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Abstract: Hazardous chemicals like toxic organic dyes are very harmful to the environment and
their removal is quite challenging. Therefore there is a necessity to develop techniques, which are
environment friendly, cost-effective and easily available in nature for water purification and re-
mediation. The present research work is focused on the development' and characterization of the
ecofriendly polyvinyl alcohol (PVA) and alginate (Alg) hydrogel beads incorporating natural
bentonite (Bent) clay as beneficial adsorbents for removal of toxic methylene blue (MB) from in-
dustrial water. PV A-Alg/Bent nanocomposite hydrogel beads with different Bent content (0, 10, 20,
and 30 wt%) were synthesized via external ionic gelation method. The designed porous and steady
structure beads were characterized by the use of Fourier transform infrared spectroscopy (FTIR),
energy-dispersive X-ray spectroscopy (EDX), and scanning electron microscopy (SEM). The per-
formance of the beads as MB adsorbents was investigated by treating batch aqueous solutions. The
experimental results indicated that the incorporation of Bent (30 w%) in the nanocomposite for-
mulation sustained porous structure, preserved water uptake, and increased MB removal effi-
ciency by 230 % compared to empty beads. Designed beads possessed higher affinity to MB at high
pH 8, 30 °C, and fitted well to pseudo-second-order kinetic model a high correlation coefficient.
Moreover, designed beads had a good stability and reusability as they exhibited excellent removal
efficiency (90%) after six consecutive adsorption-desorption cycles. Adsorption process was found
be combination of both monolayer adsorption on homogeneous surface and multilayer adsorption
on heterogeneous surface. The maximum adsorption capacity of the designed beads system as
calculated by Langmuir isotherm was found to be 51.34 mg/g, which is in good agreement with the
reported clay-related adsorbents. The designed PVA-Alg/Bent nanocomposite hydrogel beads
demonstrated good adsorbent properties and could be potentially used for MB removal from
polluted water.

Keywords: Alginate; polyvinyl alcohol; bentonite clay; nanocomposites hydrogel; cationic dyes;
water remediation.

1. Introduction

Methylene blue (MB) is a well-known cationic phenothiazine dye, with versatile
industrial application such as textile, leather, plastics, paper and cosmetics used as bio-
logic stain and photosensitizer in photodynamic therapy [1-7]. However, MB is a non-

© 2021 by the author(s). Distributed under a Creative Commons CC BY license.


mailto:maljar@uob.edu.bh
mailto:srashdan@uob.edu.bh
mailto:aahussein@uob.edu.bh
mailto:a_abdelfattah@alexu.edu.eg
mailto:aahussein@uob.edu.bh
mailto:a_abdelfattah@alexu.edu.eg
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.20944/preprints202111.0149.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 November 2021 d0i:10.20944/preprints202111.0149.v1

biodegradable due to its complex aromatic structure contributing to a prolonged toxicity
[8, 9, 10]. Consequently, it is necessary to remove toxic MB dye from industrial effluents
and wastewater for a more secured and sustainable environment [11, 12].

Various conventional physicochemical techniques have been proposed and intro-
duced for purification of water from toxic dyes including photocatalysis, chemical oxi-
dation, ozonaization, membrane filtration, coagulation and flocculation, as well as ad-
sorption [13-17]. Among all of these techniques, adsorption method is easily employed,
prompt, and highly efficient [18, 19, 20]. Numerous different adsorbents have been syn-
thesized such as activated carbons [21, 22], porous ceramics [23, 24], metal oxides [25],
and polymeric hydrogels [26-30] for remediation of contaminated water. Indeed, from
both environmental and industrial point of view, an ideal adsorbent should have large
surface area, porous structure, available active functional sites, mechanical stability and
strength, high strength as well as low cost and eco-friendly [31, 32, 33].

In recent years, the three-dimensional biodegradable polymeric hydrogels used as
adsorbents have attracted wide attention [34]. During the removal process, the dye mol-
ecules can rapidly penetrate into the porous hydrogel networks in solution and therefore,
combine with the hydrophilic active site groups like hydroxyl (-OH) and carboxyl
(-COOH) that present on their surfaces [26, 35].

