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Abstract: Synthetic organic pigments like xanthene and azo dyes from the direct discharge of textile
effluents are considered colossal global issues and attract the concern of scholars. Photocatalysis
continues to be a very valuable pollution control method for industrial wastewater. Incorporations
of metal oxide catalysts such as zinc oxide (ZnO) on mesoporous Santa Barbara Armophous-15
(SBA-15) support to improve catalyst thermo-mechanical stability have been comprehensively re-
ported. However, charge separation efficiency and light absorption of ZnO/SBA-15 continue to be
limiting its photocatalytic activity. Herein, we report a successful preparation of Ruthenium-induced
ZnO/SBA-15 composite via conventional incipient wetness impregnation technique with the aim
of boosting the photocatalytic activity of the incorporated ZnO. Physicochemical properties of the
SBA-15 support, ZnO/SBA-15, and Ru-ZnO/SBA-15 composites were characterized by X-ray diffrac-
tion (XRD), N2 physisorption isotherms at 77 K, Fourier-transform infrared (FTIR), scanning electron
microscopy (SEM), energy dispersive X-ray (EDS), and transmission electron microscopy (TEM). The
characterization outcomes exhibited that ZnO and ruthenium species have been successfully em-
bedded into SBA-15 support, andtheSBA-15 support maintains its structured hexagonal mesoscopic
ordering in both ZnO/SBA-15 and Ru-ZnO/SBA-15 composites. The photocatalytic activity of the
composite was assessed through photo-assisted mineralization of aqueous MB solution, and the
process was optimized for initial dye concentration and catalyst dosage. 50 mg catalyst exhibited
significant degradation efficiency of 97.96% after 120 min, surpassing the efficiencies of 77% and 81%
displayed by 10 and 30 mg of the as-synthesized catalyst. The photodegradation rate was found to
decrease with an increase in the initial dye concentration. The superior photocatalytic activity of
Ru-ZnO/SBA-15 over the binary ZnO/SBA-15 may be attributed to the slower recombination rate of
photogenerated charges on the ZnO surface with the addition of ruthenium.

Keywords: mesoporous silica; ruthenium; impregnation; synthetic dyes; methylene blue; meso-
scopic ordering

1. Introduction

Over the past few decades, water contamination, as a result of increased industrial
activities, has adversely affected human health and the quality of the aquatic ecosystem [1].
The major lethal contaminants present in water and wastewater include synthetic organic
dyes [2,3], fluorides [4], uranium [5], heavy metals [6], and pharmaceutically active com-
pounds (PhACs) [7]. Synthetic organic dyes are hazardous, non-biodegradable materials
that massively contribute to water pollution. They have been linked to adverse health
effects that include dermatitis [8], cancer [9], organ dysfunctions [10], and birth defects [11].
These substances are used in a wide variety of products, including clothing, textiles, and
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food packaging [12]. While they are not toxic in and of themselves, synthetic organic
dyes can become toxic when they leach into the environment or when they accumulate in
people’s bodies [13]. Methylene blue (MB) is among such recalcitrant synthetic organic dye
pollutants, and it is found in many industrial sources and their manufacturing facilities.
These include its use as a coloring agent for paper, plastics, and textile industries [14,15],
food coloring for the agricultural industry [16], bacteria identification agent, anti-aging com-
pound, and antioxidant in pharmaceutical and cosmetics industries [17,18]. The dye has
been found to cause harmful effects on humans, animals, and fish. The most serious health
effects associated with methylene blue are eye and skin irritations, nausea, headaches,
diarrhea, headache, mutations, and abdominal pain [19]. Since some of these highly stable
organic dyes cannot be influenced by temperature or light, their elimination from water
effluents has become an important area of research. As a result, removing methylene blue
and other organic dyes from water is crucial if we want to protect ourselves from their toxic
effects, and our aquatic ecosystems survive into the future.

