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Abstract: Hydrogels have excellent properties that make them ideally suited as host matrices for the
immobilization of photoreactive materials such as TiO2 nanoparticles that serve as catalysts in the
photodegradation of organic dyes, which is of great importance in practical water pollution treatment
applications. However, the application of hydrogels for this purpose remains poorly studied. The
present study addresses this issue by developing two types of hydrogels based on poly(methyl
acrylate) and succinamide acid with embedded TiO2 nanoparticles for use as photocatalysts in the
photodegradation of organic dyes. The results of the analysis demonstrate that the TiO2 nanoparticles
are distributed uniformly in the hydrogel matrices, and the hydrogels maintain their original struc-
tures after use. The photodegradation efficiencies of the developed TiO2-hydrogels are demonstrated
to be reasonably close to that of freely distributed TiO2 nanoparticles in solution for four different
organic dyes. In addition, the results of degradation-regeneration cycling tests demonstrate that
immobilizing the TiO2 nanoparticles into the hydrogels greatly reduces their loss during utilization,
and the photocatalysts can be easily reused. In fact, the two TiO2-hydrogels retain reasonably high
photocatalytic degradation performance after four degradation-regeneration cycles.

Keywords: photocatalyst; hydrogel; photocatalytic reaction; degradation

1. Introduction

Water is among the most essential substances for the existence of life on earth. Never-
theless, the wastewater discharged from factories and laboratories has caused serious water
pollution in recent years [1–3]. In particular, textile, paper, plastic, and cosmetic industries
discharge large amounts of organic dyes [4], which are toxic and can cause serious ecological
problems. Therefore, the development of sustainable methods of eliminating organic dye
pollutants from wastewater is essential for preserving quality of life. Among these presently
available methods, photocatalytic degradation is particularly promising owing to its potential
environmental friendliness, and it has been demonstrated to realize the efficient degradation
of various organic pollutants in wastewater treatment applications [5–7]. In this regard, tita-
nium dioxide (TiO2) is one of the most widely used semiconductor photocatalysts in the
field of photocatalytic water decomposition [8–10], as well as in environmental remediation
applications due to its high photocatalytic activity, chemical stability, low cost, non-toxicity,
and stability during reactions [11–14].

Typically, most photocatalysts employed in wastewater treatment applications exist in
powder form and are directly mixed in wastewater to generate a solid-liquid suspension.
Pollutant degradation is then conducted under light irradiation, and the photocatalyst
powder must be subsequently separated from the solid-liquid mixture and retained for
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later use. However, the subsequent separation of the solid-liquid mixture is rather dif-
ficult in practical wastewater treatment applications [15,16]. This is not the case when
conducting photodegradation tests in the laboratory because the solution samples involved
are very small, and the solid and liquid phases can be separated almost completely by
centrifugation. Nonetheless, the complete separation of relatively low-density catalysts,
such as graphitic carbon nitride (g-C3N4) and aerogel photocatalysts, is difficult to achieve
even at high rotational speeds of 10,000 rpm. While this issue is commonly addressed by
passing solid-liquid mixtures through disposable syringe filters, this results in catalyst
loss, which is unacceptable for cyclic degradation-regeneration performance testing due to
the detrimental effect on measurement accuracy caused by the progressively decreasing
catalyst concentration. Moreover, this will increase the cost of experiments when working
with expensive catalysts. This issue has been addressed in recent years by immobiliz-
ing powdered catalysts on support materials. For example, Li et al. [17] developed a
novel double-cylindrical-shell (DCS) photoreactor with an immobilized monolayer of TiO2
coated on silica gel beads, and the proposed photoreactors were successfully applied for
the degradation of rhodamine B (RhB) and methyl orange (MO) organic dyes. Lei et al. [18]
demonstrated that TiO2 nanoparticles immobilized in a polyvinyl alcohol (PVA) matrix
obtained excellent photocatalytic activity. In this regard, TiO2 nanoparticles have been
effectively immobilized in a wide variety of matrix materials such as glass, activated carbon,
silica, carbon nanotubes, and polymers [16,19]. Recently, hydrogels have been employed as
novel matrix materials for immobilizing TiO2 nanoparticles [20–24]. Hydrogels represent
particularly excellent candidates for use as matrix materials in the immobilization of TiO2
nanoparticle photocatalysts for photodegradation applications. For example, hydrogels
have three-dimensional (3D) cross-linked polymeric networks with volumetric and other
properties that are responsive to pH and temperature [24], and readily adsorb organic
pollutants [25]. Moreover, most hydrogels have good mechanical strength, thermal sta-
bility, and electrical conductivity, which make them useful in a wide range of fields such
as water purification, biomimetic materials, and electrochemistry [25–27]. However, the
use of hydrogels for photocatalyst immobilization in photocatalytic wastewater treatment
applications remains poorly studied.

