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ABSTRACT: The low-cost and effective interaction of hydrogels

TiO, loading Dispersion — Copolymerizatior
with pollutants has drawn significant interest in the wastewater ‘ — —_— =
treatment domain. This study aims to explore a novel, s ctonted Caaronl o, Skes G e o,
biodegradable superabsorbent polymer (SAP) hydrogel composite T sap MB
incorporated with activated charcoal (AC) and TiO, nanoparticles oxidized o /e Adsorption
to efficiently remove and subsequently photodegrade methylene — Brocesses Residual adsord e
blue (MB) dye. The addition of activated charcoal boosted the ) sonf A degradation
adsorption capacity of the composite hydrogel, while the Filmaon > Regeneration Filtration < *
integration of TiO, nanoparticles increased its photocatalytic R <w=' = , L= enﬁ
activity. The adsorption reaction was allowed to proceed over 24 h, SAP-ACTIO;  Dimg o Do SpentSAP-ACTIO,  Copumn rencl:‘ -

Acidic / basic solution

during which small sample aliquots (5 mL) were collected at
specific time intervals. After the 24-h period, the MB adsorption capacity was found to be 198.99 mg g™' for SAP-TiO, and 203.97
mg g~' for SAP-AC/TiO,, respectively. After a 24-h time interval of maximum MB adsorption, MB degradation was conducted by
exposing the solution to a UV-A source positioned at a distance of 15 cm. The maximum MB degradation percentages under UV-A
irradiation were found to be 77.11 + 1.9 using SAP-TiO, and 87.77 + 2.9 using SAP-AC/TiO,, respectively. This study

demonstrates the potential of a SAP composite hydrogel, incorporating AC and TiO, nanoparticles, as a promising material for
efficiently removing and degrading MB dye from wastewater.

1. INTRODUCTION contamination of water bodies, rendering their removal
extremely difficult. Even at trace levels, these dyes can
significantly pollute vast water bodies, causing aesthetic
disturbances, reducing sunlight penetration, and subsequently
hindering photosynthesis. Among them, methylene blue (MB)
stands out as the most prevalent and hazardous.” MB is a
thiazine-based cationic dye that is widely employed in the
textile industry for coloring fabrics such as cotton, wool, silk,
and others."” It is generally characterized as nonbiodegradable,
stable, highly soluble in water, and carcino§enic, posing threats
to aquatic life and human health alike.'""

A promising technique for eliminating MB dye from
wastewater involves utilizing UV-A radiation, which falls
within the range of 320—400 nm. Various factors, such as
the initial dye concentration, solution pH, and UV-A radiation
intensity, have been identified as influencers of the efficiency of

Presently, the global issue of inadequate clean and safe water
has emerged as a pressing concern. The persistent threat to
clean water resources is primarily attributed to widespread
industrialization and urbanization. Water bodies are being
polluted by untreated waste discharged from various industries
such as mining, agriculture, food processing, textile manu-
facturing, paper production, leather tanning, paint production,
and dyeing.” These effluents introduce toxic substances like
metals, dyes, surfactants, pesticides, and other pollutants into
the water.” At present, there are various types of pollutants
found in freshwater, including physical, chemical, organic,
inorganic, biological, and radiological contaminants. Among
these, dyes and trace metals are particularly harmful and pose
significant environmental risks. These pollutants have the
potential to negatively impact both humans and animals,
necessitating their prompt and adequate attention.™”
Synthetic dyes are commonly utilized to enhance the visual Received: December 19, 2024
appeal of numerous consumer goods, such as processed foods Revised:  May 22, 2025
and textiles.” However, these dyes exhibit incomplete adhesion Accepted: June 10, 2025
to the modified materials, resulting in their release into the Published: June 16, 2025
environment and giving rise to significant environmental
problems.”® Both cationic and anionic dyes contribute to the
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MB dye degradation using UV-A radiation. Hence, additional
research is required to optimize the conditions for achieving
maximum degradation efficiency. In this study, a hybrid
biodegradable superabsorbent polymer (SAP) hydrogel
composite was prepared with the incorporation of activated
charcoal (AC) and TiO, nanoparticles for efficient adsorption
and subsequent photodegradation of MB dye using UV-A
radiations from simulated aqueous solution. TiO, nano-
particles are widely used as photocatalysts due to their low
cost, high chemical stability, low toxicity, strong oxidizin:
power, photostability, and unique semiconducting properties.*
However, their application in aqueous solutions is hindered
due to separation and recovery after application and the
tendency to aggregate, which limits their effectiveness as
photocatalysts.'” In addition, TiO, nanoparticles have no
inherent buoyancy and tend to sink in aqueous media. In order
to enhance their applicability in water treatment and enable
allow doe their capability, they must be incorporated or
immobilized into a suitable support matrix.'> To address these
limitations, the incorporation of carbonaceous materials with
TiO, nanoparticles has been reported to enhance their
performance in water treatment applications.'® The incorpo-
ration of AC and its engagement with the SAP hydrogel surface
can establish a receptive environment for the adsorption of dye
molecules. AC was chosen due to its high surface area, well-
developed porosity, and excellent adsorption capacity, which
makes it an ideal support material for TiO, impregnation.
Furthermore, AC provides a synergistic effect due to the
enhanced dispersion of the TiO, nanoparticles, thereby
preventing their agglomeration and increasing overall photo-
catalytic performance. AC plays a crucial role in retaining MB
molecules and accelerating their degradation when exposed to
UV radiation in the presence of impregnated TiO, nano-
particles. Additionally, the synthesized SAP composite hydro-
gel exhibits buoyancy i.e. it can float on the water surface,
enabling effortless application and facilitating the photo-
degradation of organic pollutants in practical scenarios by
remaining afloat on the water surface without sinking to the
bottom.

2. MATERIALS AND METHODS

2.1. Materials. Sodium alginate (SA) biopolymer
(C¢HgNaO;,) with a viscosity of 15—20 cP, acrylic acid (AA,
99%) monomer, free radical initiator as a potassium persulfate
(KPS), 99% (Merck), the cross-linker N, N-methylenebis-
(acrylamide) (MBA), 99% (Aldrich), titanium dioxide (TiO,)
nanopowder (Degussa P2S), activated charcoal (AC), and
methylene blue (MB) dye were acquired from Aldrich and
were used without further purification. Ultrapure water (18.2
MQ cm) from a Milli-Q system (Merck Millipore, Burlington,
MA, USA) was used to prepare all the simulated dye solutions.

