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Abstract: A new hydrogel based on vinylsilane-chitosan and acrylamide was synthesized as VSi-CTS-g-PAAmM
and was used to remove methylene blue (MB) from aqueous solution using batch adsorption technique. The
VSi-CTS-PAAmM hydrogel interacted with methylene blue (MB) dye solution at different mass-liquid ratios, pH,
and temperature. The amount of MB dye removal was estimated using a UV-Vis spectrophotometer at an
optical density of Amax= 665 nm. The MB dye removal was most effective at pH 12, with about 98 % removal
at 50 °C. The study's findings also indicated that the equilibrium data exhibited the highest degree of
conformity with the Langmuir isotherm model. Additionally, the adsorption process adhered to the pseudo-
second-order kinetics and was characterized as endothermic. Therefore, our study suggests that the
utilization of prepared materials may have potential advantages in treating wastewater containing dyes.
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1. INTRODUCTION

Over 280,000 tonnes per year of various dyes are
estimated to be discharged into water bodies globally
(1). A good percentage of these dyes are not
effectively treated before their release into water
bodies and thus pose a substantial environmental
challenge to the biodiversity and usability of these
water bodies (2). The need to rid water bodies of
these dyes from textile effluent is of utmost
necessity, as water is becoming a scarce commodity.

Various methods have been developed to treat
wastewater; these include adsorption, photo-
catalytic degradation, biological treatment, chemical
oxidation, and precipitation (3). These methods are
effective but time-consuming and usually involve
high-energy demand, leading to higher costs. An
extensive review of the advantages and disad-

vantages of these methods has been published (4,5).
Adsorption technology, a hybrid of physical and
chemical treatment methods, has gained prominence
due to its low operation cost and effectiveness (6-8).

Diverse techniques utilizing low-cost adsorbents
have been successfully advanced for dye removal
(9,10). In recent years, hydrogel-based materials,
which are polymeric materials with three-
dimensional networks retaining a large quantity of
water within their structures, have been widely
studied because of their beneficial properties and
have been used in wastewater treatment and other
applications such as bio-sensing, biomedical
engineering, agriculture and horticulture, drug
delivery, and sanitary products (11-14).

However, hydrogel made purely from synthetic
materials and metal ions have their drawbacks due

1009


https://doi.org/10.18596/jotcsa.1292604
mailto:awodea@unijos.edu.ng
mailto:elaigwu.se@unilorin.edu.ng
https://dergipark.org.tr/jotcsa
http://www.turchemsoc.org
https://orcid.org/0000-0002-6411-1995

Awode AU et al. JOTCSA. 2023; 10(4): 1009-1018

to their environmental impact and toxicity to living
cells when used as an antibacterial agent (15).
Moreover, nanoparticle-based hydrogel development
has been restricted due to their physical and
chemical instability (16). To address these
drawbacks, researchers have focused on synthe-
sizing polysaccharide-based hydrogel, which can be
prepared by polymer grafting and cross-linking
reactions, making them more beneficial as adsor-
bents than conventional hydrogels. This is not only
because of the hydrophilic groups, such as —OH,
—NH;, —COOH, and —CONH; on their surface that
help in the adsorption of the pollutants via
electrostatic interaction and hydrogen bonding, but
due to their low-cost, non-toxic, environmentally
friendly, and highly biodegradable and biocompatible
nature (17-19, 3).

Chitosan is a deacetylated version of chitin (the
second most abundant natural polysaccharide
biopolymer after cellulose). It is made up of 2-aceta-
mido-2-deoxy-p-D-glucopyranose and 2-amino-2-
deoxy-B-D-glucopyranose linked by B(1,4)-linkage
and possesses important properties of biopolymers
such as non-toxicity, biocompatibility, and
biodegradability than chitin (20,21). In addition,
chitosan has positive charges on its surface, which
helps when bonding with negatively charged groups,
thus making it a compelling candidate in wastewater
remediation. Despite the advantages of using chito-
san, there are disadvantages associated with its use,
namely low porosity, low thermal resistance, high
solubility, and low stability in acidic medium (20,21).
These disadvantages limit its use, especially in the
adsorption of acidic pollutants such as dyes from
their aqueous solutions. Modifying the chitosan
chains is crucial to avert these challenges and
improve performance. Hence, techniques such as
crosslinking, blending with other polymers, and
grafting copolymerization have been used to achieve
it (22-25).