This issue is addressed in the present work by developing two types of hydrogels
based on poly (methyl acrylate) (PMA) and succinamide acid (SAA) with embedded TiO2
nanoparticles for use as photocatalysts in the photodegradation of four different organic
dyes, including MO, methylene blue, RhB, and bright green. The photodegradation ef-
ficiencies of the developed TiO2-hydrogel materials, denoted herein as PMA-TiO2 and
SAA-TiO2, are demonstrated to be reasonably close that that of freely distributed TiO2
nanoparticles in solution for all four organic dyes. Moreover, the immobilization of TiO2
nanoparticles in the hydrogels eliminates the need to separate solid and liquid phases
after conducting the photodegradation process, which enhances the recovery of the photo-
catalysts and promotes their easy reuse. In addition, the two TiO2-hydrogels retain high
photocatalytic degradation performance for RhB after four degradation-regeneration cycles.
As such, the proposed strategy of physically immobilizing TiO2 nanoparticles in hydrogels
may promote the development of photocatalytic devices suitable for practical large-scale
applications.

2. Results and Discussion
2.1. Characterizations

The present work employed commercial P25 TiO2 nanoparticles with phase concen-
trations of 76% anatase and 24% rutile by mass [28], which provides a greater photocat-
alytic activity than either anatase or rutile [29]. The crystalline structure of the P25 TiO2
nanoparticles is verified by the XRD pattern shown in Figure 1, where characteristic peaks
corresponding to the anatase phase appear at 25.5◦, 38.0◦, 48.2◦, 54.5◦, 62.9◦, and 75.2◦, and
the characteristic peaks corresponding to the rutile phase are observed at 27.6◦, 36.3◦, 41.5◦,
56.9◦, and 64.3◦. Accordingly, the TiO2 nanoparticles are a mixed phase. The energy dis-
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perse spectroscopy (EDS) elemental mapping images shown in Figure 2 of a representative
PMA-TiO2 hydrogel sample indicate that the elements Ti, O, and C are homogeneously
distributed near the sample surface.
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Figure 2. (a) SEM image of PMA- TiO2 sample; (b) C, (c) O and (d) Ti EDS elemental mapping images
of a representative PMA-TiO2 hydrogel sample.

The synthesized TiO2-hydrogel samples had diameters of 2 cm and thicknesses of
about 0.5 cm after drying. The precursor solution employed for preparing PMA-TiO2 sam-
ples had a density close to that of water. Therefore, the added 20.0 mg of TiO2 nanoparticles
fell to the bottom, leaving a thin layer of TiO2 nanoparticles near the bottom surface. This
is shown by the image given in Figure 3a. Meanwhile, the top surface of the PMA-TiO2
samples remained transparent, as shown in Figure 3b. This conforms to what has been
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observed previously [25]. The SAA hydrogel was light yellow in color, and was somewhat
transparent, as shown in Figure 3c. In contrast to the PMA-TiO2 samples, the 5.0 mg of
TiO2 nanoparticles added to the SAA precursor solution were uniformly dispersed within
the hydrogel due to the high density and viscosity of the precursor solution, as shown
in Figure 3d. Here, only 5.0 mg of TiO2 nanoparticles was added to the SAA precursor
solution because the added nanoparticles greatly reduced the transparency of the SAA
hydrogel, and a larger concentration of nanoparticles would unacceptably diminish the
availability of light in the subsequent photodegradation experiments.
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TiO2) with a transparent surface; (d) top side the SAA-TiO2 sample with a uniform distribution of
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2.2. Photocatalytic H2 Production

The excellent adsorption capacity of the hydrogel can be expected to facilitate the
photocatalytic reaction of the uniformly dispersed TiO2 nanoparticles in the hydrogel due
to a continuous adsorption of small molecules. This issue was investigated by evaluating
the H2 production performance obtained by different concentrations of freely dispersed
TiO2 nanoparticles in deionized water with 10 mL TEOA added as a sacrificial reagent
under a 300 W xenon lamp as an ultraviolet-visible (UV-Vis) light source, and comparing
those results with those obtained for PMA-TiO2 samples with different TiO2 nanoparticle
loadings and the SAA-TiO2 sample with 5 mg of added TiO2 nanoparticles.