2.2. Preparation of SAP-AC/TiO,. To prepare AC/TiO,,
activated charcoal was first impregnated with TiO, (10 wt %)
using a simple wet impregnation method. A stoichiometric
amount of powdered AC was mixed with the corresponding
TiO, solution and heated to 60 °C for 1 h with continuous
stirring. Subsequently, the mixture was dried in an oven at a
temperature below 100 °C. Once completely dried, the AC/
TiO, composite was stored in an airtight glass vial for future
use. To create the hybrid SAP-AC/TiO, hydrogel, the same
procedure was followed for the SAP preparation in our
previous study.” A predetermined SA quantity was gradually
dissolved in ultrapure water under continuous stirring until

complete dissolution was achieved. The resulting solution was
then transferred into a four-necked jacketed reactor fitted with
a mechanical stirrer, thermometer, reflux condenser, and a
nitrogen (N,) gas inlet. The solution was stirred for 30 min,
while the temperature was gradually increased to 60 °C. To
eliminate dissolved O,, the system was purged with N,
flushing, after which KPS (1.5 wt %), predissolved aqueous
solution, was added to the viscous mixture to initiate the
formation of alginate free radicals. The mixture was
subsequently stirred for a further 30 min. Separately,
approximately 45 mL of AA (70% neutralized), was dispersed
in 100 mL of ultrapure water. This solution was introduced
dropwise to the reaction flask under a continuous N,
atmosphere to maintain an inert environment and to prevent
premature oxidation. Moreover, after the addition of the cross-
linker MBA (0.5 wt %), a slurry of AC-TiO, (10 wt %) was
introduced into the solution, and the temperature was
increased to 70 °C and maintained for 3 h to ensure the
completion of the polymerization reaction. The SA to AA ratio
was carefully controlled and maintained at 1:5. The
polymerized product was allowed to cool, thoroughly rinsed
with ultrapure water to remove any unreacted residues, and
transferred to a Petri dish for thorough drying in an oven at 70
°C. After drying, the SAP-AC/TiO, hydrogel was sectioned
into smaller pieces (0.5 cm) and set aside for swelling and MB
adsorption/photodegradation experiments. The photographs
of dried and swollen hydrogel composites have been depicted
in Figure SI.

2.3. Column Adsorption Studies. In a continuous flow
glass column with fixed dimensions (6 cm diameter and 30 cm
height), initial adsorption studies were conducted. The column
was filled with either 70 mg of SAP-TiO, or SAP-AC/TiO,,
and a 300 mL solution of MB dye with 50 ppm initial
concentration was circulated through the column using a
peristaltic pump as depicted in Figure S2. To mitigate the
impact of light interference, aluminum foil was employed to
cover both the column reactor and the MB solution reservoir.
The optimization of the adsorption parameters was achieved
using a uniform Doehlert array design for temperature and pH
as variables.”'’~'" This optimization was facilitated using
response surface methodology (RSM) with the primary aim of
attaining optimal elimination of contaminants.'” The Doehlert
design presented in Table S1 exhibits the configuration of two
factors, along with their corresponding coded and real values.

Equation 1 was used to convert the coded values into their
corresponding actual experimental values:

Vi=A + (X; x M) (1)

where V; represents the real experimental value, A; is the
average value, i.e, [(max + min)/2], X; denotes the coded
variable and M,; is the average difference, i.e., [(max—min)/2].

2.4. MB Photocatalytic Degradation. The photocatalytic
activity of the synthesized SAP composite samples was
investigated using UV-A radiation to degrade MB dye. A
total of 70 mg dried composite hydrogel was retained in a glass
tube reactor, and a 300 mL MB dye (50 ppm) solution was
circulated through the glass reactor using a peristaltic pump at
a flow rate of 28 mL min~". The mixture was subjected to a 24-
h adsorption process by keeping the reservoir, glass reactor,
and tubing covered with aluminum foil to avoid any
interference of room light. Following the completion of MB
adsorption equilibrium (24 h) using the optimized adsorption
conditions for each adsorbent, the column housing with the

https://doi.org/10.1021/acsomega.4c11428
ACS Omega 2025, 10, 26441—-26457


https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c11428/suppl_file/ao4c11428_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c11428/suppl_file/ao4c11428_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c11428/suppl_file/ao4c11428_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c11428?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Figure 1. TEM micrographs of (a) SAP-TiO, at 50,000X magnification, (b) SAP-TiO, at 350,000X magnification, showing plane (200) of anatase
and plane (110) of rutile, (c) SAP-AC/TiO, at 40,000X magnification, and (d) SAP-AC/TiO, at 400,000X magnification, prior to MB adsorption,

showing plane (101) of anatase phase.

expanded polymer composite was introduced into the
photoreactor. The photoreactor was irradiated by two 15-W
black light UV-A lamps (Sylvania F1SW/350 BL T8) emitting
in the wavelength range of 300—400 nm with a maximum at
364 nm, positioned horizontally 15 cm above the transparent
glass column containing the swollen polymer hydrogel. The
spectral irradiance of the lamps was measured using a
spectroradiometer (Luzchem, SPR-4002) as previously re-
ported by Nunes et al,'” and the corresponding calculated
power density (fluence) was found to be 0.53 mW cm™2. The
MB photodegradation process involved constant recirculation
for 300 min, during which samples were collected at specific
time intervals. The concentrations were spectrophotometrically
measured at 665 nm, which corresponds to the maximum
absorption wavelength of MB. For the complete regeneration
of the spent adsorbent after the photocatalytic degradation
process, the residual MB (<10% after photocatalytic
degradation) desorption process was achieved using 10 mL
NaOH (0.1 mol L™") solution per gram of the swollen spent
adsorbent. To determine the extent of photocatalytic
degradation of MB dye, a calibration curve was established
and utilized. Subsequently, a UV/vis spectrophotometer set at
Amax = 665 nm was employed to determine the remaining
concentration of MB after the photodegradation process.

2.5. Adsorption Kinetics. In order to determine the time
at which adsorption equilibrium is reached and to gain insights
into the mechanisms governing the adsorption process, the
data set was employed to fit pseudo-first-order and pseudo-
second-order kinetic models. The models are presented using
Equations 2 and 3 individually, where g, and g, represent MB

adsorption capacity adsorbed at equilibrium and at time ¢ (mg
g™") respectively, and k; (min™') and k, (g mg™' min™") are
the rate constants for the pseudo-first-order and pseudo-
second-order kinetic models, correspondingly.””*!

In(qe - qt) =Ingq, -kt Q)
t 1 t
R > + =
9, kg, 9, (3)

The results of the kinetics studies were plotted to determine
the rate controlling process and the MB adsorption
mechanism, which are pivotal factors for real-world applica-
tions. To establish the kinetics parameters for MB adsorption,
the adsorption experiments were performed over four different
contact time intervals.