Green technologies like adsorption [20] and advanced oxidation processes
(AOPs) [21,22], along with conventional wastewater treatment methods (WWTMs) such as
coagulation [23], chemical oxidation [24], membrane filtration [25], and bio-process [26,27],
remain the most frequent WWTMs employed for the removal of MB and other synthetic
organic dyes. All but AOPs have tendencies to produce secondary contaminants as by-
products, and are reported to be ineffective in the complete removal of harmful dyes [28].
AOPs like heterogeneous photo-induced catalysis, on the other hand, are reported to be
potent in the removal of dyes and other contaminants with only carbon dioxide and water
as the products of the reaction [29]. Additionally, adsorption and photocatalytic degrada-
tion of dyes and nitro-compounds are viewed as the most economical and proficient water
pollution control technologies [30]. Recently, Usman et al. recently employed anatase phase
{001}-TiO2/Au hybrid nanocomposites for successful photocatalytic removal of aqueous
MB dye [31]. Similarly, Sidra et al. [32] reported the development of a cost-efficient rGO-
Fe3O4/TiO2photocatalyst, and successfully employed it for photocatalytic degradation
of MB and malachite green under UV-visible light illumination. In the same vein, Obey
et al. [33] employed a biochar derived from a non-customized matamba fruit shell for
efficient wastewater treatment through adsorption.

Over the past few decades, well-organized mesoporous silica sieves, metal-organic
frameworks, and zeolites were employed as support materials for catalysts among other
applications, owing to their large surface area and pore volume [34]. Well-ordered meso-
porous silica sieves exhibit high specific surface area and pore volumes of up to 1500 m2·g−1

and 1 cm3·g−1, respectively. An example of ordered mesoporous silica sieves is Santa Bar-
bara Amorphous-15 (SBA-15). SBA-15 is a thermally and mechanically stable, inert, as well
as eco-friendly material with a 2D hexagonal pore structure [35]. These properties, along
with its high surface area (400–900 m2·g−1) and a uniform pore size distribution make it
effective in addressing the aggregate formation issue of metal oxide catalysts [36]. Charac-
teristically, no significant diffraction peak can be observed in wide-angle XRD diffraction
analysis because the silica on the SBA-15 structure is generally amorphous [37]. Various
catalytic materials such as metal oxides, precious metals, and non-noble metal sulfides
can be supported by SBA-15. The active specie can be dispersed in its large surface area
which results in increasing the surface area of the active phase, thereby increasing its
photocatalytic activity [38].

Metal-oxide-based catalysts such as ZnO and TiO2 are the most common photocat-
alytic materials reported owing to their strong light absorption performance in the UV
region. These catalysts can also be used to modify the internal and external surface of
mesoporous silica supports for efficient pollutants degradation. However, photocorrosion,
optical absorption, agglomerates formation, and short lifetime of photoexcited electrons
and holes remain the critical issues associated with ZnO-based photocatalysts [39,40]. To
address these problems and enhance their photocatalytic performance, many works have
been reported to employ various approaches. For example, fine-tuning the structural mor-
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phology and physicochemical properties of ZnO with mesoporous silica greatly enhances
its surface area, light absorption performance, and stability of electron-hole pairs. Addi-
tionally, the wide bandgap of ZnO can be reduced through either doping with metals such
as Ru [41], Au [42], Ag [43], and Pt [44], or through coupling it with other semiconductor
catalysts [45–47].

Proficient construction of heterojunction systems is considered among the best ways of
improving the activity of semiconductor-based catalysts for photocatalytic applications. A
heterojunction system is a junction interface formed by the hybridization of two dissimilar
semiconductors or metals [48]. Through appropriate interface formation in heterojunction
systems, visible light utilization can be enhanced to a wider wavelength region, and sepa-
ration efficiency can be improved [49]. Similarly, the integration of another photocatalytic
material can bring about an improvement in the photocatalytic activity [50]. Through this,
ZnO has been successfully combined with other materials to improve photocatalytic activ-
ity by slowing down the recombination rate of photoexcited charge carriers and widening
the visible light response range. Recently, silver-decorated ZnO was reported by the combi-
nation of ZnO and Ag nanoparticles (NPs) [51]. The coupling was successfully used for
solar-assisted degradation of red azo dye and ofloxacin antibiotic. Enhanced photocatalytic
activity of the Ag-modified ZnO was obtained due to broadened light absorption range and
improved anti-photo corrosion property. Ru-doped ZnO for photocatalytic degradation of
4-chlorophenol in water was also reported [52]. Photodegradation of 4-chlorophenol was
favored because the combined rate of the photogenerated electron-hole pairs was restricted
through the charge transfer between Ru6+/Ru4+ and ZnO NPs along with the formation of
free radical oxidant species.