As shown in Figure 4, the H2 production rates of freely dispersed TiO2 nanoparticles
were 1.65, 3.02, and 6.16 µmol/h for TiO2 concentrations of 5.0 mg, 10.0 mg, and 20.0 mg,
respectively. We also note from the figures that the H2 evolution obtained was basically
linear with respect to the irradiation time for all three TiO2 concentrations.
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For testing the H2 evolution performance of the PMA-TiO2 samples, the thin layer
of TiO2 nanoparticles on the bottom surface of the hydrogel sample was exposed to
irradiation during the experiments. As shown in Figure 5, the H2 production rates of
the PMA-TiO2 samples were 0.86 and 1.28 µmol/h for TiO2 nanoparticle loadings of
10.0 mg and 20.0 mg, respectively. We note that the H2 evolution rate increases with
increasing photocatalyst content, even though the area of irradiation remains constant,
which demonstrates the impact of the TiO2 nanoparticle density at the surface of the PMA
hydrogel on H2 production.

Catalysts 2021, 11, x FOR PEER REVIEW  6  of  12 
 

 

 

Figure 5. Photocatalytic H2 evolution rates obtained with different concentrations of TiO2 nanoparticles in the PMA hy‐

drogel: (a) 10.0 mg; (b) 20.0 mg. (c) Images of a PMA‐TiO2 sample (20.0 mg TiO2) before and after reaction process in‐

volving 10 h of irradiation. 

As shown Figure 6, the H2 production rate of the SAA‐TiO2 sample with a 5.0 mg 

TiO2 nanoparticle loading was 0.35 μmol/h, which represents a photocatalytic efficiency 

that is 21.2% that of the 5.0 mg of freely dispersed TiO2 nanoparticles in the solution. This 

is similar to the relative photocatalytic efficiency of the PMA‐TiO2 sample with the 20.0 

mg TiO2  loading. We  further note  from Figure  6b  that  the SAA‐TiO2  sample  also  ad‐

sorbed a large amount of solution, and the diameter of the sample after 5 h of reaction 

was also greater than its original diameter by a factor of about 3. Moreover, we note that 

the transparency of the SAA‐TiO2 sample was significantly improved after absorbing the 

solution. The uniform milkiness of the sample also demonstrates that the TiO2 nanopar‐

ticles are evenly dispersed  in  the SAA hydrogel, which  is  favorable  for promoting  the 

photocatalytic reaction. 

 

Figure 6. (a) Photocatalytic H2 evolution rates obtained by an SAA‐TiO2 sample with 5.0 mg added TiO2. (b) Images of the 

SAA‐TiO2 sample before and after the reaction process involving 5 h of irradiation. 

Figure 5. Photocatalytic H2 evolution rates obtained with different concentrations of TiO2 nanoparti-
cles in the PMA hydrogel: (a) 10.0 mg; (b) 20.0 mg. (c) Images of a PMA-TiO2 sample (20.0 mg TiO2)
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The results also indicate that the photocatalytic efficiencies of the PMA-TiO2 samples
with 10.0 mg and 20.0 mg of TiO2 nanoparticles were 28.5% and 20.8%, respectively, of the
freely dispersed TiO2 nanoparticles with equivalent photocatalyst concentrations. While
the greater concentration of TiO2 nanoparticles dispersed in the PMA hydrogel increased
the hydrogen production of PMA-TiO2, the efficiency of the photocatalyst in PMA-TiO2 did
not increase with increasing TiO2 content to the same extent as the freely dispersed TiO2
nanoparticles. This could potentially be attributable to the two-dimensional (2D) nature
of the PMA-TiO2 sample surface, which limits interactions between the photocatalyst
and reactive components in the liquid phase relative to the 3D conditions of the freely
dispersed TiO2 nanoparticles in the solution. However, we note from Figure 5c that the
PMA-TiO2 sample absorbed a large volume of solution, and the diameter of the sample
after 10 h of reaction was greater than its original diameter by a factor of about three.
The high absorbance of the hydrogel facilitated 3D interactions between the solution and
the embedded TiO2 nanoparticles, and presumably enabled the generated hydrogen to
also be desorbed quickly. Therefore, we conclude that the primary factor affecting the
photocatalytic performance of the PMA-TiO2 sample was that the immobilization of the
TiO2 particles in the hydrogel decreased the availability of incident light.