A striking candidate hydrogel for water purification is sodium alginate (Alg), a
naturally occurring anionic biopolymer, obtained from brown algae. It has unique prop-
erties, including low cost, biodegradability, biocompatibility, and flexibility in hydrated
environment. In addition, the ionized negatively-charged carboxylate(-COO-) groups of
Alg are able to attract cationic MB from aqueous solutions [36, 37, 38]. Nevertheless, Alg
hydrogel beads usually give poor mechanical strength. To improve this property, Alg can
be blended with polyvinyl alcohol (PVA), which possesses desirable properties such as
non-toxicity, biodegradability, high elasticity, and mechanical strength [39]. Despite that,
several researchers reported that PVA-Alg hydrogel has limited application in dye re-
moval from wastewater owing to its relatively low adsorption capacity and selectivity
[37, 38, 40].

Nanoparticles based on clay minerals, have extensively received great attention due
to their remarkably low-cost, large abundance, high specific surface area, and good in-
trinsic adsorption characteristics [11, 23, 31]. Because of the anionic nature of the clay
nanoparticles in aqueous media, a number of studies have been reported the efficacy of
clay minerals for removing cationic dyes from waste water [41, 42] . Bentonite (Bent) is a
naturally occurring clay that is composed tetrahedral Si layer and octahedral Al layer
which are interlinked and containing reactive -OH groups. The charged layers are neu-
tralized by the presence of cations like Na+ and K+ and the interlayer space holding some
amount of water [43]. Owing to these exciting features, incorporating Bent nanoparticles
into the PVA-Alg hydrogel matrices to form nanocomposite hydrogels can significantly
improve adsorption performance and further increase the mechanical stability of the
hydrogel adsorbents [44, 45].

The objective of the present research is to continue to explore the advantages of both
ecofriendly polymeric hydrogel and natural nanoparticle-based materials. In particular,
our aim is to synthesize and characterize biodegradable nanocomposite, with enhanced
mechanical stability and adsorption properties as well as understanding the adsorption
mechanism in order to assess the best commercial formulations for industrial applica-
tions.

In this work, PVA-Alg/Bent nanocomposite hydrogel beads were prepared via ex-
ternal ionic gelation method and applied to the removal of toxic MB dye from aqueous
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solution. The structure, composition, morphology, and swelling of the assembled beads
were investigated. Many factors affecting the MB adsorption from the aqueous solution
by PVA-Alg/Bent nanocomposite hydrogel beads were studied in detail, including dif-
ferent Bent contents, pH values, contact time, initial MB concentration, different adsor-

bent dosage, temperature, and reusability. Further, adsorption kinetics, adsorption iso-

therms, and adsorption mechanism were analyzed.

2. Materials and methods or Experimental
2.1. Materials

Polyvinyl alcohol (PVA; molecular weight: 13000-23000 g/mol; 89 mol% hydro-
lyzed), low viscosity alginate (Alg) powder, calcium chloride (CaClz), hydrochloric acid
(HCl), sodium hydroxide (NaOH), and methylene blue (MB; chemical formula:
Ci16HisNsSCl, molecular weight: 319.85 g/mol, solubility in water: 40 g/L, Amax = 663 nm,
as shown in Figure 1a) were purchased from Sigma-Aldrich Co., Germany and used
without further purification. Bentonite (Bent) clay nanoparticles (Bent; molecular weight:
180.1 g/mol; chemical formula: H2AlOsSi;), with average diameter of 24.81 + 1.86 nm
(Figure 1b) was obtained as a gift from Sphinx Milling Station Co., Alexandria, Egypt.
The deionized water (0.055 uS/cm) was used in all experiments.
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Figure 1. (a) UV/Vis spectrum of MB dye (the inset shows the chemical structure of MB) and (b) SEM micrograph of bentonite
clay nanoparticles.

2.2. Preparation of Nanocomposite Hydrogel Beads

PVA (2 g) and Alg (2 g) were dissolved in deionized water (100 mL) in a water bath
at 90 oC under constant stirring at 350 rpm for 2 h to achieve a homogeneous solution.
After complete dissolving, the solution was stirred for an additional 1 h and cooled to
room temperature. Then, a predetermined content of the Bent powder (10, 20 and 30 wt%
in relation to the polymers) was dispersed in the aqueous PVA-Alg solution via soni-
cation at 40 °C for 30 min, and the mixture was vigorously stirred for 1 h in a shaker. The
obtained viscous suspension was slowly added dropwise by a syringe into the stirring
CaClz solution (3%, 600 mL), and the nanocomposite hydrogel beads were obtained. To
complete the gelation reaction, the beads were maintained in the CaClz solution over-
night. Finally, the beads were filtered, washed three times with deionized water to re-
move any unreacted CaClz, dried for 48 h at room temperature, and stored in a clean
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glass bottle for further characterization and adsorption study. Control hydrogel beads
without Bent clay were prepared using the same previous steps.