2.6. Adsorption Isotherms. To examine the adsorption
isotherm, two widely recognized models namely Langmuir and
Freundlich isotherm models were employed.”” The Langmuir
adsorption model suggests monolayer coverage onto homoge-
neous surfaces with identical binding sites and its linear form is
presented in eq 4.

C, 1 C
—_ = 4+ —
q, Ka, 9, (4)

The Freundlich isotherm model assumes multilayer
adsorption on heterogeneous surfaces with adsorption sites
of varying energies as expressed by eq 5.

In q, = In K + 1/nln C (5)
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Figure 2. EDS analysis of the synthesized SAP-TiO, composite before MB adsorption.

where C, represents the adsorbate equilibrium concentration
(mg L™") in the solution, g, is the adsorbate amount adsorbed
at equilibrium (mg g™'), g,, denotes the maximum monolayer
adsorption capacity (mg g™'), adsorption intensity is denoted
by n, and K and K represent Langmuir and Freundlich
isotherm constants, correspondingly.

2.7. Characterization of SAP Composites. The SAP
hydrogel composite samples were characterized by HR-TEM,
EDS, and XRD analysis. The high-resolution transmission
electron microscopy (HRTEM) technique was used to study
and observe the nanostructure of the TiO, before and after the
MB adsorption process. HR-TEM images were obtained with a
JEOL JEM 2100 microscope operating at 200 kV. Energy-
dispersive X-ray microanalysis (EDS) was performed using
Field Emission Gun Scanning Electron Microscope (FEG-
SEM) FEI-INSPECT FS0. X-ray Diffraction (XRD) patterns
were recorded using a Bruker (D8-Discover) powder X-ray
diffractometer at a 26 range of 10—100° and at a scanning rate
of 0.75° min~'. Fourier transform infrared (FTIR) spectros-
copy was carried out using a Shimadzu IRPrestige-21
spectrometer equipped with platinum diamond attenuated
total reflectance (ATR). Spectral data were recorded between
4000 to 400 cm™!, with an accumulation of 32 scans at a
resolution of 4 cm™".

3. RESULTS AND DISCUSSION

3.1. Physicochemical Characterization of SAP Ad-
sorbents. The SAP hydrogel composite samples were
characterized by HR-TEM, EDS, and XRD analysis.

3.1.1. TEM Analysis. Figure 1 shows TEM micrographs of
SAP-TiO, and SAP-AC/TiO, at various magnifications prior
to MB adsorption. Figure la,c clearly reveals the presence of
TiO, nanoparticles embedded within the SA-g-PAA hydrogel,
observed as an amorphous matrix surrounding the nano-
particles (Figure 1d). This observation is further corroborated
by the existence of Ti and O peaks in the EDS spectrum of the
SA-grafted-AC/TiO, hydrogel composite (Figure 3). The
high-resolution TEM images show crystalline planes of rutile
and anatase structures, in Figure 1b,d, respectively. The
presence of both phases was further confirmed by XRD
analysis (Figure 4).

As observed, TiO, nanoparticles within the dried hydrogel
aggregate to a great extent and are generally evenly dispersed
throughout its bulk. This suggests that the polymer network
has a less efficient interaction with the surface of TiO,
nanoparticles, leading to a more pronounced aggregation
within the hydrogel.

Evidently, the polymer network of the hydrogel holds the
nanoparticles without forming adhesion bonds. This phenom-
enon enables solute molecules to potentially penetrate the
photocatalytically active surface of the immobilized photo-
catalyst nanoparticles within the hydrogel. Subsequently, these
solute molecules undergo photocatalytic decomposition under
UV irradiation. Therefore, it appears that the absence of an
adhesion interaction between the polymer network of the
hydrogel and the photocatalyst nanoparticles is a crucial factor
for their photocatalytic activity when immobilized in a
hydrogel. Otherwise, the adsorbed organic polymer units
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Figure 3. EDS analysis of the synthesized SAP-AC/TiO, composite before MB adsorption.

themselves would likely undergo photocatalytic decomposition
instead.””

Both materials exhibit clear signs of organized parallel meso-
channels. Additionally, the TEM micrographs reveal that the
TiO, nanoparticles have an average particle size ranging from
20 to 40 nm. Previous research has indicated that smaller
particle sizes positively influence the photodegradation of dyes
and other organic pollutants, thereby enhancing the likelihood
of effective photocatalytic performance against various
contaminants.”* TEM micrographs of the SAP hydrogel
composites after MB adsorption are depicted in Figure S3.
No significant changes were observed in the FTIR spectra of
the synthesized samples, and the obtained peaks were
consistent with those typically reported in our previous studies
and also in the literature for hydrogels.”*>~>"

3.1.2. EDS Analysis. An elemental mapping technique was
employed to verify the existence of TiO, nanoparticles within
the SAP composite hydrogel. The results, depicted in Figure 2,
reveal the presence of titanium (blue), oxygen (red), and
carbon (purple) distributed uniformly throughout the SAP
samples. Additionally, an EDS analysis of the same area
confirms the presence of titanium, carbon, and oxygen, as
indicated by the peaks observed in the spectrum. The weight
percentages of these elements are 41.79% carbon, 46.17%
oxygen, and 12.04% titanium, respectively.

High-dispersion X-ray spectroscopy was employed to
analyze the chemical composition of the spent SAP composite
hydrogel following MB adsorption. The elemental mapping of
the SAP composite matrix was performed, and Figure S4
illustrates the EDS profile of the SAP-TiO, composite hydrogel

26445

after MB adsorption. The EDS spectra provide evidence of the
presence of TiO, nanoparticles, along with C, O, and Ca. The
presence of calcium is likely due to analytical error or
contamination, as the table indicates only 0.35% by weight and
0.13% atomic Ca, with a significant margin of error of 40.70%.
Considering the significant level of uncertainty and the
minimal amount detected, this minor signal does not impact
the interpretation of the EDS results; no other element besides
carbon (C), oxygen (O), and titanium (Ti) was identified in
the other composite samples. Based on the EDS studies, it has
been determined that even after MB adsorption and
regeneration, the SAP-TiO, composite hydrogel retains a
sufficient and uniform distribution of TiO, nanoparticles
within the hydrogel matrix. Furthermore, there is no indication
that the adsorption process negatively affected the presence of
TiO, in the SAP hydrogel.

Figure 3 presents the EDS results for the SAP-AC/TiO,
composite, which consists of activated charcoal impregnated
with TiO, nanoparticles and dispersed within the SAP polymer
matrix. The weight percentages of the detected elements are as
follows: carbon, 55.46%; oxygen, 39.39%; and titanium, 5.15%
respectively. The EDS spectra (Figure 3) indicate the presence
of both titanium and oxygen, evidencing the formation of TiO,
nanoparticles.””