Furthermore, a combination of ZnO and SBA-15 has been extensively reported to
have high photocatalytic activity under UV irradiation for the degradation of dyes in
wastewater. Improved photocatalytic activity can be attributed to the improved stability
provided by the support material. Recently, Metal oxides semiconductors of ZnO, TiO2,
and SnO2 deposited on a highly ordered mesoporous SBA-15 support were compared for
the first time as photocatalysts in the elimination of aqueous methylene blue (MB) dye from
neutral aqueous solutions by adsorption and photodegradation under UV illumination [53].
All SBA-15-supported photocatalysts exhibited an excellent capacity for aqueous MB
adsorption, especially the ZnO/SBA-15 catalyst, with 2–5 times higher photocatalytic
activity than the corresponding commercial ZnO, TiO2, and SnO2 nanopowders. This
was attributed to the higher specific surface area provided by the SBA-15 support to the
catalysts, which resulted in their higher adsorption capacity and better dispersion of the
supported metal oxides.

In this present work, we synthesized Ru-promoted ZnO/SBA-15 composites via a
facile impregnation technique, with the aim of improving its charge separation efficiency
and subsequently assessing its photo-assisted catalytic response towards MB dye removal
from aqueous solution. While there are many works reported on ZnO incorporation on
SBA-15 support for organic dye removal from industrial effluents, the construction of
ZnO/SBA-15 composite modified by ruthenium for photocatalytic degradation of dyes is
novel and has not been to our knowledge explored previously.

2. Materials and Methods

The following chemicals were used in the synthesis of our catalysts: Ethanol (96%,
Chemical Ch-C, Ias, i, Romania); Polyethylene glycol (Sigma Aldrich, Darmstadt, Germany);
Pluronic P123 triblock copolymer (EO20PO70EO20, 5800, Sigma Aldrich) and Tetra-Ethyl
Ortho-Silicate (TEOS, 98%, Sigma Aldrich) as an organic template and silica sources; Zinc
acetate dihydrate (99.5%, Merck, Darmstadt, Germany) and ruthenium chloride (55%,
Sigma Aldrich) as zinc and ruthenium precursors. All reagents were used directly without
further treatment.
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2.1. Synthesis of SBA-15 Support

Mesoporous SBA-15 was prepared using the synthesis route reported by Zhao [54] with
minor modifications. Briefly, 6 g triblock copolymer, P123 was dissolved into a mixture of
deionized water and 35% HCl. A transparent solution was obtained after 6 h of continuous
mechanical stirring of the solution at 308 K. Subsequently, 12.49 g of TEOS was slowly
added into the aforementioned solution to obtain a gel-like mixture. The mixture was
then transferred into a Teflon bottle for aging at 373 K for 24 h. After natural cooling,
the product was filtered, washed severally, and dried at 333 K. To obtain the mesoporous
SBA-15 powder, the as-prepared SBA-15 was then finally calcined at 823 K in the air to get
rid of the organic template.