2.3. Characterization Methods
2.3.1. Fourier Transform Infrared Spectroscopy (FTIR)

Chemical compositions of the Bent, PVA-Alg control hydrogel and PVA-Alg/Bent
nanocomposite hydrogel were analyzed by FTIR spectroscopy with the FT-IR spectrom-
eter Spectrum Two (Perkin-Elmer, Waltham, MA, USA). The spectrum was recorded
throughout the wavenumber range from 4000 to 400 cm-1, at a resolution of 4 cm—1 with
32 scans per sample. The sample was prepared using the KBr disc technique in which the
sample (5 mg) was compressed with KBr powder (200 mg) by hydraulic pressure to form
a disk with a diameter of 12 mm.

2.3.2. Scanning Electron Microscopy (SEM)

A scanning electron microscope (SEM) was used to assess the surface morphology of
the desired beads. For this purpose, SEM uses a JEOL instrument (JSM-5300, Tokyo, Ja-
pan), which was operated at 25 keV. Prior to SEM imaging, the samples were ultrasoni-
cally washed for 30 s and sputter-coated with gold to a thickness of 0.04 um in a sput-
ter-coating unit (JFC 1100 E, Tokyo, Japan).

2.3.3. Energy-Dispersive X-ray Spectroscopy (EDX)

Elemental composition of the Bent, PVA-Alg control hydrogel and PVA-Alg/Bent
nanocomposite hydrogel was determined using energy dispersive X-ray (EDX) microa-
nalysis attached to the SEM. Analysis was performed on uncoated samples at 15 kV for
60 s.

2.3.4. Swelling Behavior

To estimate the swelling behavior of the beads, the dried beads were immersed in
deionized water (500 mL) at different pH values (3, 7, and 9) for 5 h at room temperature
until the beads reached equilibrium swelling. During this experiment, water was occa-
sionally exchanged several times. The swollen beads were taken out of the aqueous so-
lution at fixed time scheduled, surface wiped and weighted to obtain their wet weights
(Ww). Then they were dried at 40 °C in an oven until constant weight was achieved. After
which, they were weighted again to determine their dry weights (Wa). The average of
five measurements was taken as the final result. The percentage of swelling ratio by each
sample was calculated according to Equation (1) [46].

Swelling ratio (%) = [(Ww-Wa)/W4]X 100 (v}

2.4. MB Adsorption Experiments

The adsorption of MB from aqueous solution onto PVA-Alg/Bent nanocomposite
hydrogel beads was systematically estimated. Before adsorption experiment, a stock so-
lution of MB (500 ppm) was prepared by dissolving accurately weighed amount of MB
powder in deionized water. The prepared stock solution was diluted to various MB
concentrations of the same pH and absorbance was measured by using UV/Vis spectro-
photometer (Lambda 35, Perkin-Elmer, Waltham, MA, USA) which records characteris-
tic absorption peak of MB at wavelength of 663 nm. A calibration curve was constructed
with reference to absorbance values of corresponding concentration of MB. The calibra-
tion curve equation was used to find the concentration of MB before and after adsorp-
tion. The adsorption experiments were studied by batch adsorption technique in which a
certain amount of dried beads was added to a 100 mL Erlenmeyer flask containing MB
solution (50 mL) of a certain concentration and placed in a mechanical water bath shaker
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at 150 rpm for a predetermined period of time. Then, the supernatant was centrifuged
and the concentration was measured by UV/Vis spectrophotometer. Effect of different
Bent content (10, 20, and 30 wt%), different pH (2-10), contact time (20-320 min), initial
MB concentration (50-350 ppm), PVA-Alg/Bent dosage (0.1-2 g), and temperature (20,
30, 40, and 50 °C) have been explored to evaluate the performance of adsorbent beads.
The equilibrium adsorption capacity, qe, (mg/g) of MB onto adsorbent beads as well as
the removal percentage (%) were calculated from Equations (2) [47] and (3) [48, 49] re-

spectively.
qe = (Co—Ce) X V/m (2)
Removal (%) = [(Co—Ce)/m] x 100 3)

where Co and Ce are the initial and equilibrium concentrations of MB (mg/L), re-
spectively, m is the adsorbent mass (g) and V is the MB solution volume (L).