As shown Figure 6, the H2 production rate of the SAA-TiO2 sample with a 5.0 mg TiO2
nanoparticle loading was 0.35 µmol/h, which represents a photocatalytic efficiency that is
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21.2% that of the 5.0 mg of freely dispersed TiO2 nanoparticles in the solution. This is similar
to the relative photocatalytic efficiency of the PMA-TiO2 sample with the 20.0 mg TiO2
loading. We further note from Figure 6b that the SAA-TiO2 sample also adsorbed a large
amount of solution, and the diameter of the sample after 5 h of reaction was also greater
than its original diameter by a factor of about 3. Moreover, we note that the transparency of
the SAA-TiO2 sample was significantly improved after absorbing the solution. The uniform
milkiness of the sample also demonstrates that the TiO2 nanoparticles are evenly dispersed
in the SAA hydrogel, which is favorable for promoting the photocatalytic reaction.
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As discussed above with respect to H2 generation, the excellent solution absorbance of
the hydrogel samples enables contact between the TiO2 nanoparticles and the surrounding
solution even though the nanoparticles are immobilized through embedding. While this
embedding does decrease the availability of light, and, with it, the photocatalytic efficiency,
it also enables the easy removal of the active photocatalyst from solution, which can be
expected to greatly improve the efficiency of wastewater treatment applications.

2.3. Photodegradation of Organic Dyes

The concentrations of MO, methylene blue, RhB, and bright green employed in the
photodegradation experiments were all 20 mg/L. The photocatalysts considered were
20.0 mg and 5.0 mg of freely dispersed TiO2 nanoparticles, PMA-TiO2 (20.0 mg TiO2),
and SAA-TiO2 (5.0 mg TiO2). The use of UV-Vis absorbance curves for evaluating the
concentration of organic dyes in solution under irradiation are illustrated as follows for
20.0 mg of freely dispersed TiO2 nanoparticles as the photocatalyst.

The UV-Vis absorbance curves of MO subjected to treatment at different irradiation
times using 20.0 mg of freely dispersed TiO2 nanoparticles as the photocatalyst are pre-
sented in Figure 7a. We note that MO strongly absorbs light in the range of 350–550 nm,
and the maximum optical absorption peak is around 465 nm. Here, the spectrum labeled
“−30 min” in Figure 7a was obtained after holding the suspension in the dark for 30 min
prior to applying irradiation to ensure a physical adsorption-desorption balance between
the TiO2 nanoparticles and the MO in solution. In contrast, the spectrum labeled “0 min”
was obtained immediately after adding the TiO2 nanoparticles into the MO solution, and
all subsequent spectra were obtained over time. It can be seen that the optical absorbance
of MO is nearly unchanged after 30 min in the dark, which demonstrates that MO un-
dergoes only weak physical adsorption on the TiO2 nanoparticle surfaces. However, the
optical absorbance of the solution decreased significantly under irradiation and was nearly
zero after 60 min of irradiation. According to the Beer–Lambert law, the concentration
of a compound in solution is proportional to the optical absorbance characteristic of that
compound. Therefore, the results in Figure 7a indicate that most of the MO dye had
been degraded. This is further illustrated in Figure 7b, which presents images of the MO
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solution before and after irradiation treatment for 60 min. We note that the color of the
MO solution faded significantly after 60 min of irradiation, indicating that the MO in the
solution was degraded.
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Figure 7. (a) UV-Vis absorbance curves of methyl orange (20 mg/L) subjected to treatment at different
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(b) Color change of the methyl orange solution before and after irradiation treatment for 60 min.

Because the maximum optical absorption peak of MO is around 465 nm, changes in the
optical absorbance of the solution at 465 nm was employed to evaluate the concentration
of MO in solution with respect to time under irradiation for the photocatalysts considered.
Similarly, the maximum optical absorption peak of methylene blue is at 664 nm, and
the optical absorbance of methylene blue solutions at this wavelength was employed
to evaluate the concentration of methylene blue in solution with respect to time under
irradiation for the photocatalysts considered. Finally, we evaluated the optical absorbance
of RhB solutions at 554 nm and that of bright green solutions at 624 nm.