2.2. Synthesis of Ru-ZnO/SBA-15 Composites

ZnO/SBA-15 composites were first synthesized via the impregnation method reported
by Quach Nguyen et al. [55]. First, zinc acetate solution was prepared by dissolving 0.903 g
zinc acetate in 42 mL ethanol with stirring at 343 K for 120 min. The resulting solution
was allowed to naturally cool down and used for impregnation with as-prepared SBA-15.
In a typical procedure, 0.5 g of SBA-15 was dispersed in the zinc acetate solution under
vigorous stirring. The mixture was then oven-dried at 353 K for 24 h. The sample obtained
was calcinated in the air by increasing the room temperature up to 823 K for 60 min,
and then holding it at the same temperature for another 60 min. In the preparation of
Ru-ZnO/SBA-15, the incipient wetness impregnation method by Okal et al. was adapted
with minor modifications [56]. 1.0 g of the as-synthesized ZnO/SBA-15 was dissolved in a
Ru-precursor solution containing RuCl3 and ethanol under continuous, room-temperature
stirring for 4 h. The obtained mixture was oven-dried at 373 K for 48 h.

2.3. Characterization
2.3.1. Textural Analysis

The textural properties of the as-synthesized SBA-15 support, ZnO/SBA-15, and Ru-
ZnO/SBA-15 composites were analyzed by N2 physisorption isotherms under 77 K using
Quantachrome Nova 2200e (BET surface area, pore volume, and pore size distribution
analyzer; Quantachrome Instruments, Boynton Beach, FL, USA). The samples were vacuum-
degassed at 250 ◦C for 4 h prior to the analysis. The properties were calculated using the
NovaWin software (Boynton Beach, FL, USA).

2.3.2. Structural Characterization

The structures of SBA-15 support, ZnO/SBA-15, and Ru-ZnO/SBA-15 composites
were investigated by Fourier-transform infrared (FT-IR). FT-IR spectra (4000–400 cm−1)
were measured in the Shimadzu IRTracer-100 FT-IR spectrophotometer (Kyoto, Japan).
Small-angle X-ray diffraction (SA-XRD) and wide-angle X-ray diffraction (WA-XRD) modes
were implemented for the structural analysis of the support and composites using a Bruker
D8 Advance diffractometer (Karlsruhe, Germany; θ-θ type) with characteristic CuKα

radiation (λ = 1.5418 nm) and graphite monochromator operated at 40 kV and 40 mA. X-ray
diffraction (XRD) pattern for WAXS was measured in the 10 and 70◦ (2θ) range and scan
speed of 0.1◦/5 s, whereas the XRD pattern for SAXS was recorded in 2θ measurement
range between 0 and 10◦ and a scan speed of 0.1◦/5 s. Diffracplus Basic software and
the PDF-ICDD 2-2008 database were used for phase identification, while quantitative
analysis was carried out with the Diffracplus TOPAS 4.1 software (Karlsruhe, Germany).
FT-IR spectra (4000–400 cm−1) were recorded as KBr pellets in a Shimadzu IR affinity-1
spectrophotometer.

2.3.3. Morphology and Elemental Composition Analysis

Structural morphology images of the SBA-15 support, as well as the ZnO/SBA-
15 and Ru-ZnO/SBA-15 composites, were obtained using a Scios 2 HIVAC Dual-Beam
ultra-high-resolution FIB-SEM (ThermoFisher, Brno, Czech Republic). The elemental
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composition analysis was performed with EDAX energy dispersive X-ray (EDX) detector
mounted on the same equipment. To further examine the structural and chemical nature
of the as-prepared materials, high-resolution transmission electron microscopy (TEM) was
performed using an FEI Tecnai G2 F-20 TWINCryo-TEM (FEI American Company, Brno,
Czech Republic) operated at an acceleration voltage of 200 kV with the magnification of
80,000 and 20,000.