2.5. Adsorbent Reusability Study

The reusability of PVA-Alg/Bent adsorbent beads was carried out in the repeating
adsorption—desorption process. PVA-Alg/Bent beads after adsorbing MB were washed
thoroughly with deionized water and dried for 48 h at room temperature. Then, the
beads were placed in a glass bottle containing HCl solution (0.1 M, 50 mL) and shaked at
150 rpm for 30 min for the regeneration of the beads. The regenerated beads were sepa-
rated from the solution, rinsed by deionized water till no more MB leached out and re-
used to conduct the same adsorption procedure at the same conditions. Six adsorption—
desorption cycle tests, were carried out.

2.6. Adsorbent Isotherms

The adsorption mechanisms were studied by Freundlich and Langmuir isotherm
models. The Freundlich isotherm adsorption formula is expressed in Equation (4) [50,
51].

Inq, =InKy +nl InC, @)

where Kr [(mg/g)(L/mg)"] and n are the Freundlich constants, which represent the
adsorption capacity and adsorption intensity, respectively. For favorable and multi-
layer cooperative adsorption, 1/n value should be between 0 and 1 [51].

The Langmuir isotherm adsorption Equations (5) and (6) [50, 51] were defined as

follows:
Ce 1 Ce
— = — (5)
qe K qm 9dm
1
L~ 1+K,c, ®)

Where qm (mg/g) is the maximum adsorption capacity, Kv (L/mg) is the Langmuir
constant related to the affinity of the binding sites, and RL is the constant separation
factor. Rt value between 0 and 1 states a favorable adsorption process [50].

2.7. Adsorbent Kinetics

Both pseudo-first and pseudo-second order kinetic models were adopted to esti-
mate the adsorption kinetics of MB dye onto PVA-Alg/Bent nanocomposite hydrogel
beads. The corresponding Equations (7, 8) [50, 51] displayed in their linear forms are as
follows:

In(q. — q;) =Inq, — K4t )
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t 1

1
+—t (8)
a K%  q.

where ge and qt (mg/g) are the amounts of MB adsorbed at equilibrium and at time
t, respectively. K1 (1/min) and Kz (g/mg.min) are the rate constants of pseudo-first order
and pseudo-second-order kinetics respectively.

2.8. Adsorbent Kinetics

The significant differences between the data among the experimental groups were
analyzed using a one-way ANOVA test followed by Turkey's Post Hoc test and student
t-test. All data were represented as mean * standard deviation (M + SD) and each ex-
periment was performed at least five replicates. A p value < 0.05 was considered signifi-
cant.

3. Results and discussion
3.1. Fabrication of Nanocomposite Hydrogel Beads

The PVA-Alg control hydrogel and PVA-Alg/Bent nanocomposite hydrogel beads
were successfully prepared by external ionic gelation method with Ca? ions as cross-
linkers [44, 47]. Figures 2a and 2b shows the digital images of the wet and dry
PVA-Alg/Bent beads as well as the dry beads after adsorption of MB. The incorporation
of Bent nanoparticles into the hydrogel beads was confirmed by the apparent beige color
of the beads. The wet beads exhibited uniformly spherical shape with a smooth surface
and had a size of approximately 4 mm (Figure 2a). However, during air drying, the initial
spherical shape of the beads was slightly changed, resulting in rough surface morphol-
ogy without a marked collapse on the surface, indicating an improved mechanical sta-
bility (Figure 2b). Indeed, the deformation in shape is inevitable when water was evap-
orated from the wet hydrogel beads throughout the drying process, causing volume
shrinkage of hydrogel beads [52]. Figure 2c reveals black color of the beads indicated
encapsulation of MB in the nanocomposite hydrogel beads.

In this work, the PVA: Alg weight ratio and the content of Bent nanoparticles were
fixed at (1:1) and 30 wt% respectively. These values were selected because they represent
an optimum performance of efficient adsorptive removal of MB dye and mechanical sta-
bility of the hydrogel beads [44]. To assess the adsorption ability of the designed nano-
composite hydrogel beads, preliminary adsorption tests were performed. As shown in
Figure 2d, the control hydrogel beads had limited removal rate (28.53%) for MB. Never-
theless, the removal rate of MB was significantly improved by increasing the content of
Bent nanoparticles in the hydrogel beads. More specifically, the incorporation of 10 wt%,
20 wt%, and 30 wt% Bent nanoparticles in the hydrogel beads increased the removal rate
of MB dye by 165%, 190%, and 230% respectively compared to the control hydrogel
beads. However, Bent contents exceeding the selected value were denounced to avoid
aggregation of Bent nanoparticles, which in turn may deteriorate the overall mechanical
stability and beads strength [53, 54]. After taking the factors of adsorption amount and
mechanical strength into consideration, PVA-Alg/Bent (30 wt%) nanocomposite hy-
drogel with appropriate MB removal percentage (94.64%) and stiffness was selected for
subsequent characterizations and adsorption study.