Therefore, to prevent the aforementioned limitations
of chitosan and to improve its ability to remove dyes
from aqueous solutions, we synthesized a new
adsorbent material (hydrogel) in this study by
blending chitosan with trichlorovinylsilane and
subsequent cross-linking with polyacrylamide. To the
best of our knowledge, no previous work has
reported using this material to remove dye
(methylene blue) from an aqueous solution. The
effect of different parameters such as adsorbent
dosage, temperature, initial concentration of dye,
contact time, and pH on the adsorption process was
investigated to understand the adsorption process's
kinetics and equilibrium adsorption isotherms.

2. MATERIALS AND METHODS

2.1. Materials

Low molecular weight (LMW) chitosan (75-85 %
DDA) was purchased from Sigma-Aldrich Co. (St.
Louis, USA) and used as supplied. Acetone and acetic
acid were purchased from Merck, Germany.
Trichlorovinylsilane, acrylamide, N,N’-Methylene-
bisacrylamide, Methylene blue (MB) and ammonium
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persulfate were obtained from Sigma-Aldrich,

Germany.

2.2. Synthesis of Trichlorovinylsilane Chitosan-
g-acrylamide Hydrogel (VSi-CTS-g-PAAm)

4 g of low molecular weight chitosan (CTS) was
weighed into a bottle; 10 mL of trichlorovinylsilane
(VSi) was added and allowed to soak the chitosan for
3 days. After complete soaking and interaction with
chitosan, the bottle was opened and excess fumes of
trichlorovinylsilane allowed to escape. The product
(VSi-CTS) produced was properly stored in a corked
container.

50 mL of 2.5 % acetic acid was added into a conical
flask containing 0.5 g of VSIi-CTS, and it was allowed
to stir overnight until complete dissolution. 10 mL of
the VSIi-CTS acetic acid solution was used in the
preparation of the hydrogel by adding varying
amount of acrylamide (0.9 g, 0.7 g, 0.5 g, 0.3 g),
0.05 g N,N’-methylenebisacrylamide (crosslinker)
and 0.05 g ammonium persulfate (initiator). The
reaction was carried out at 75 °C until gel was
formed.

Finally, the synthesized hydrogel was washed several
times with distilled water and acetone, and then
dried at room temperature until a constant weight
was obtained.

2.3. Adsorption Experiments

Batch adsorption experiments were performed at 25
- 50 °C temperature range using a set of 250 mL
Erlenmeyer flask containing 0.025 g of adsorbent
and 25 mL of MB solution of different initial
concentrations (10 - 100 mg/L). The MB solution was
adjusted to varying pH range (2 - 12) using 0.1 M
HCl and 0.1 M NaOH solutions. It was then shaken at
an agitation speed of 205 rpm for 24 h (1440 min).
After equilibrium is achieved, decantation and
filtration were carried out and the equilibrium
concentration of the dye was determined using a UV-
visible spectrophotometer (2377 double beam) at
maximum wavelength of 665 nm. The percentage
removal of MB dye and amount of dye adsorbed were
calculated using the following equations.

oLl X 100 (1)

0

% Removal =
(Co-Ce)
g =y (2)

where Cp and C. (mg/L) are the initial dye
concentration and equilibrium dye concentration at a
given time, ge (mg/g) amount of MB dye in mg per
gram of adsorbent, V (dm3) volume of solution, M (g)
mass of hydrogel used.

3. RESULTS AND DISCUSSION

3.1. Effect of Adsorbent Dosage on the
Adsorption Process

The effect of adsorbent dosage was studied using
0.025 - 0.075 g, 25 mL of 10 mg/L adsorbate at 25
°C, pH 12 for 24 h. As can be seen in Figure 1, the
adsorption efficiency of the adsorbent was very high
at low adsorbent dosage and remained almost stable
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with increase the adsorbent dosage. The observed
trend under the studied conditions could be
attributed to the presence of large numbers of active
adsorption sites on the adsorbent, which made it
possible for the high adsorption efficiency to be

10

RESEARCH ARTICLE

recorded at low adsorbent dosage. This study result
is consistent with previous studies, which reported
adsorption sites to be responsible for high adsorption
efficiency of adsorbents (26,27).

qe (mg/g)
©

0,02 0,03 0,04

0,05 0,06 0,07 0,08

Adsorbent dosage (g)

Figure 1: Effect of adsorbent dosage on the adsorption of MB onto VSi-CTS-g-PAAm hydrogel.

3.2. Effect of Initial Dye Concentration and
Adsorption Isotherm

The effect of initial concentration on the amount of
MB adsorbed is shown in Figure 2. Different concen-
trations of MB were prepared ranging from 10 - 120
mg/L and the experiment was carried out at 25 °C,
pH 12, with 0.025 g of the adsorbent for 24 h. As the
concentration of MB increases there was an increase
in the uptake of MB dye onto VSi-CTS-g-PAAmM
hydrogel. This could be attributed to increased
collisions between the dye molecules as a result of
bulk density of the dye molecules thereby prevailing
over any liquid to solid phase barrier (28,29).
Nevertheless, as the adsorbent active sites continued
to bind to the dye molecules, it got to a point of
saturation (100 mg/L), and further increase in MB
concentration led to decrease in the amount of dye
molecules adsorbed.