2.4. Photocatalytic Study

The photocatalytic activity of the as-synthesized heterostructured composites was
investigated for degradation of aqueous MB solution using a Toption photochemical
reactor, (TOPTION INSTRUMENT Co., Ltd., Xi’an China). For optimization, different
masses (10 mg, 30 mg, and 50 mg) of the Ru-induced ZnO/SBA-15 catalysts, and the initial
concentration of the dye pollutant were investigated at pH = 6.7. In a typical experiment,
an appropriate mass of the Ru-induced ZnO/SBA-15 catalysts were dispersed in a 50 mL
aqueous MB (30 mg/L) solution with stirring and then illuminated with the photoreactor.
For comparison, ZnO/SBA-15 composite was also evaluated in a similar procedure. The
irradiation process was monitored over 120 min for all photodegradation experiments. An
appropriate portion of the contaminated solution was respectively collected at 15- and
30-min intervals for (10 mg)-Ru-ZnO/SBA-15 and (50 mg)-Ru-ZnO/SBA-15 to observe the
MB removal using a Shimadzu 3600iPlus UV–Vis spectrophotometer.

3. Results
3.1. Characterization of the Materials
3.1.1. Morphology and Elemental Microanalysis

Structural morphologies of the as-prepared samples were analyzed with SEM as
displayed in Figure 1 below. Figure 1a shows a packed agglomerate of rope-shaped
morphology with an average size of 0.57 µm. This is consistent with the well-known
2D hexagonal SBA-15 structure [57]. Although small debris of the introduced species
was observed on the amorphous silica surface in Figure 1c,d, the diminished SA-XRD
peaks intensity from XRD data (Section 3.1.4), and the amount of adsorbed nitrogen in
N2physisortion data (Section 3.1.3) suggest that ZnO and Ru particles are embedded into
the SBA-15 mesopores. The SEM images in Figure 1c,d, exhibit a well-organized two-
dimensional hexagonal structure, which confirmed that the mesoscopic ordering of the
amorphous SBA-15 is maintained with the incorporation of both ZnO and Ruthenium
species. The EDX spectra of the Ru-ZnO/SBA-15 composite in Figure 1e reveal that our
samples contain Si, Zn, O, Ru, and C as constituent components. The trace of carbon is
due to the sample coating in SEM imaging. The high-intensity peaks observed for Si, Zn,
and Oprove that the sample contains mainly SBA-15 and ZnO with small traces of metallic
ruthenium and ruthenium oxide.

Figure 2 shows the TEM images of the as-synthesized samples of SBA-15, ZnO/SBA-
15, and Ru-ZnO/SBA-15 composites. The images clearly show that the incorporation of
ZnO in Figure 2b and Ru in Figure 2c has not entirely changed the regular hexagonal
well-organized mesostructures of the SBA-15 support. No significant formation of ZnO
or ruthenium species was seen on the external surface of the SBA-15 support. However,
small debris of agglomerated particles could be observed in Figure 2c. This suggests that
the impregnated ZnO and ruthenium species have been well-dispersed within the inner
surface walls of SBA-15 in agreement with the N2 sorption data and XRD measurements.
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3.1.2. FTIR Measurements

The FT-IR spectra of the as-prepared SBA-15 support, ZnO/SBA-15, and Ru-ZnO/SBA-
15 composites in wavenumber range from 400 to 4000 cm−1 are displayed in Figure 3 below.
The peaks around 1063 cm−1, 800 cm−1and 400 to 467 cm−1 in Figure 3a correspond to
distinctive Si-O and Si-OH tensile vibrations that can be found in the configuration of silica
ordering network [58]. Peak associated with O=C=O compensation and H-O-H vibration
of a cluster of water of crystallization is observed at 2371 cm−1, which intensified in both
the spectra of ZnO/SBA-15 and Ru- ZnO/SBA-15 composites. The peaks at 443 cm-1 and
1029 cm−1 in Figure 3b correspond to Zn-O stretching [59]. All the peaks that correspond
to SBA-15 are also observed in ZnO@SBA-15 and Ru-ZnO@SBA-15 composites, with a little
shift of 1063 cm−1peak in Figure 3a to 1034 cm−1 in both Figure 3c,d, which suggests that
the impregnation of ZnO has on SBA-15 has occurred. However, all the peaks except the
one recorded at 2371 cm−1, appeared with reduced intensities due to the presence of ZnO
materials.
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3.1.3. Sorption Measurements