3.2. Structure and Chemical Composition

Figure 3 displays the FTIR spectra of the pristine Bent, PVA-Alg control hydrogel,
and PVA-Alg/Bent nanocomposite hydrogel. Bent exhibits characteristic absorption
peaks at 1054, 982, 3674, and 835 cm—-1. Absorption peak at 1054 cm~-1 is attributed to
the stretching vibrations of Si-O-Si group, whereas the peak at 950 cm-1 is related to
Al-OH-Al bending vibrations [50, 53]. Besides, very weak bands at 3674 and 835 cm-1
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are corresponding to O-H and Si-O stretching vibrations of silanol group of bent. The
spectrum of the PVA-Alghydrogel, shows a broad overlapped absorption band in the
region of 3300-3400 cm-1 which is related the stretching vibration of O-H of the PVA
and Alg [44, 47]. Absorption peaks in the area of 1635 cm—1 and 1428 cm-1 are due to
asymmetric and symmetrical stretching vibrations of the -COO of Alg [44,55]. The peak
appeared at 2947 cm-1 was the typical stretching vibration for C-H in PVA. All the
characteristic peaks of PVA, Alg, and Bent were observed in the FTIR spectrum of the
nanocomposite hydrogel. In addition, the small shift in the position of the band near 1300
cm-1 would be related to the presence of hydrogen bonds between O-H groups of PVA
and Alg or with Si-O groups of Bent [44, 53, 55]. These results suggested that the Bent
clay had successfully incorporated in the PVA-Alg hydrogel polymer matrix.
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Figure 2. PVA-Alg/Bent nanocomposite hydrogel beads (a) before drying (inset shows
the size of wet beads), (b) after 24 h air drying, (c) after adsorption of MB dye, and (d) ef-
fect of bentonite content (0, 10, 20, 30 wt%) on the removal percentage of MB (Co[MB] =
200 mg/L, V=50 mL, pH = 8, beads dosage = 1.5 g, t = 300 min, T = 30 °C).

The presence of Bent nanoparticles homogeneously distributed in the hydrogel ma-
trix was further confirmed by EDX elemental analysis as shown in Figure 4. EDX spec-
trum of Bent clay (Figure 5a) confirmed the presence of its main constituents such as O
(51.70%), Si (21.89%), Al (9.81%), Fe (6.88%), and C (4.61%) [50, 56]. The main character-
istic peaks attributed to C (40.95 %) and O (52.19 %) elements are detected in the EDX
spectrum of control hydrogel (Figure 4b), which are due to the contribution of PVA and
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Alg component. It was worth noting that the peaks of Si, Al and Fe elements can be
clearly observed in the EDX spectrum (Figure 4c) of PVA-Alg/Bent nanocomposite hy-
drogel, indicated the successful incorporation of Bent nanoparticles on the hydrogel.

— PVA-Alg
— PVA-Alg/Bent
— Bentonite

2947 cm™!

I
1300 cm, !

Trasmittance (%)

: -1

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 3. FTIR spectra of pristine Bent, PVA—-Alg hydrogel and PVA-Alg/Bent nanocomposite hy-
drogel.

3.3. Morphological observation

Figure 6 presents the SEM micrographs of the dried entire beads and their surfaces
for both control and nanocomposite hydrogels. SEM micrographs revealed a slight in-
crease in the size of the nanocomposite bead (Figure 5a) compared to the unfilled bead
(Figure 5c). Besides, both beads exhibited an irregular gully shape with some cracks and
pores on the surface. However, as displayed in Figures 5b,d, the incorporation of Bent
(30 wt%) in the hydrogel resulted in a clear decrease in the size of the pores and the
thickness of the cracks . Furthermore, the nanocomposite hydrogel showed uniform dis-
persion of the clay nanoparticles within the polymer matrix, leaving a relatively rough
surface (Figure 5d). This structure will provide more contact sites and convenient diffu-
sion channels, which may contribute to a better MB dye adsorption by PVA-Alg/Bent
beads [44, 52, 56].
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Figure 4. EDX spectra of (a) pristine bentonite clay (b) PVA—-Alg control hydrogel, and (c) PVA-Alg/Bent nanocompo-
site hydrogel. The insets show the corresponding weight and atomic percentages of the elements present in the sam-

ples
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Entire bead

Surface morphology

Figure 5. SEM micrographs of (a, b) PVA-Alg control hydrogel beads, and (c, d) PVA-Alg/Bent nanocomposite hy-
drogel beads.