EDS analysis of the spent SAP-AC/TiO, after successful MB
adsorption is displayed in Figure SS. The EDX spectrum
confirms the presence of titanium and oxygen in the TiO,
nanoparticles, indicating the absence of impurities. Addition-
ally, the map images of Ti reveal a uniform distribution of TiO,
nanoparticles throughout the SAP hydrogel matrix. Notably,
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Figure S. FTIR spectra of the SAP-TiO, and SAP-AC/TiO, composite hydrogels.

there are no evident clusters or agglomerations of TiO,
nanoparticles, confirming the crucial role of activated charcoal
in facilitating the adhesion and impregnation of nanoparticles
on its surface. The weight percentages of the elements in the
regenerated composite are carbon, 47.52%; oxygen, 50.59%;
and titanium, 3.69%. A slight reduction in the weight
percentage of TiO, nanoparticles is observed after MB
adsorption, due to copious amounts of washing and rinsing.
This finding highlights the potential for regenerating the spent
SAP-AC/TiO, composite and reusing it effectively for multiple
MB adsorption and desorption cycles.

3.1.3. XRD Analysis. X-ray diffraction (XRD) analyses were
conducted to study the composition and crystallographic
characteristics of the hybrid adsorbent. XRD patterns of the
synthesized samples prior to MB adsorption are presented in
Figure 4. No substantial peaks were observed in the XRD

pattern of SAP and SAP-AC, which confirmed their
amorphous nature. However, due to the incorporation of
TiO, nanoparticles in SAP-TiO, and SAP-AC/TiO,, several
significant peaks appeared as shown in Figure 4, as expected.
These peaks are consistent with the JCPDS Card no. 78-2486
(TiO, anatase).””

In the pattern of SAP-TiO, and SAP-AC-TiO,, the peaks of
(101), (202), and (211) are associated with the anatase phase.
The characteristic peaks of (220) and (002) are attributed to
the rutile phase according to JCPDS no. 12-2176,>" which also
indicated that the percentage of the rutile phase is less than
anatase phase.””*””> TiO, can be found in three different
polymorphs i.e. rutile, anatase, and brookite. According to the
XRD analysis, rutile and anatase phases of TiO, were observed
in this study. Anatase has a band gap of 3.2 eV that absorbs in
the UV region and has a small crystalline structure with a high
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Figure 6. Effect of pH on MB adsorption over time using (a, c¢) SAP-TiO, and (b, d) SAP-AC/TiO, as adsorbents.

surface area. The band gap for rutile is 3.0 eV with good
stability and high crystal size but lower surface area. However,
the coexistence of these two phases has been shown to
enhance the photocatalytic performance by facilitating band
gap alignment.”* ™" The broad peak of SAP material indicated
that it has poor crystallinity and having amorphous nature.”

3.1.4. FTIR Analysis. Attenuated Total Reflectance spec-
troscopy (ATR) was employed to observe the Fourier-
transform infrared (FTIR) absorption spectra of SAP-TiO,
and SAP-AC/TiO, samples. Figure S illustrates the FTIR
spectra of the synthesized samples.

The characteristic bands observed include 810.10 and
1238.29 cm™!, which correspond to C=O stretching
vibrations. The presence of carboxylic groups is indicated by
the band at 1170.79 cm™, while symmetrical stretching
vibrations of carbonyl groups appear at 1409.96 cm™'.
Additionally, the band at 1546.91 cm™ is associated with the
overlapping of the C=O stretching vibration of the acrylic
acid unit (—C=0 in—COOH). The C=0O0 stretching of the
f-carboxylic acid is observed at 1708.93 cm™!, while the
methylene (—CH,—) vibrations are observed at 2945.30 cm™".
Finally, the broadband around 3456.43 cm™' corresponds to

hydroxyl bond (—OH) stretching, due to hydrogen bonding.
Overall, no significant changes were observed in the FTIR
spectra of the synthesized hydrogel, with the bands identified
aligning well with those reported in the literature.”®™*!
Notably, the band appeared near 1708.93 cm™!, associated
with the C=0 stretching of the carboxylic group, confirming
the successful grafting of acrylic acid onto sodium alginate, and
validating the formation of the SAP hydrogel.”

3.2. Effect of pH on MB Adsorption at Constant
Temperature. To assess experimental errors using SAP-TiO,
and SAP-AC/TiO, as adsorbents, a series of tests were
conducted. At an initial concentration of 50 ppm, MB
adsorption reached approximately 98.3% with 70 mg of the
adsorbent, which was attributed to the abundance of
adsorption sites. However, the adsorption capacity decreased
upon adding more adsorbent, leading to the determination that
the optimal dosage for MB adsorption was 70 mg. This decline
was due to the concentration gradient between the adsorbent
and MB dye.”” Experiment 1, carried out at a pH of 6.0 and a
temperature of 37 °C, was replicated twice. The equilibrium
data for MB adsorption was computed and illustrated in Figure
6a,b against the adsorption time. The data demonstrates a
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Figure 7. MB adsorption profiles over time at (a) 25° and (b) 50° using SAP-TiO, and at (c) 25° and (d) S0° using SAP-AC/TiO, as adsorbent.

gradual increase in MB adsorption over time, reaching 191.21
mg g~ with SAP-TiO, and 193.53 mg g~' using SAP-AC/
TiO, after a 24-h interval. The consistency of results between
these adsorbents is supported by the reproducibility of the
experimental data as depicted in Figure 6a,b.

To investigate the pH effect on MB adsorption, experiments
were conducted using SAP- TiO, and SAP-AC/TiO, as the
adsorbent while maintaining a constant temperature of 37 °C.
The MB adsorption equilibrium data was then determined and
plotted against the adsorption time, as depicted in Figure 6¢,d.
The results illustrate a gradual increase in MB adsorption over
time. After a 24-h interval, the adsorption capacity reached
193.21 mg g~ at pH 6.0, subsequently 192.14 mg g™* at pH
10.0, and at pH 2.0 it reached 48.05 mg g~ using SAP-TiO, as
adsorbent, respectively.

