and the swelling ratio
reached the value of 104.00 g g~ !, respectively. On the other hand, using the SAP as an
adsorbent, the MB adsorption capacity reached the value of 686.54 mg g~! with 88.33% of
the MB adsorption percentage, and the swelling ratio was 33.98 g g~! correspondingly.

Initially, in the first few hours, rapid adsorption of MB can be noticed using the SAP-
AC which may possibly correspond to the availability of more adsorption sites because of
the proven adsorptive nature of the SAP and AC individually. On the other hand, a slower
MB adsorption rate was detected for the first few hours using the SAP due to the availability
of adsorption sites provided by the SAP only. Therefore, a higher MB adsorption capacity
was observed using the SAP-AC as an adsorbent. Table 2 shows the comparison between
the adsorption capacity of MB in the present study and previous studies reported in the
literature. It is clearly seen that the MB adsorption capacities observed in the present study
were much higher for different initial MB concentrations. Furthermore, the adsorption
of MB reached maximum values of 99.48%, 95.89%, and 92.26% using the SAP-AC as the
adsorbent at initial MB concentrations of 50, 100, and 200 ppm, respectively.

Table 2. Comparison of MB adsorption capacities on different adsorbents.

S. no. Adsorbent Init(ira;lgl\;ldlflc)onc. MB Ads((;;l;t;o: )Capacity Ref.
1. Sodium alginate/cellulose 100 328.36 [44]
2. Carboxymethylcellulose/PAA */GO * 100 138.4 [45]
3. * PCMC/AA/acrylamide/GO 200 133.32 [46]
4. Cellulose/activated carbon 100 103.66 [47]
5. SAP-AC 50 213.2 Current study
6. SAP-AC 100 399.03 Current study
7. SAP-AC 200 736.75 Current study

* PAA = Polyacrylic acid, GO = Graphene oxide, PCMC = Pineapple peel carboxymethyl cellulose.

3.6. Kinetics Study

To find the time taken for reaching the adsorption equilibrium and to understand
the MB adsorption mechanism better, the data were fitted with pseudo-first-order and
pseudo-second-order models, which are represented by Equations (7) and (8), respectively,
where g, and g; are the amounts of MB adsorbed at equilibrium (mg g~'); ¢ is the adsorption
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time; and k; (min~!) and k, (8 mg’1 min~!) are the rate constants for pseudo-first-order
and pseudo-second-order kinetics, respectively [48,49].

In (ge —qt) = In ge — kqt (7)

t_1 ot

qa kgl qe

The adsorption kinetics of MB dye on the hydrogel were plotted to verify the rate-

controlling route and the adsorption mechanism which are critical activities for practical

use. For the determination of kinetic parameters for MB adsorption on the SAP, the

adsorption study was accompanied by four different contact time intervals. By plotting

In(ge—q:) versus time for the pseudo-first-order and plotting ¢/t against time for pseudo-

second-order equation, this gave straight lines with the slope and intercept as depicted in
Figure 12a,b, respectively.
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Figure 12. MB adsorption kinetics: (a) pseudo first-order and (b) pseudo second-order using SAP,
and (c) pseudo first-order and (d) pseudo second-order using SAP-AC as adsorbent.

From the given straight-line equations, the values for qe, K1, and K, were calculated
which are presented in Table 3. Comparatively, the pseudo-second-order kinetic model
showed a better fitting degree due to the higher correlation coefficient (R?). The calculated
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value for the amount of MB adsorption at equilibrium (qe) compared to the experimental
value is almost the same.

Table 3. Kinetic parameters for MB adsorption on SAP and SAP-AC as adsorbents.

SAP SAP-AC
Pseudo first-order parameters Pseudo second-order parameters Pseudo first-order parameters Pseudo second-order parameters
ge (mg g~ 1) 118.62 ge (mg g~ 1) 208.33 ge (mg g~ 1) 87.32 ge (mg g~ 1) 216.45
Kq (min—1) 0.007 K (mg g~ min~') 0.0023 Kq (min—1) 0.0082 K (mg g~! min~) 0.0038
R? 0.986 R? 0.994 R? 0.976 R? 0.999

Figure 12¢,d illustrate MB adsorption kinetics using the SAP-AC as an adsorbent. A
higher correlation coefficient (R?) value and a nearly equal MB adsorption equilibrium (qe),
as shown in Table 3, suggest that the current data best fit the pseudo-second-order model.