3.4. Swelling Behavior

The swelling behavior of PVA-Alg/Bent (30 wt%) nanocomposite hydrogel beads in
aqueous solution at different pH values is depicted in Figure 6. Clearly, all beads showed
a similar tendency with different degrees of hydration. As can be seen from Figure 6a, the
swelling ratio enhanced slightly during the initial swelling stage (20-150 min), and then
turn into slower until reaching a plateau (150-320 min). One reasonable explanation for
this observation was attributed to the presence of -OH groups on the polymer chains and
clay surfaces that attract water molecules from the soaking medium, promoting their
penetration into the gel-network, and eventually, elevating water uptake ability of the
nanocomposite beads [56, 57]. Moreover, hydrogel beads exhibited obvious
pH-dependent swelling behavior, where, the water uptake of the beads increased signif-
icantly with increasing pH of the solution. More specifically, at 150 min, the swelling rate
increased gently within pH 3-7 (from 25.5-30.2%), and increased speedily in the range of
pH 7-9 (from 30.2-40.6%) indicating that the structure of the cross-linked hydrogel
changed at different pH values (Figure 6b). The low swelling capacity at acidic solution (
pH 3) can be due to the protonation of -COO- to -COOH groups of the hydrogel matrix.
Consequently, the beads existed in collapsed state via the hydrophobic interaction, lead
to more rigid gel-networks structure, which restricted traversing of water [44,51, 57]. In
neutral and alkaline solution (pH 9), some of the -COOH groups in the hydrogel ionized
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to -COO-, which establishing repulsions between the negatively charged chains, facili-
tating the expansion of hydrogel and thus enhancing the swelling rate [51, 57].
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Figure 6. Swelling behavior of PVA-Alg/Bent nanocomposite hydrogel beads
at different pH values: (a) swelling ratio and (b) Schematic illustration

3.5. Adsorption Studies of MB
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To study the suitability of the designed PVA-Alg/Bent (30 wt%) nanocomposite
hydrogel beads as adsorbent for MB dye, adsorption experiments were first conducted
utilizing a batch experimental setup. The influences of various parameters on adsorption
behaviors of the beads, such as pH, contact time, initial dye concentration, beads dosage
and temperature, were explored.

3.5.1. Effect of Solution pH

The pH of dye solution is the most vital parameter controlling the efficiency of dye
adsorption process [57]. The effect of solution pH on the adsorption capacity and removal
percentage of MB dye by PVA-Alg/Bent hydrogel is illustrated in Figure 7a. As the pH
increased from 2 to 5, the adsorption capacity of MB was low and kept roughly constant,
however, raised significantly within the pH range from 5 to 8, and finally decreased at pH
values greater than 8. Maximum percentage of dye removal (94.64%) was achieved at pH
8. As mentioned above, the pH of the dye solution may affect the ionization of functional
groups on the designed nanocomposite hydrogel adsorbent, which worked as the active
sites of the hydrogel adsorbent, in turn, governing the electrostatic attraction between the
anions on the hydrogel matrix and the cation on the MB dye [51,53, 58]. At acid condi-
tions, the negative surface charges of the nanocomposite hydrogel adsorbent were re-
duced, which were undesirable for the removal of positively charged MB dye. At alkaline
pH 8, the surface negative charges of the hydrogel increased, which was favorable for the
removal of MB due to the enhanced electrostatic attraction to the positively charged MB.
Above pH 8, the surface of the hydrogel exhibited negative electricity, which lessening
the electrostatic attraction between MB and the hydrogel, consequently, causing smaller

removal values [55, 58].