pH plays a crucial role in aqueous systems as it influences
the charge distribution of the adsorbent surface, leading to
changes in the interactions between the adsorbent and dye
molecules. The alteration in solution pH can have multiple
effects, including the modification of the surface charge of the
adsorbent, the degree of ionization of the adsorptive molecule,
and the extent of dissociation of functional groups on the
active sites of the adsorbent. In Figure 6d, the impact of pH
variation on the adsorption of MB using SAP-AC/TiO, as the
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adsorbent is depicted. The data indicates that MB adsorption is
most favorable under neutral to alkaline conditions, with the
highest MB adsorption equilibrium achieved at pH 6.0 (194.66
mg g™ '), followed by pH 10.0 (191.74 mg g™'). This behavior
can be attributed to the ionization of COO_ functional groups
on the SAP surface, resulting in increased electrostatic
attraction forces between MB and the adsorbent surface.*’
Conversely, under acidic pH conditions (pH 2), the lowest
MB adsorption (144.04 mg g~') was recorded. This
occurrence can be ascribed to the protonation of COO_
groups, resulting in a reduction of the main anion—anion
(COO_-COO_) repulsive forces. Furthermore, an abundance
of H;0" ions destabilizes MB and competes with MB ions for
the available adsorption sites on the SAP surface.”*
Additional experiments were conducted to investigate the
impact of temperature and pH on the adsorption of MB dye
using SAP-TiO, and SAP-AC/TiO, as the adsorbent. Temper-
ature is a critical factor influencing both the adsorption and
desorption of the dye. Figure 7a,b illustrates MB adsorption
capacities over time using SAP-TiO, as an adsorbent at pH 4.0
and 8.0 individually. The data reveal that under alkaline
conditions (pH 8.0), MB adsorption capability is superior
compared to acidic conditions. MB adsorption capacity
increases as the solution pH rises and under both temperature

https://doi.org/10.1021/acsomega.4c11428
ACS Omega 2025, 10, 26441—-26457


https://pubs.acs.org/doi/10.1021/acsomega.4c11428?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c11428?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c11428?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c11428?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c11428?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
250 e 250 S/
200 200 ﬁﬂ
1504 150
o | —=—25°C o ] = 25°C
e e 50°C <4 e 50°%
% 100 ~% 100
o o
50 50 -
0 T T T T T //// T T T 0 __l' T T //// T T T
0 2 4 20 24 l) 0 2 4 20 24
a Time (hour) Time (hour)
/ /
200
200 4 _——
——
150
150
Ic.) 0 Ic) 0,
2 100- —=—25°C 2 100+ R C
= o 50°C - —e—50°C
o o
50 50 -
0 04
T T T T T T ///' T T
0 2 4 20 24 0 2 4 20 24
C Time (hour) d Time (hour)

Figure 8. MB adsorption profiles over time at (a) pH 4.0 and (b) pH 8.0 using SAP-TiO, and at (c) pH 4.0 and (d) pH 8.0 using SAP-AC/TiO, as

adsorbent.

ranges, the alkaline conditions (pH 8.0) exhibited superior MB
adsorption capability as compared to acidic conditions. At pH
4.0, MB adsorption capacity was found to be 181.03 mg g™* at
25 °C and 200.95 mg g' at 50 °C correspondingly.
Comparatively, MB adsorption capacity was higher at pH 8.0
reaching 187.14 mg ¢~' at 25 °C and 198.99 mg g' at 50 °C
correspondingly. Hence, as the pH of the solution was
increased, the MB adsorption capacity was also enhanced.
Consequently, the adsorption capacity remains relatively stable
within this pH range, which is advantageous due to the
prevalent basic nature of many real wastewaters."’

Figure 7¢,d shows the MB adsorption capacities at two
different temperatures of 25 and 50 °C over time, comparing
pH levels of 4.0 and 8.0 while utilizing SAP-AC/TiO, as the
adsorbent. At 25 © temperature and at pH 4.0, MB adsorption
capacity was 188.08 mg g~' and at pH 8.0 it attained the value
of 200.19 mg g™, respectively. The obtained data revealed that
under alkaline conditions (pH 8.0), the adsorption capability
for MB dye was notably superior to acidic conditions, resulting
in higher MB adsorption. Increasing the solution’s pH also led
to an enhanced adsorption capacity of the MB dye.
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Specifically, at 25 °C and pH 8.0, the adsorption capacity
was found to be 203.97 mg g~', while at S0 °C, it slightly
decreased to 195.68 mg g~". A similar trend was evident under
the conditions of pH 4.0, where the adsorption of MB dye was
higher (188.08 mg g™') at 25 °C compared to 50 °C (184.98
mg g '). This difference might be attributed to the MB dye
desorption at higher temperatures.’® The study showed that
lower temperatures (25 °C) were more favorable for MB
adsorption on both SAP-TiO, and SAP-AC/TiO, composites.
This preference for lower temperatures indicated an
exothermic adsorption process. As the temperature increased,
the bond between the adsorbent and MB ions weakened,
causing a decrease in the adsorption capacity of MB dye.
However, the impact of temperature was less pronounced
compared to that exhibited by pH.

3.3. Effect of Temperature on MB Adsorption at
Constant pH. The adsorption process can be impacted by
temperature either positively or adversely. There exist two
potential scenarios: first, with rising temperatures, the
adsorption capacity might decline, signifying an exothermic
nature of the process. Second, elevated temperature can
enhance the interaction probabilities between the adsorbent
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Figure 9. Evaluation of reaction parameters influencing (a) MB adsorption percentage and (b) swelling behavior in SAP hydrogel composites.

and adsorbate, potentially fostering a positive direction for the
adsorption process. Figure 8 shows swift adsorption during the
initial few hours, followed by comparatively slower adsorption
after 20-h up to 24-h. This pattern is attributed to the
saturation of surface adsorption sites and the gradual diffusion
of MB into the composite hydrogel porous structure. Notably,
at 50 °C, SAP-TiO, composite hydrogel exhibited higher and
quicker equilibrium adsorption of MB dye under alkaline
conditions (pH 8.0) in contrast to acidic conditions (pH 4.0),
as depicted in Figure 8a,b. Moreover, the same phenomenon
was observed at lower temperature conditions ie. the MB
adsorption equilibrium was achieved more rapidly at 25 °C
under alkaline conditions.

The effect of temperature on the adsorption capacity of MB
by the adsorbent SAP-AC/TiO, was examined under two
distinct temperatures (25 and SO °C) while maintaining a
constant pH. Figure 8c,d portrays the relationship between the
MB adsorption capacity and time, at pH 4.0 and 8.0,
respectively. When comparing the graphs, it becomes evident
that the adsorption of MB by SAP-AC/TiO, is more favorable
at lower temperatures (25 °C) and under alkaline conditions
(pH 8.0). This observation suggests that the process of MB
adsorption onto SAP-AC/TiO, is exothermic and the
adsorption capacity diminishes as the temperature rises from
25 to 50 °C, regardless of the pH (4.0 and 8.0), as illustrated in
Figure 8c,d.