To fully understand the adsorption behavior of the
prepared VSi-CTS-g-PAAm hydrogel, the Langmuir
and Freundlich adsorption isotherm models were
used. The linearized forms of their equations are
given in equations 3 and 4 respectively.

1 1 1

—=—— 3) Langmuir model
de Qm+KLQmCe ( ) 9

Inq, = InKp + %lnce (4) Freundlich model

Where C. is the (mg/dm3) is the equilibrium dye
concentration in solution, ge (mg/g) is the equili-

brium dye concentration on the adsorbent, g» (mg/g)
is the MB concentration onto the adsorbent when
monolayer forms, Cp, (mg/dm3) is the initial dye
concentration, and K, is the Langmuir constant
(dm3/mg).

Figures 3 and 4 illustrate the different isotherms of
Langmuir and Freundlich respectively. The obtained
experimental data fitted well into the two models.
However, the correlation coefficient for Langmuir (R?
= 0.986) was observed to be a better fit with a
maximum adsorption capacity of 68.02 mg/g. The
values for the parameters in the Langmuir and
Freundlich are summarized in Table 1. The most
important feature of the Langmuir isotherm is the R,,
which is known as the dimensionless constant
separation factor that helps to foretell if an
adsorption system is favorable or unfavorable and is
given by equation (5). Adsorption system is
favorable when (0 < R;< 1), unfavorable (R;> 1),
linear (R, =1), irreversible (R, =0) (30,31).

1
T+ KL Gy

L (5) Separation factor

The plot of the Separation Factor is shown in Figure
5. The R. values obtained ranged from 0.283-0.703,
indicating that the monolayer adsorption of MB onto
VSi-CTS-g-PAAm hydrogel was favorable. It also
established that the adsorption data fitted into the
Langmuir isotherm at the optimal conditions in this
study (30,31).
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Figure 2: Effect of initial dye concentration on the adsorption of MB onto VSi-CTS-g-PAAmM hydrogel.

Table 1: Summary of adsorption isotherm parameters.

Langmuir model Freundlich model
dm (M9/9) Ki RL R2 n Ke R2
68.02 0.042 | 0.283-0.703 0.986 1.42 1.21 0.978

0,12 +

y = 0,0422x + 0,0147
R2 = 0,986

O T T T T 1
0 0,5 1 1,5 2 2,5
1/Ce

Figure 3: Langmuir adsorption Isotherm for the adsorption of MB onto VSi-CTS-g-PAAm hydrogel.
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Figure 4: Freundlich adsorption isotherm for the adsorption of MB onto VSi-CTS-g-PAAm hydrogel.
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Figure 5: Separation factor R, versus the initial MB dye concentration at 25 °C.

3.3. Effect of pH on The Adsorption Process

The effect of pH of the dye solution was studied using
0.025 g of the absorbent, 25 mL of 10 mg/L
adsorbate at 25 °C for 24 h, while the pH was varied
between 2-12. From the results obtained the
adsorption of MB increased with increase in the pH
as can be seen from Fig. 6 with the maximum

adsorption occurring at pH 12. The observed trend is
as a result of protonation of functional groups such
as carboxyl and alcoholic groups at pH < 3 that
decreased the adsorption efficiency, while depro-
tonation of these functional groups occurs at pH > 8
and increases the adsorption efficiency (32).

1013



Awode AU et al. JOTCSA. 2023; 10(4): 1009-1018

5 -
4,5
4 -

}h’
(6]
1

‘N
o N U1 W
1

qe (mg/g)

o =
ul =
1 1

o

RESEARCH ARTICLE

0 2 4 6

8 10 12 14
pH

Figure 6: Effect of pH on the adsorption of MB onto VSi-CTS-g-PAAmM hydrogel.

3.4. Effect of Temperature on the Adsorption
Process

The effect of temperature on the adsorption of MB
onto VSi-CTS-g-PAAm was performed at 25, 35 and
50 °C for 24 h using 25 mL of 10 mg/L adsorbate
solution and 0.025 g of adsorbate at pH 12. There
was an increase in the adsorption of MB as the
temperature was increased signifying an endother-

12

10

qe (mg/g)

295 300 305

mic process (27). The adsorption capacity of MB
increased from 4.722 - 9.777 mg/g onto the VSi-
CTS-g-PAAmM hydrogel at 25 - 50 °C as seen from
Fig. 7. This can be ascribed to the increase in the
kinetic energy of the MB molecules giving them
adequate energy to prevail over the bulk layer and
be adsorbed onto the crevice of the hydrogel network
(33).