3.5.2. Effect of Contact Time

Contact time is a significant factor that indicates whether the adsorbent removes the
target contaminant to reach the equilibrium [55]. The variation of MO removal rate and
adsorption capacity over contact time were shown in Figure 7b. It was found that the
adsorption capacity, as well as removal percentage, were improved with increasing
immersion contact time. A fast adsorption for initial 60 min and relatively a slower
adsorption after 60 min till 5 h were observed. At the same time, the color of the
hydrogels became dark gradually, whereas the MB solution turned clear from an initial
blue to completely transparent as shown in the inset of Figure 7b. These may be
attributed to the filling of the all surface binding sites and diffusion of the MB molecules
into pores of the designed beads. At the starting of adsorption process, there were
plentiful active sites on the surface of the beads, which could combined with the MO
molecules once they were added into dye solution [57, 58]. Moreover, the high MB
concentration in the solution provided the apparent driving force for MB adsorption
supported by concentration gradient. In the later stage of the adsorption process, where
the concentration of MB decreased, the adsorption sites on the surface of the beads
tended to be saturated. Therefore, the diffusion and adsorption of MB molecules
deliberated, hence the adsorption rate decreased continuously [59].
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Figure 7. Effects of different factors on the adsorption capacity and removal percentage of MB onto the PVA-Alg/Bent
nanocomposite hydrogel beads: (a) pH (Co[MB] = 200 mg/L, V = 50 mL, beads dosage = 1.5 g, pH=8, t =300 min, T =
30 °C), ( b) contact time (Co[MB] = 200 mg/L, V = 50 mL, pH = 8, beads dosage = 1.5 g, T = 30 °C), (c) MB initial
concentration (V = 50 mL, pH = 8, beads dosage = 1.5 g, t = 300 min, T = 30 °C), (d) adsorbent dosage (Co[MB] = 200
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30 °C).
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3.5.3. Effect of Initial MB Concentration

In batch adsorption, the initial concentration of the MB molecules is the main
driving force offsetting the mass diffusion resistance force [56]. Figure 7c shows the
influence of the initial concentration of MB on adsorption capacity and removal
percentage of MB. It could be noticed that the dye adsorption capacity increased with
increasing initial MB concentration while the removal percentage declined. For instance,
when the initial concentration of MB was 50, 200 and 300 mg/L, the removal rate of
beads was about 97, 85 and 69%, respectively. This indicated that at a lower
concentration of MB, nanocomposite hydrogel beads had an abundance adsorption
active sites leading to a high adsorption for the majority of MB molecules [60]. However,
saturation of adsorption sites would be established with further increasing MB
concentration, and adsorption became difficult since the increased numbers of MO
molecules attached to the surface of the beads would repel free MO molecules [58,59,
60].

3.5.4. Effect of Adsorbent Dosage

Adsorbent dosage is another key factor in the dye adsorption system for
maximizing the cost efficiency and benefits of adsorbents [60]. Figure 7d illustrates the
effects of adsorbent dosage on the MB adsorption capacity and removal percentage.
When 0.1 g of the nanocomposite beads was applied, the MB adsorption capacity was 50
mg/g, constituting a removal percentage of 54%. With increasing beads dosage above 0.1
g, the adsorption capacity decreased, but the dye removal percentage increased
gradually, eventually reaching an equilibrium at a maximum value of 94.64 % on using
beads dosage of 1.5 g. This is because the concentration of dye in the solution was fixed,
so excessive adsorbent dosage caused the active sites of the adsorbent to compete,
resulting in a decrease in the amount of dye adsorbed per unit surface area [59, 60].
Accordingly, the optimal beads dosage for MB removal was set as 1.5 g.

3.5.5. Effect of Temperature

The influence of temperature on the removal rate is an important factor to
investigate dye adsorption in industrial wastewater at different temperatures [55,58].
The dependence of the MB removal percentage on the temperature was examined at
various temperatures ranging from 20-50 °C as presented in Figure 7e. Obviously, the
removal percentage increased as the temperature rises from 20 to 30°C. More specifically,
the removal percentage reached 95% after 200 min at 30°C, while it took 300 min to reach
90% at 20°C. However, the removal percentage of MB at 40°C and 50°C revealed
insignificant improvement compared with that at 30°C. This finding was attributed to
the increased mobility of the MB molecules at high temperature, which enhanced the
MB molecules quickly get into the interior of hydrogel beads, resulting in an
improvement of the removal percentage [57,61]. This behavior confirmed that the
adsorption of dyes has an endothermic nature [61]. Hence, 30°C was chosen as the
optimum solution temperature.