The dye concentration results obtained using freely dispersed TiO2 nanoparticles
(20.0 mg) and PMA-TiO2 (20.0 mg) as the photocatalysts for MO, methylene blue, RhB,
and bright green dye solutions are presented in Figure S1a–d, respectively. We note from
Figure S1a that the photocatalytic efficiency of PMA-TiO2 for MO was about 40.3% that of
the freely dispersed TiO2 nanoparticles after 60 min. The results in Figure S1b demonstrate
that the methylene blue dye was completely degraded after 45 min of irradiation when
freely dispersed TiO2 nanoparticles were used as the photocatalyst, while the photocatalytic
efficiency of PMA-TiO2 was 61.4% that of the TiO2 nanoparticles after 60 min. The results
in Figure S1c demonstrate that the photodegradation rates obtained for RhB after 60 min of
irradiation were 97.8% and 88.2% for the freely dispersed TiO2 nanoparticles and PMA-
TiO2, respectively. As such, while the photocatalytic efficiency of PMA-TiO2 was less
than that of the TiO2 nanoparticles for the RhB dye, it was nonetheless very similar.
As discussed above, the decreased photocatalytic efficiency of PMA-TiO2 for the MO,
methylene blue, and RhB dyes can be attributed to the reduced availability of light owing
to the immobilization of the TiO2 nanoparticles. Finally, the results in Figure S1d represent
highly contrasting results, where the photodegradation rates obtained for bright green after
60 min of irradiation were 33.9% and 73.9% for the freely dispersed TiO2 nanoparticles
and PMA-TiO2, respectively. However, we also note that the concentration of bright green
had already decreased by 73.9% prior to irradiation when employing PMA-TiO2 as the
photocatalyst because of the very high physical adsorption capacity of PMA-TiO2 for bright
green dye. Unfortunately, this also means that the actual level of degradation cannot
be known with certainty because the decreased concentration in the solution can be due
to physical adsorption, photodegradation, or both. However, we note that the physical
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absorption observed for the other three organic dyes on PMA-TiO2 prior to irradiation was
considerably less than that observed for bright green, while the concentrations of all three
decreased rapidly during irradiation due to the continuous uptake of solution. Therefore,
these results suggest that the decrease in the bright green concentration during illumination
was primarily due to photocatalytic reactions with the PMA-TiO2 catalyst. These results
also suggest that the very high physical adsorption capacity of PMA-TiO2 for bright green
dye counteracted the diminished photocatalytic efficiency of PMA-TiO2 for the dye due to
the reduced availability of light caused by the immobilization of the TiO2 nanoparticles.

The dye concentration results obtained using freely dispersed TiO2 nanoparticles
(5.0 mg) and SAA-TiO2 (5.0 mg) as the photocatalysts for MO, methylene blue, RhB, and
bright green dye solutions are presented in Figure S2a–d, respectively. As expected, the
overall photocatalytic efficiency of both catalysts is considerably less than that observed
in Figure S1, owing to greatly reduced TiO2 nanoparticle content. However, the general
trends observed in Figure S2 for the photodegradation of all four organic dyes are quite
similar to those observed in Figure S1. In the case of MO, methylene blue, and RhB, the
degradation rates obtained after continuous irradiation for 60 min by the freely dispersed
TiO2 nanoparticles were 52.6%, 73.1%, and 68.8%, respectively, while the corresponding
degradation rates obtained by SAA-TiO2 were 26.6%, 51.5%, and 50.7%, respectively.
Accordingly, the degradation rates obtained by the freely dispersed TiO2 nanoparticles
were greater than those obtained by SAA-TiO2 for all three of these organic dyes. However,
the photocatalytic efficiency of SAA-TiO2 was close to that of the freely dispersed TiO2
nanoparticles for RhB, as was observed in Figure S1c for PMA-TiO2. In contrast, the
degradation rate obtained after continuous irradiation for 60 min by the freely dispersed
TiO2 nanoparticles for bright green was only 13.2%, while that obtained by SAA-TiO2 was
nearly 90%. However, as was observed in Figure S1d, the concentration of bright green
had already decreased by 35.0% prior to irradiation due to its physical adsorption by the
SAA hydrogel. Accordingly, the actual photodegradation efficiency of SAA-TiO2 for bright
green dye is difficult to determine.