310 315 320 325

Temperature (K)

Figure 7: Effect of temperature on the adsorption of MB onto VSi-CTS-g-PAAm hydrogel.

3.5. Effect of Time and Adsorption Kinetics

The effect of contact time of the adsorbent with MB
was studied from 30 - 1440 min (0.5 - 24 h) using
an absorbent dosage of 0.025 g, 25 mL of 10 mg/L
adsorbate at pH 12. The result obtained is as
presented in Fig. 8. It can be seen that the quantity
of MB adsorbed increased rapidly at the beginning
and became gradual afterward until equilibrium was

achieved. The optimum time was attained at 1440
min; thereafter, the percentage of dye adsorption
remained relatively constant. The increase in
adsorption ab initio could be attributed to many
vacant adsorption sites; these sites became occupied
over time, resulting in reduced adsorption of MB
(28). A similar trend in adsorption has been
previously reported (27).
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Figure 8: Effect of time on the adsorption of MB onto VSi-CTS-g-PAAmM hydrogel.

Two kinetic models, namely the pseudo-first order
and pseudo-second orders (Equations 6 and 7,
respectively), were used to fit the experimental data
and propose a mechanism for the adsorption
process. The results are presented in Fig. 9 and 10,
respectively. The correlation coefficient (R?) values
obtained show that the experimental data better fits
into the pseudo-second-order kinetic model. This
suggests that a pseudo-second-order kinetic model
could be applied in describing the entire adsorption
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&

e 0,800 -

(=
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0,400 -
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process, with chemisorption as the rate-determining
step (27). The kinetics parameters for the adsorption
of MB onto VSi-CTS-g-PAAmM hydrogel are presented
in Table 2.

In(q. - q¢) = In(q.) - (K,)t (6) Pseudo first order

1 t
=—+— (7) Pseudo second order
qe k2qe de

y = -0,0034x + 1,7654
R2 = 0,998

0 50 100 150

200 250 300 350 400

Time (min)
Figure 9: Pseudo-first-order kinetics for the adsorption of MB onto VSi-CTS-g-PAAmM hydrogel.
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Figure 10: Pseudo-second-order kinetics for the adsorption of MB onto VSi-CTS-g-PAAm hydrogel.

Table 2: Kinetic parameters for the adsorption of MB onto VSi-CTS-g-PAAmM hydrogel

Kinetic Model Parameter Value
i Ki (min-t) 0.0034

Pseudo first order model R2 0.998
K2(gmgtmin-) 1.4875

Pseudo second order model R2 0.999

Boyd model R? 0.998

To get further information regarding the mechanism
of the adsorption process, the experimental data was
fitted into the Boyd kinetic model using equation 8,
and the result is shown in Figure 11. It can be seen
that the straight does not pass through the origin;
therefore, film diffusion or bulk mass transport
mechanism could be suggested for the sorption

0

0 50
-0,5

100 150

-1

-1,5

-
(1] @®--.....
-2

-2,5
-3

-3,5

process, which may be attributed to electrostatic
interaction between the VSi-CTS-g-PAAmM hydrogel
surface and the cationic MB dye molecules (34).

B, = —04978-In (1 —Z—;)) (8) Boyd kinetic model
- 2co 300 350 400
y = -0,0034x - 1,6909
R2 = 019981
................. ...
----------------- ‘
Time

Figure 11: Boyd kinetic model for MB adsorption onto VSi-CTS-PAAmM.

4. CONCLUSION

Hydrogels prepared as VSi-CTS-g-PAAmM were tested
for the adsorption of MB dye from an aqueous
solution. The study's findings indicate that several

elements, including the adsorbent dosage, the
adsorbate concentration, the duration of contact, the
pH level, and the temperature, influence the
adsorption process. The obtained experimental data
exhibited a favorable agreement with the Langmuir
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isotherm model, indicating that the adsorption
process adhered to a chemisorption mechanism, as
evidenced by the pseudo-second-order Kkinetic
behavior. The adsorption process was hypothesized
to occur by either film diffusion or bulk mass transfer
mechanisms, as indicated by the plot of the Boyd
kinetic model. The hydrogel, known as VSi-CTS-g-
PAAmM, has been successfully synthesized and
demonstrates the ability to adsorb methylene blue
(MB) from aqueous solutions. This characteristic
makes it a promising candidate for potential
utilization in the remediation of wastewater
contaminated with dyes.
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