3.5.6. Reusability of Adsorbent

For acceptance of a system at industrial scale, the system should be economically
feasible and repetitive. The reusability performance of adsorbent determines the
feasibility of large-scale practical application [48, 49]. The prepared PVA-Alg/Bent (30
wt%) nanocomposite beads can be quickly separated from solution by simple separation
technology, which provides the possibility for subsequent desorption and reuse. The
nanocomposite beads for the dyes are reused for 6 cycles, which are washed by 0.1 M
HCl solution as the eluent. The reutilization was determined by sorption-desorption
cycles of the beads. As shown in Figure 7f, the beads had good adsorption effect on MB
after one cycle of adsorption-desorption tests with the removal percentage of 94.32%.
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However, with the increase in the number of cycles, the removal percentage can be
maintained at a steady value about 90%, indicating that the adsorbent performed well in
the structural stability [50]. The obtained results suggested that the PVA-Alg/Bent (30
wt%) nanocomposite beads have good application prospect because of the good
adsorption performance, efficient reusability and low cost by wusing cheap,
environment-friendly raw materials and simple manufacturing processes.

3.6. Adsorption Isotherm Study

The isotherm models of Langmuir and Freundlich are employed to get more in-
sights into the removal process of MB dye by PVA-Alg/Bent nanocomposite hydrogel
beads. The Langmuir isotherm model is assumed to have affinity for homogenous mon-
olayer adsorption. While the Freundlich isotherm model is used to recognize the ad-
sorption of multiple adsorption layer surfaces [50,51]. Figure 8 displays the adsorption
isotherms of the MB removal by the nanocomposite hydrogel beads. In the present study,
Langmuir and Freundlich models exposed a very high R? value of 0.9932 and 0.9968 re-
spectively, which indicated the suitability of both models to describe the adsorption of
MB on hydrogel beads [61]. Accordingly, the adsorption process was likely to comprises
both monolayer adsorption on homogeneous surface and multilayer adsorption on het-
erogeneous surface. The results in Table 1 shown that, RL values lay between 0.005 to
0.03 (0 < Re< 1) and 1/n was about 0.57 (0 < 1/n < 1) as well as gm of 51.34 mg/g that con-
firmed the feasibility and favorability of the MB adsorption on the surface of the beads.
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Figure 8. (a) The Langmuir adsorption isotherm and (b) Freundlich adsorption isotherm, for the adsorption of the MB
onto the PVA—-Alg/Bent nanocomposite hydrogel beads.

3.7. Adsorption Kinetics Study

The kinetics of adsorption are an important index in defining the efficiency of sorp-
tion [58]. In this study, the kinetic behavior of MB sorption onto the beads was investi-
gated using both the pseudo-first-order and pseudo-second-order kinetic models. Linear
plots of In(ge — qt) and t/q: versus contact time are shown in Figures 9a and 9b respec-
tively. It can be seen that the R2 value (0.9974) of the pseudo-second-order kinetic model
was higher than that of the pseudo-first-order kinetic model (0.9615). Hence, the pseu-
do-second-order kinetic model is more fitting for describing the adsorption behavior of
MB onto beads, and the main adsorption process of MB was dominated by chemisorption
mechanism.
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Figure 9. (a) The pseudo-first-order and (b) pseudo-second-order kinetic models for the adsorption of the MB onto the
PVA-Alg/Bent nanocomposite hydrogel beads.

3.8. Adsorption Mechanism of Cationic MB Dye

Figure 10 displays an illustrative scheme for the proposed adsorption mechanism.
As mentioned before, in alkaline pH; the surface negative charge of the PVA-Alg/Bent
nanocomposite hydrogel gel adsorbent increased due to the ionization of -COOH and —
SiOH groups into -COO- and -SiO- respectively. Thus, the removal of MB by the de-
signed adsorbent is due to the electrostatic interactions between the positive charges on
iminium groups (=N+) present in the MB dye molecules and the abundant negative
charges of the nanocomposite adsorbent. In addition, hydrogen bonding occurs between
the -OH groups present in the adsorbent surface and nitrogen atom of MB [61, 62].
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Figure 10. Proposed scheme indicating the possible interaction mechanism of the MB onto the PVA-Alg/Bent nano-
composite hydrogel beads

4. Conclusion

In the present study, PVA-Alg/Bent nanocomposite hydrogel was successfully
developed as efficient adsorbent for removal of MB from aqueous solution. The de-
signed adsorbent possessed porous structure, high specific surface area, and net negative
surface charge provided many channels for the rapid adsorption of MB dye. Adsorbent
beads had a good stability and reusability after six repeated cycles of adsorption and
desorption. Moreover, the adsorbent showed outstanding MB removal efficiency with
easy handling and extraction after adsorption, as well as eco-friendly and low cost.
Therefore, It could be suitable for the removal of other toxic cationic dyes and harmful
pollutants from wastewater at industrial scale.
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