Under acidic conditions (pH 4.0), maximum MB adsorption
capacities were determined to be 188.08 mg g~" at 25 °C and
184.98 mg ¢! at 50 °C respectively. Conversely, at alkaline
conditions (pH 8.0), a higher capacity for MB adsorption was
observed, specifically 203.97 mg g~ at 25 °C and 195.68 mg
g_1 at 50 °C using SAP-AC/TiO, as adsorbent. The increased
adsorption of MB dye under alkaline conditions can be
attributed to the enhanced anionic surface charge of the SAP
adsorbent, resulting from the deprotonation of carboxyl
functional groups. This, in turn, leads to a greater number of
available adsorption sites. Additionally, higher temperatures
cause a weakening of the bond between the adsorbent and MB

26450

ions, contributing to a reduction in the effectiveness of MB
removal once adsorbed.*’

3.4. MB Adsorption Percentage and Swelling Ratio.
The effect of pH and temperature on the swelling behaviors of
SAP-TiO, and SAP-AC/TiO, composite hydrogel during the
MB adsorption was investigated under various experimental
conditions. Figure 9a illustrates the MB adsorption percentage
and Figure 9b demonstrates the swelling ratio of the SAP
hydrogel composites. The results indicated that the maximum
MB adsorption percentage was attained at pH 8.0 and a
temperature of 25 °C. This suggests that under alkaline
conditions, the electrostatic interaction between the negatively
charged carboxyl groups in SAP-AC/TiO, and the positively
charged MB molecules enhanced the adsorption capacity.
Conversely, a decrease in MB adsorption was observed under
acidic conditions, attributed to the electrostatic repulsion
between the MB molecules and the adsorbent. This repulsion
occurred due to the increased concentration of hydrogen ions
in the solution. Consequently, the interaction between the
cationic dye MB and the positively charged adsorbent
diminished.” Additionally, based on existing literature, it is
reasonable to propose that the hydrogen bond between the
hydrogel and MB weakens as the temperature rises above 50
°C. Consequently, this weakening of the hydrogen bond leads
to a reduction in MB removal efficiency.”’ In our previous
study, we investigated the adsorption performance of MB dye
using plain SAP and SAP-AC hydrogel composite and obtained
96.96 and 99.48% MB adsorption, respectively.”

The swelling rate and structural stability of the hydrogels are
notably influenced by the pH of the solution. In this present
investigation, it was noted that elevating the pH leads to a
proportional increase in the amount of water absorbed by the
hydrogel, consistent with prior research findings."**" The
reduced swelling ratio of SAP hydrogel composite in acidic
environments (pH 2.0) may be attributed to the protonation
of carboxylate anions, which leads to a reduction in repulsive
forces between anions. As a result, the swelling ratio is
diminished.”® Moreover, protonation leads to the reinforce-
ment of H-bonds in —COOH, thereby increasing the physical
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cross-linking within the structural framework of the SAP
molecule. In contrast, under alkaline pH conditions, the
—COOH groups become ionized, causing a gradual weakening
of the H-bonds.*" As a result, the electrostatic repulsion creates
additional space within the hydrogel, allowing it to
accommodate more water and significantly enhancing its
swelling capacity.

3.5. Adsorption Kinetics. Predicting accurate adsorption
kinetics is essential for designing industrial adsorption
columns. In the current study, two commonly applied kinetic
models, specifically, pseudo-first-order and pseudo-first-order
equations were used for MB adsorption using SAP-TiO, as
adsorbent as shown in Figure S6.

From the plots it can be deduced that the pseudo-second-
order model best fits the current data, assuming non-
dissociating molecular adsorption of MB molecules on SAP-
TiO,. The values determined from the experimental data are
provided in Table 1.

Table 1. Kinetics Parameters for MB Adsorption on SAP
Adsorbents

pseudo-first-order

pseudo-second-order

parameters parameters
SAP-TiO, g (mgg™) 12126 g, (mgg™) 212.76
K, (min™") 0.008 K, 0.0024
(mg g™' min~")
R? 0969 R? 0.996
SAP-AC/TiO, gq.(mgg™) 14895 g.(mgg™) 227.27
K, (min™"!) 0.007 K, (m% g ! 0.0015
min~")
R? 0978 R? 0.992

MB adsorption mechanism on SAP-AC/TiO, was eluci-
dated by applying two kinetic models, i.e., pseudo-first-order
and pseudo-second-order equations. Both models were fitted
to the experimental data for evaluation as shown in Figure S7.

Based on the pseudo-second-order kinetic model, the
predicted experimental value for the amount of MB adsorbed
at equilibrium g, was nearly equal to the calculated value and
the regression value (R*) was also higher as compared to the
pseudo-first-order model as provided in Table 1. The
measured experimental g, value was 203.97 mg g~ compared
with the calculated value of 227 mg g', which confirms that
the pseudo-second-order model best fits the current data as
compared to the pseudo-first-order equation.

The results indicated that the pseudo-second-order model
provided a better fit for the system suggesting that the
adsorption kinetics was primarily governed by chemisorption,
with a rate-controlling step involving electrostatic attraction
between the positively charged cationic dye molecules and
negatively charged polymer chains, respectively.”>*’

3.6. Adsorption Isotherms. Adsorption isotherms are of
great importance in studying the adsorption behavior, capacity,
and affinity of an adsorbent. Figure S8 shows the Langmuir and
Freundlich adsorption isotherm models applied to the MB
adsorption using SAP-TiO, as an adsorbent. It is evident from
the correlation coefficient (R* = 0.999) that the current data
best fits the Freundlich model as compared to the Langmuir
model. The Freundlich isotherm model assumes that the
concentration of adsorbate on the adsorbent surface rises with
increasing the adsorbate concentration in the solution, while
the sorption energy exponentially declines as the available
adsorption sites become occupied.*®
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Langmuir and Freundlich isotherm parameters and their
constants are provided in Table 2. As the value n is greater
than 1, it can be assumed that MB adsorption on SAP-TiO, is
favorable.

Table 2. Isotherm Parameters of MB Adsorption on SAP
Composite Adsorbents

Freundlich isotherm

Langmuir isotherm parameters parameters
SAP-TiO, qm (mg g7™") 1048.98 n 1.821
K, 0.094 Ky 132.12
R? 0.953 R? 0.999
SAP-AC/TiO, qm (mg g7") 1149.42 n 1.633
K, 0.087 Kg 121.89
R? 0.978 R? 0.999

Figure S9 shows the plotted version of the Langmuir and
Freundlich isotherm model using SAP-AC/TiO, as an
adsorbent. Results are evaluated and the applicability of the
model can be generalized by comparing the correlation
coefficient (R*) of their linear fit. From the plotted data, it
can be deduced that the Freundlich model provides a better fit
to the experimental data compared to the Langmuir model.
The Freundlich isotherm is frequently applicable to adsorption
on heterogeneous surfaces, assuming the presence of numerous
and diverse adsorption sites acting simultaneously, each
characterized by a distinct sorption free energy.”® Since SAP
was impregnated with AC and TiO, nanoparticles, the hybrid
adsorbent had a number of heterogeneous sites available for
MB adsorption.