It is suggested that the MB adsorption mechanism can be better represented by the
pseudo-second-order model using the SAP-AC as an adsorbent. Subsequently, this indicates
that the determination of the MB adsorption rate is governed by the chemical adsorption
process via electron transfer, exchange, or sharing between the SAP-AC and MB molecules.

3.7. Adsorption Isotherms

For the adsorption isotherm, two well-known isotherm models were applied, namely,
Langmuir and Freundlich isotherms [32]. The Langmuir isotherm model proposes mono-
layer adsorption on homogenous surface sites, which can be expressed in its linear form by
Equation (9).

Ce 1 Ce
i + =
e KLq m qm

The Freundlich isotherm model is established on the presumption of multilayer ad-
sorption on heterogeneous surface sites with diverse adsorption energies, expressed by
Equation (10) as:

©)

Inge =1InKg+ % InC, (10)

where C, is the equilibrium concentration (mg L~1) of the adsorbate in the solution; e is
the amount of adsorbate adsorbed at equilibrium (mg g~1); g, is the maximum amount of
adsorbate required for complete monolayer coverage (mg g~ 1); n is the adsorption intensity;
and K;, and K are the Langmuir and Freundlich constants, respectively.

Figure 13a,b show Langmuir and Freundlich adsorption isotherms for MB adsorption
on the SAP as the adsorbent. From the regression constant (R?) values, it can be deduced
that the Freundlich adsorption isotherm best fits to the current data as compared to the
Langmuir isotherm model.

The Langmuir isotherm is well fitted if the plot of Ce/ge vs. C, is linear. The determina-
tion coefficient calculated, R? = 0.978, shows that the Langmuir model does not apply to
the conditions studied. Furthermore, the calculated value for the maximum MB adsorption
(gm) is lower as compared to experimental data reinforcing that the model is not well fitted.
From the straight-line equations, the constants were determined from the plots. Table 4
shows the calculated parameters for Langmuir and Freundlich models and their constants
for each model. In contrast, the Freundlich adsorption isotherm provides an expression
about the heterogeneous surface having an exponential distribution of active sites and their
energies. According to the calculated parameters shown in Table 4, the value 7 is greater
than 1, proposing a promising adsorption activity at higher MB concentrations.
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Figure 13. MB adsorption isotherms (a) Langmuir and (b) Freundlich model using SAP and (c)
Langmuir and (d) Freundlich model using SAP-AC as adsorbent.
Table 4. Isotherm parameters of MB adsorption on SAP and SAP-AC as adsorbents.
SAP SAP-AC
Langmuir isotherm Freundlich isotherm Langmuir isotherm Freundlich isotherm
parameters parameters parameters parameters
gm (mg g~h) 114.94 n 1.291 Gm (mg g™ 917.43 n 2.146
Ky 0.435 Kr 54.82 Ky 0.227 Kr 205.54
R? 0.978 R? 0.994 R? 0.965 R? 0.999

The experimental data were further applied to the Langmuir and Freundlich isotherms
to deduce MB adsorption activity using the SAP-AC as depicted in Figure 13c,d. Com-
paratively, the Freundlich isotherm revealed a higher R? (Table 4), propounding that the
experimental data fitted better to such a model, and, as a result, a multilayer MB adsorption
on the hydrogel can be achieved.

Furthermore, the calculated value of n was 2.146 (1 < n < 10), which suggested that the
interaction mechanism was favorable to adsorption between the MB dye molecules and
SAP-AC hydrogel surface [50].
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3.8. Physicochemical Characterization of SAP Adsorbents
3.8.1. SEM Analysis

Scanning Electron Microscopy (SEM) was performed to study and compare the surface
textural and morphological changes that occurred during the adsorption process. It is
evident from the micrographs that, before MB adsorption, the SAP (Figure 14a) showed a
wrinkled morphology with a porous texture. This wrinkled texture can increase the specific
surface area of the SAP, which is favorable for the improvement in water absorbing and
the MB adsorption capacity. It can be noted that upon the addition of AC to the SAP, the
porosity of the SAP material was enhanced drastically as shown in Figure 14c. On the other
hand, after MB adsorption, the SAP texture was plainer, and almost all the pores were
completely blind due to the MB adsorption as depicted in Figure 14b,d, respectively. The
SEM morphology revealed that the SAP-AC composite has a microporous open-framework
structure, allowing an easy entrance of MB molecules to adsorb on the internal active sites
in the hydrogel [51].