The surface and pore structure analysis of the SBA-15 support, ZnO/SBA-15, and
Ru-ZnO/SBA-15 composites were performed using N2physisortion. Figure 4a shows that
all the as-synthesized materials exhibit 2015 IUPAC-classified type IV isotherms [60]. The
SBA-15 support demonstrates an H1-type hysteresis loop, a distinctive attribute of a narrow
range, cylindrical homogeneous mesoporous materials [61], while ZnO/SBA-15 and Ru-
ZnO/SBA-15 composites reveal atypical H5-type hysteresis loop, precisely corresponding
to partly blocked mesoporous structure [62]. The observed decrease in BET surface area
(SBET), pore diameter(Dp), and pore volume (Vp) in Table 1 implies the moderate plugging
and covering of the pore sites of the SBA-15 supports from the introduction of both ZnO
and ruthenium species. However, their incorporation did not alter with the mesoporous
network of the SBA-15 supports. Figure 4b illustrates a unimodal dispersed BJH pore size
distribution (PSD) curve (7.3 nm) for SBA-15 support and bimodal PSD curves (4.1 and
6.3 nm) for ZnO/SBA-15 and Ru-ZnO/SBA-15 composites.
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Table 1. Physicochemical properties of the as-synthesized SBA-15 supports: ZnO/SBA-15 and
Ru-ZnO/SBA-15 composites.

Catalyst SBET
(m2/g) VT (cm3/g) VP (cm3/g)

DP
(nm)

ST
(m2/g)

VM
(cm3/g)

SBA-15 734 0.3941 0.766 7.3 8.3 0.015
ZnO/SBA-15 313 0.4726 0.472 4.1 - -

Ru-ZnO/SBA-15 252 0.3852 0.388 4.1 - -

3.1.4. X-ray Diffraction

Figure 5 below displays the SA-XRD and WA-XRD patterns of as-synthesized SBA-
15 support, ZnO/SBA-15, and Ru-ZnO/SBA-15 composites. The small/low angle XRD
patterns from Figure 5a reveals highly intense and mild diffractograms at 0.35◦ and 0.9◦ (2θ)
corresponding to the (100) and (200) Bragg’s reflection planes respectively. This precisely
depicts the hexagonal symmetry and elongated mesoporous arrangement of amorphous
SBA-15 support [63]. The preservation of these reflection planes in both ZnO/SBA-15
and Ru-ZnO/SBA-15 composites shows that the incorporation of the ZnO and ruthenium
species did not practically change the mesoscopic ordering of the SBA-15, and that the
species were homogeneously dispersed. However, the observed decline in the intensity
of aforementioned reflection planes in ZnO/SBA-15 and Ru-ZnO/SBA-15 composites,
suggests the agglomeration and partial blocking of the SBA-15 pores illustrated in N2
adsorption-desorption isotherms results in Section 3.1.3 above.

WA-XRD patterns in Figure 5b reveal a distinctive broad band of amorphous SBA-15
between 15 and 34◦ (2θ) values in all the samples. Figure 5c shows the XRD diffraction
patterns at 31.91, 34.52, 36.47, 47.82, 56.91, 62.74, and 68.21, corresponding to (100), (002),
(101), (102), (110), (103), and (112) ZnO crystal reflection planes respectively [64]. In the case
of the Ru-ZnO/SBA-15 composite (Figure 5d, six 2θ measurements at 31.9, 34.4, 36.4, 47.8,
56.6, and 62.8◦ that correspond to (100), (002), (101), (102), (110) and (103) reflection planes
were still recorded besides the broad band of SBA-15. These diffractograms evidently
match up the hexagonal structure of pristine ZnO [65]. Similarly, in addition to the broad
characteristic band of amorphous SBA-15 and ZnO reflection planes, a less intense peak at
2θ = 69◦ that respectively matches up the (110) miller indices of the metallic form of face-
centered-cubic (FCC) ruthenium [66]. These results confirm the successful incorporation of
ruthenium and ZnO in the porous network of the highly disordered (amorphous) SBA-15
material.
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3.1.5. Photodegradation of MB