The corresponding parameters and constants of the
Langmuir and Freundlich model were calculated from the
straight-line equation and are tabulated in Table 2. Once again,
the value n was found to be greater than 1, which suggests a
higher MB adsorption on SAP-AC/TiO,.

Table 3 presents a comparison of the adsorption capacity of
MB as observed in this study with those reported in prior
literature. It is evident that the MB adsorption capacities
obtained in this study exhibit enhanced efficiency. Further-
more, the maximum MB adsorption achieved was 98.28%,

Table 3. Comparative Evaluation of Different Adsorbents
for MB Uptake

initial MB
concentration MB adsorption
adsorbent (mg L™) capacity (mg g~')  reference
carboxymethyl 100 138.4 S1
cellulose/PAA/GO
arabic gum/PAA/ 50 48 52
PAM
nano-TiO,/ 300 80.65 53
MWCNT/
chitosan
TiO,-ly ash 100 103.19 54
geopolymer
TiO,-guar gum 200 184.32 5§
TiO,/CQDs/ 30 44.13 56
alginate
SAP-TiO, NY 198.99 current
study
SAP-AC/TiO, 50 203.97 current
study
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adsorption variation with pH and temperature; (b) Pareto chart displaying standardized effect estimates; and (c) residual plot comparing observed
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Figure 11. Response surface for MB adsorption percentage using SAP-AC/TiO, over 24h continuous recirculation. (a) Contour plot depicting
adsorption variation with pH and temperature; (b) Pareto chart showing standardized effect estimates; and (c) residual plot comparing observed
and predicted values (Cypo = S0 mg L™} V = 300 mL; Mgap.ac/Tioso = 70 mg).

utilizing SAP-AC/TiO, as the adsorbent at an initial MB

concentration of 50 ppm.
3.7. MB Adsorption Capacity. The experimental arrange-

ment outlined in Table S1 was employed to investigate how

pH (X;) and temperature (X,) influence the adsorption
capacity of both SAP-TiO, and SAP-AC/TiO,, utilizing
Response Surface Methodology (RSM). The impact of these

factors was assessed by observing the percentage of adsorption
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Figure 12. Photocatalytic degradation of MB under UV-A irradiation over time.

removal (R%), calculated after a 24-h period. The graphical
representation of the response surface pertaining to the
removal of MB dye using SAP-TiO, as the adsorbent is
depicted in Figure 10. The response surface indicates a zone of
maximum removal, around neutral-to-basic pH (7-9),
regardless of the temperature. In acid pH values, it appears
that the temperature also shows some curvature, suggesting
that temperatures near the central point (~38) promote higher
removal degrees than the extremities. The plot of predicted
versus observed values indicates the validity of the model. The
lower values of R* (= 0.88) are reflected in the discrepancy
found at higher values. This suggests that the accuracy of the
model could be increased if the space sample had more
intermediate points (between 20 and 90%, for instance). The
concentration of points near 90—100% somehow limits the
capability of the model to be more representative.

The desirability of the MB adsorption under different
temperatures and pH conditions was also monitored. Figure
S10 displays the desirability of the MB adsorption using SAP-
TiO, as an adsorbent. Here, the desirability was defined as 1 =
maximum ¢, and 0 = minimum g, The desirability is
maximum within a 10% range, in the range represented by the
two blue lines on the top as depicted in Figure S10. This
means that we can achieve maximum g, regardless of the
temperature (all sampled points lie within the region limited
by the blue lines), but should operate at pH levels between 6
and 8, respectively.

The response surface showing the percentage MB removal
by SAP-AC/TiO, over 24-h continuous recirculation is
illustrated in Figure 11. The surface shows a saddle point
structure, with a region of maximum removal around neutral
pH levels, between 6 and 8. As a feature of saddle points, the
temperature effects seem to shift between lower (and higher)
pH levels, and in the optimum zone. Around neutral pH, the
model indicates that lower and higher temperatures should
provide better results than middle-point temperatures.
However, as the middle-point results are close to 100%, this
could not be reliable (we cannot have R > 100 in reality).
Maybe one reason for the better adjustment is the spread of
observed values. Here we can see that the observed R% is more
dispersed than in the previous case.

Figure S11 shows the desirability of MB adsorption under
specific temperature and pH conditions using SAP-AC/TiO,
as an adsorbent. The surface shows a saddle point structure,
with a region of maximum removal around neutral pH levels,
between 6 and 8. As a feature of saddle points, the temperature
effects seem to shift between lower (and higher) pH levels, and
in the optimum zone. Around neutral pH, the model indicates
that lower and higher temperatures should provide better
results than middle-point temperatures. However, doubts
remain on this behavior, since even around neutral pH almost
all of the adsorbate was removed. The desirability is similar to
the observed in SAP-TiO,: no clear effect of the temperature,
but important to use pH between 6 and 8.

3.8. MB Adsorption and Degradation Using UV
Radiation. The study further investigated the photodegrada-
tion of MB dye utilizing SAP-TiO, and SAP-AC/TiO,, as
shown in Figure 12. It is evident that when TiO, nanoparticles
were absent in the SAP matrix, the degradation of MB was
nearly negligible. As the irradiation time increased, the
concentration of MB dye consistently decreased, indicating
successful MB degradation. The maximum degradation of MB
was achieved after 300 min of irradiation, prompting the
cessation of the reaction by turning off the UV lamp. For
comparison, plain SAP hydrogel was also evaluated for MB dye
photodegradation. As observed, plain SAP does not possess
any photocatalytic activity, and the negligible or minimal
amount of degradation of MB dye was caused by
autophotolysis (direct photolysis) by MB dye absorbing UV-
A radiation directly. Direct photolysis of MB dye under UV-A
radiation alone is typically slow and incomplete (9.42% after
270 min), as the energy provided by UV-A photons is
insufficient to induce significant degradation. To achieve the
true photocatalytic degradation efficiency of MB dye using
SAP-TiO, or SAP-AC/TiO,, the influence from direct
photolysis was accounted for and deducted from the overall
degradation measurements at specific time intervals. The SAP-
AC/TiO, hydrogel composite demonstrated its highest
photocatalytic degradation efficiency for MB dye by achieving
a degradation rate of 87.77% at 240 min of degradation time.
Comparing SAP-TiO, and SAP-AC/TiO,, the latter exhibited
slightly higher MB degradation (13.82%). This improvement
can be attributed to the presence of activated charcoal (AC)
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within the SAP matrix, which helped retain MB molecules and
facilitated their degradation under UV radiation. Unlike the
poly(acrylic acid) polymer network, which does not interact
with the surface of TiO, nanoparticles in the composite
hydrogel, the presence of AC and its interaction with the
hydrogel surface created an open environment for the
adsorption of dye molecules. This, in turn, made the
photocatalytic decomposition of the dye molecules on the
surface of the TiO, nanoparticles more probable, as they were
effectively immobilized within the bulk of the hydrogel.”* The
calculated apparent first-order degradation rate constants of
MB were 0.036 min™" for SAP-AC/TiO,, 0.023 min™" for SAP-
TiO, and 0.002 min~' for SAP. The MB photodegradation
rate, indicated by the relative concentration (C/C,) over time,
is illustrated in Figure 12.