The above results demonstrate that the PMA-TiO2 and SAA-TiO2 samples have slightly
greater physical adsorption capacities for MO, methylene blue, and RhB than the freely
dispersed TiO2 nanoparticles, while the adsorption capacities were considerably greater for
bright green. Moreover, the concentrations of the organic dyes gradually decrease under
irradiation, indicating that the dye molecules continue to be absorbed by the PMA and SAA
hydrogels, and interact with the embedded TiO2 nanoparticles. Again, compared with
powdered TiO2, TiO2 is fixed in the hydrogel, which reduces the effective light-receiving
area. On the other hand, there was no magnetic stirring when the TiO2-hydrogel sample
was used for photocatalysis experiment. At the same time, in the process of photodegrada-
tion, the concentration of the solution near the hydrogel will gradually decrease, but the
molecules in the distance will not be enough to diffuse, resulting in a certain concentration
difference. The above two main factors will restrict the overall degradation efficiency,
making the TiO2-hydrogel catalyst less efficient than powdered TiO2.

However, we must also note that magnetic stirring must be applied to maintain the
full dispersal of TiO2 nanoparticles in the solutions, while the hydrogel-TiO2 samples
were applied without magnetic stirring. This can be expected to induce the formation of
unfavorable organic dye concentration gradients in the solution near the hydrogel-TiO2
samples during the reaction process. Nonetheless, the photodegradation efficiencies of
both PMA-TiO2 and SAA-TiO2 for RhB were very close to those of the freely dispersed
TiO2 nanoparticles when in equal concentrations. In the case of real industrial wastewater,
different pH and temperatures of spent water may occur. Therefore, we evaluated the
photodegradation properties of TiO2-hydrogel under different temperatures and different
pH. As shown in Figure S3a, the physical adsorption capacity of the hydrogel for methyl
orange increases with the increase in temperature. At the same time, the degradation
efficiency of the catalyst was enhanced by increasing the temperature. The degradation
efficiencies of PMA-TiO2 at ambient temperature of 10 ◦C, 25 ◦C, and 45 ◦C were 15.2%,
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40.3%, and 63.1%, respectively. As shown in Figure S3b, the degradation performance
of the catalyst is different under different pH conditions. The degradation efficiencies of
PMA-TiO2 were 28.1%, 40.3%, and 52.3%, respectively when the pH values were 4.0, 6.9,
and 9.1, respectively.

The degradation-regeneration cycling performances of the PMA-TiO2 (20.0 mg) and
SAA-TiO2 (5.0 mg) samples were evaluated, and the results of four cycles for the pho-
todegradation of RhB are presented in Figure 8a,b, respectively. While not shown here,
we note that the physical adsorption capacities of the two hydrogel-TiO2 samples for RhB
dye during the 30 min period of darkness prior to irradiation were nearly constant at the
beginning of each cycle. The results in Figure 8 indicate that the RhB degradation rates
obtained by PMA-TiO2 after 1 h of irradiation were 88.2%, 84.4%, 77.2%, and 70.2% at each
of the four cycles, respectively, while the corresponding values obtained by SAA-TiO2 were
50.7%, 47.3%, 43.1%, and 35.7%, respectively. While the photocatalytic efficiency of the
samples decreased slightly over the four cycles, the relative efficiencies of the PMA-TiO2
and SAA-TiO2 samples after the fourth cycle were 76.9% and 70.4%, respectively, of the effi-
ciencies obtained in the first cycle. Accordingly, the proposed hydrogel-TiO2 photocatalysts
offer easy reuse without solid-liquid separation and provide satisfactory photodegradation
efficiencies for RhB after as many as four cycles of use.
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3. Materials and Methods
3.1. Chemicals and Materials

Polyethylene glycol adipate (PEGA, AR), ethylene glycol monomethyl ether acrylate
(MEA, 99.7%), acrylic acid (AA, ≥98%), acrylamide (AAM, ≥98%), ammonium persul-
fate (APS, ≥98%), and sodium salt (SA, CP) were purchased from Sinopharm Chemical
Reagent Co., Ltd (Shanghai, China). Titanium dioxide (TiO2, Degussa P25, 99.5%) and
triethanolamine (TEOA, 99%) were purchased from Sigma-Aldrich (Shanghai, China).
Methyl orange, methylene blue, rhodamine B, and bright green were purchased from
Macklin (Shang, China). All chemicals were used without further purification.