! s
spot mag O| WD o—0 1111

5000 x

det | HV
ETD| 5.00 kV

Figure 14. SEM micrographs of (a) SAP before MB adsorption, (b) SAP after MB adsorption,
(c) SAP-AC before MB adsorption, and (d) SAP-AC after MB adsorption.
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3.8.2. XRD Analysis

X-ray diffraction (XRD) was used to determine and identify the composition and
crystallographic nature of the hybrid adsorbent. Figure 15 depicts the comparison of the
XRD profiles of the raw samples before MB adsorption. In the XRD profile of the SAP and
SAP-AC, no significant peak was observed, which confirms that the SAP and SAP-AC
were amorphous. Moreover, due to the incorporation of activated charcoal, no significant
changes in the XRD pattern were observed.

— SAP
— SAP-AC

Intensity (a.u.)

20 40 60 80
Scattering angle 26

Figure 15. XRD pattern of SAP and its composite.

3.8.3. FTIR Analysis

Fourier transform infrared (FTIR) absorption spectra of powdered SAP and SAP-AC
samples were recorded using attenuated total reflection (ATR). The spectra were recorded
between 4000 and 400 cm ™. Figure 16 illustrates the spectra of the synthesized samples.

— SAP
— SAP-AC
| ? A
~ ; |
Q v 3 [806.36]
> v ; _—
DN
%
L e | Y|
i
03820
\4
4000 I 35IOO I 3OIOO I 25I00 I ZOIOO I 1 5IOO I 1 OIOO I 5(50
Wavenumber (cm™)

Figure 16. FTIR spectra of the synthesized SAP and SAP-AC hydrogels.
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To investigate the formation of the hydrogel, FTIR analyses were performed which
are presented in Figure 16. The peaks around 806.36 cm ! and 1240.70 cm ! were due to
C—H stretching; the peaks at 1038.20 cm~! correspond to the C=0 stretching vibration; the
peaks at 1172.27 cm ™! are related to the stretching vibrations of the carboxylate groups;
the peaks around 1409.68 cm ! correspond to symmetrical stretching vibrations of the
carbonyl groups; the peaks at 1547.95 cm ! are due to the overlapped stretching vibration
of the carbonyl groups of the acrylic acid unit (-C=0 in -COOH); the peaks at 1708.55 cm ™!
correspond to C=0 of the B-carboxylic acid; the peaks at 2940.18 cm ! are related to methy-
lene, and the peaks around 3444.86 cm ™! correspond to hydroxyl stretching influenced by
hydrogen bonding. The observed FTIR spectra of the synthesized samples did not show
any drastic changes, and the peaks obtained were typical for the hydrogel, as previously
reported in the literature [33,51-53]. The appearance of the band at 1708 cm~! corresponds
to the C=0 stretching band associated with the carboxylic group of the SA-cl-PAA hydrogel,
which confirmed the grafting reaction of AA to SA.

4. Conclusions

A biodegradable superabsorbent polymer hydrogel incorporated with activated char-
coal was successfully used as an adsorbent for the deep removal of MB. Temperature
and pH had a pronounced effect on the MB adsorption and hydrogel swelling ratio. The
highest MB adsorption was observed at pH 6.0 and a 37.5 °C temperature, and the lowest
MB adsorption and the swelling ratio were observed at pH 2.0 and a 25 °C temperature.
The SAP-AC showed good adsorption capacity even at higher MB concentrations. MB
adsorption kinetics obey a pseudo-second-order design, and the data were best fitted to the
Freundlich adsorption isotherm. SEM images revealed the porous nature of the SAP-AC
adsorbent before MB adsorption. The current study can be helpful in the removal of cationic
dyes from wastewater, and the hydrogel can be successfully used for multifold adsorption
and desorption cycles.
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