In this study, an effective and economical technique was
employed to remove MB dye from a simulated water sample.
One of the approaches utilized was the photodegradation of
MB through the application of UV-A radiation. This method
capitalizes on the ability of certain chemical compounds, when
exposed to UV radiation in the presence of a photocatalyst, to
trigger chemical reactions that result in the breakdown of
organic compounds. The use of UV radiation for the
photodegradation of MB dye has garnered significant attention
due to its high efficiency, ease of operation, and cost-
effectiveness. The process involves the absorption of UV
radiation by MB molecules, leading to the generation of
reactive oxygen species (ROS) like hydroxyl radicals (¢ OH)
and singlet oxygen ('O,) as depicted in Figure S12. These
ROS then target the aromatic rings and amino groups within
the MB molecules, causing the cleavage of the chromophore
and the conversion of MB into simpler and less toxic
compounds. To further enhance the photodegradation of
MB using UV radiation, the inclusion of photocatalysts like
titanium dioxide (TiO,) is recommended. These catalysts play
a crucial role in increasing the production of ROS, thereby
promoting more efficient degradation of MB dye.”””*
Furthermore, SAP hybrid catalysts can undergo degradation
over time, particularly those containing biodegradable
components. Biodegradation can lead to the breakdown of
the polymer matrix and catalyst components into smaller, less
harmful substances, reducing their environmental impact.

Previously, researchers have explored the utilization of SA-
TiO, hybrid material as a potential substitute for traditional
adsorbents.”” Thakur and Arobita® investigated a hydrogel
composed of cross-linked sodium alginate incorporated with
TiO, and found that it exhibited a remarkable maximum
adsorption capacity of 1156.1 mg g~' for methyl violet (MV),
exhibiting an adsorption capacity as high as 99.6% when
compared to SA-derived hydrogel (85%). This enhancement
was ascribed to the existence of TiO, within the hybrid
hydrogel, which acted as an anionic center, facilitating
electrostatic attraction with the MV dye. Likewise, Reveendran
and Ongﬁo demonstrated the effectiveness of the SA—TiO,
hybrid film in the degradation of Congo red (at a
concentration of S mg L™' and pH 8) under UV radiation
for 6-h, while still maintaining substantial catalytic activity even
after two consecutive reuse cycles. Generally, the presence of
TiO, was found to be favorable for the adsorptive interaction
and photocatalytic degradation of dye molecules. However, it
was observed that at high dye concentrations, the photo-
catalytic properties of TiO, could be inhibited due to surface
saturation. This occurred due to the absorption of energy

(light and photons) by the dye molecules, leading to a
reduction of hydroxyl radicals and reactive oxygen species
generation.’’ In the current study, a higher dye concentration
was used (50 mg L") and the photocatalytic properties of
TiO, nanoparticles embedded in the SAP matrix were not
inhibited.

3.9. Regeneration and Recycling of the Spent
Hydrogel. Effective regeneration and successive recycling of
the spent adsorbent is of paramount importance for industrial
applications. In this study, the spent hydrogel after MB
adsorption and subsequent photocatalytic degradation was
filtered and washed with pure water. For complete
regeneration of the spent adsorbent, the desorption of residual
MB (<10% after photocatalytic degradation) was carried out
using 10 mL NaOH (0.1 mol L") per gram of the swollen
spent adsorbent. For each successful regeneration cycle, the
spent adsorbent was treated with NaOH (0.1 mol L7')
solution for 1 h at room temperature. The solution was then
neutralized and the regenerated composite hydrogel was
collected, washed with pure water, and dried for further
reuse. The adsorption and subsequent photocatalytic degrada-
tion cycle was repeated three consecutive times to evaluate the
reusability of the adsorbent. After three consecutive MB
degradation cycles, a slight decrease in photocatalytic activity
was observed possibly due to the irreversible adsorption of
degradation products and the biodegradable nature of the SAP
material. The results of reusability experiments are shown in
Figure 13. The potential for multicycle reuse is demonstrated
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Figure 13. MB degradation percentage profile during regeneration
cycles.

by the consistent degradation efficiency in three consecutive
cycles of MB adsorption and subsequent photodegradation.
These results show the potential application of the prepared
composite hydrogel for dye removal in wastewater treatment.

4. CONCLUSIONS

The synthesized SAP hydrogel composite incorporated with
activated charcoal impregnated with TiO, nanoparticles was
found to be an efficient adsorbent and cost-effective photo-
catalyst for the adsorption and subsequent degradation of the
MB dye. RSM analysis indicated that the optimal operating
conditions for MB adsorption were pH levels between 6 and 8,
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regardless of temperature. The adsorption capacity was more
influenced by pH than by temperature. The adsorption
capacity of the SAP-AC/TiO, composite hydrogel was
enhanced by the introduction of AC, and its photocatalytic
activity was achieved by the incorporation of TiO, nano-
particles. FTIR analysis confirmed the grafting reaction of
acrylic acid onto the hydrogel, and EDS analysis verified the
uniform distribution of TiO, nanoparticles within the hydrogel
matrix. The presence of TiO, nanoparticles in the SAP matrix
enhanced the photocatalytic degradation of MB, with SAP-
AC/TiO, showing greater degradation than SAP-TiO,. The
highest photocatalytic degradation of the MB dye was
observed at a degradation time of 240 min, reaching 87.8%
with the use of the SAP-AC/TiO, hydrogel composite. SAP-
AC/TiO, exhibited a 13.8% improvement in MB degradation
compared to SAP-TiO,. The results suggested that UV-A
irradiation in the presence of photocatalysts can effectively
degrade MB, indicating a potential method for water
treatment.

In conclusion, this study has provided valuable insights into
the adsorption behavior of MB dye using SAP-based
adsorbents under different pH and temperature conditions.
In addition, the floating photocatalysts enable in situ solar
remediation, allowing direct treatment of contaminated
wastewater reservoirs in remote locations without the need
for specialized equipment or facilities. The results demon-
strated the potential of SAP-TiO, and SAP-AC/TiO,
composite hydrogels for effective MB adsorption and photo-
degradation.
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