3.2. Preparation of PMA Hydrogel and PMA-TiO2

PMA hydrogel and PMA-TiO2 were synthesized according to our previous work [30].
Precisely, 1.6 g polyethylene glycol adipate (PEGA) and 0.6 g ethylene glycol monomethyl
ether acrylate (MEA) were dissolved in 5 mL of water at room temperature. After magnetic
stirring for 10 min, 0.6 g of acrylic acid (AA) was slowly added. After stirring for 1 h, 3.0 g
of the mixed solution was taken and 1.0 mL of ammonium persulfate aqueous solution
(APS, 0.4 mol/L) was slowly adde. The solution was transferred to an oven (50 ◦C) after
magnetic stirring for 0.5 h. The PMA hydrogel would be obtained within several hours.
To make the surface clean, the PMA hydrogel was washed with deionized water and then
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dried at 60 ◦C for 12 h. The PMA-TiO2 sample was obtained with the same method except
for the addition of 10.0 mg or 20.0 mg of TiO2 powder before adding the APS solution.

3.3. Preparation of SAA Hydrogel and SAA-TiO2 Hydrogel

SAA hydrogel and SAA-TiO2 were synthesized according to our previous work [30].
Precisely, 4.5 g of sodium alginate were dissolved in a beaker at room temperature. Under
magnetic stirring, 2.0 g of acrylamide (AAM), 4.0 g of acrylic acid (AA), and 1.0 mL of
deionized water were slowly added. After stirring for 1 h, 3.0 g of the mixed solution
was taken and 1.0 mL of ammonium persulfate aqueous solution (APS, 0.4 mol/L) was
slowly added. The solution was transferred to an oven (50 ◦C) after magnetic stirring for
0.5 h. The SAA hydrogel was obtained within several hours. To make the surface clean,
the SAA hydrogel was washed with deionized water and then dried at 60 ◦C for 12 h. The
SAA-TiO2 sample was obtained with the same method, except with the addition of 5.00 mg
of TiO2 powder before adding the APS solution.

4. Conclusions

The present study addressed the underreported use of hydrogels in wastewater
treatment applications based on photocatalytic degradation by developing PMA and SAA
hydrogels with embedded TiO2 nanoparticles. The photodegradation efficiencies obtained
by the hydrogel-TiO2 samples were less than those obtained by equivalent concentrations
of freely dispersed TiO2 nanoparticles in solution for the four organic dyes considered.
Nevertheless, the photodegradation efficiencies of both PMA-TiO2 and SAA-TiO2 for RhB
were very close to those of the freely dispersed TiO2 nanoparticles. While the photocatalytic
efficiencies of the PMA-TiO2 and SAA-TiO2 samples for RhB decreased slightly over the
four degradation-regeneration cycles, their relative efficiencies after the fourth cycle were
76.9% and 70.4%, respectively, of the efficiencies obtained in the first cycle. Accordingly, the
excellent solution absorption of the proposed hydrogel-TiO2 photocatalysts facilitates the
uptake of solutions, which enables photocatalytic reactions with the uniformly embedded
TiO2 nanoparticles. As a result, the photocatalysts can be easily reused without solid-liquid
separation and provide satisfactory photodegradation efficiencies for RhB after as many as
four cycles of use.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/catal11050613/s1, Figure S1: Photodegradation efficiency of (a) methyl orange, (b) methylene
blue, (c) rhodamine B, and (d) bright green by powdery TiO2 and PMA-TiO2 (20.0 mg) hydrogel,
respectively. C0 represents the initial concentration of the organic dyes and C represents the real-
time concentration. Figure S2: Photodegradation efficiency of (a) methyl orange, (b) methylene
blue, (c) rhodamine B, and (d) bright green by powdery TiO2 and SAA-TiO2 (5.0 mg) hydrogel,
respectively. C0 represents the initial concentration of the organic dyes and C represents the real-time
concentration. Figure S3: Catalytic performance of PMA-TiO2 at (a) different temperatures and (b)
different pH.
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