The photocatalytic activities of the as-prepared materials were evaluated by the re-
moval of the aqueous MB solution. Figure 6b shows the absorbance data of methylene
blue removal for 50 mg of the prepared Ru-ZnO/SBA composites. It can be observed
that the absorption of methylene blue decreases quickly within the first 30 mins, and the
degradation efficiency reaches about 98% in 120 min irradiation. However, for the 10
and 30 mgRu-ZnO/SBA-15 catalyst, the absorption of MB (Figure 6g) decreases slower in
relation to the 50 mgRu-ZnO/SBA-15. Degradation efficiencies of about 77 and 81% were
recorded for 10 mg Ru-ZnO/SBA-15 and 81% for 30 mg Ru-ZnO/SBA-15 after 120 min.
This was performed to establish the appropriate dose of the catalyst needed for the degra-
dation experiment. The observed increase in the photodegradation rate from 10 mg to
50 mg diminished when the catalyst dose reached 60 mg, indicating aggregate formation
that inhibits efficient light absorption. For comparison, the photodegradation of MB for
ZnO-SBA-15 composite under the same conditions for 120 min is also shown in Figure 6a.
A superior catalytic activity is obtained for the Ru-induced catalyst over ZnO/SBA-15
composite without ruthenium. Two concentrations of MB solution (20 ppm and 35 ppm)
were used to investigate the photodegradation rate and results are displayed in Figure 6f,h.
With the increase in MB concentration, the rate of photodegradation decreased. In the
current work, a 20 ppm solution of MB exhibited 98% photodegradation efficiency, whereas
increasing the concentration to 35 ppm showed reduced degradation efficiency at the
same conditions.
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Figure 7 shows the photocatalytic effect of the Ru-ZnO/SBA-15 composites on the
degradation rate of MB. The rate can be ascribed to the pseudo-first-order. Applicability
of pseudo-first-order kinetics with apparent rate constants of 0.01147 (Figure 7a), 0.01232
(Figure 7b), and 0.02540 (Figure 7c) for MB were recorded.
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4. Conclusions

The Ru-promoted surface of the ZnO/SBA-15 composite was successfully prepared
via the conventional incipient wetness impregnation technique. Characterization results
showed that the incorporated ZnO and ruthenium species were embedded into SBA-15
support without changing its mesoscopic ordering. The as-prepared Ru-ZnO/SBA-15
composite was found to have a superior photocatalytic activity over both the SBA-15 and
binary ZnO/SBA-15 composite. Increased recombination time of photoexcited electron-hole
pairs on the ZnO/SBA-15 surface with the addition of metallic ruthenium was understood
to be responsible for its excellent catalytic activity. This work will help develop strategies for
future photocatalytic degradation of other contaminants present in water and wastewater.
Moreover, we are looking forward to using this photocatalytic heterojunction system for
the degradation processes of PhACs.
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have read and agreed to the published version of the manuscript.

Funding: This work was supported by the the Ministry of Research, Innovation, and Digitization
through Program 1—Development of the national research and development system, Subprogram
1.2—Institutional Performance—Projects to finance excellence in RDI, Contract no. 15PFE/2021
and CCCDI—UEFISCDI, project number Contract no. PN-III-P2-2.1-PTE-2021-0675, and Nucleu
Programme, Project PN.19.23.01.01 Smart-Bi.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Reddy, D.A.; Choi, J.; Lee, S.; Ma, R.; Kim, T.K. Self-assembled macro porous ZnS–graphene aerogels for photocatalytic

degradation of contaminants in water. RSC Adv. 2015, 5, 18342–18351. [CrossRef]
2. Ma, X.; Zhao, S.; Tian, Z.; Duan, G.; Pan, H.; Yue, Y.; Li, S.; Jian, S.; Yang, W.; Liu, K.; et al. MOFs meet wood: Reusable magnetic

hydrophilic composites toward efficient water treatment with super-high dye adsorption capacity at high dye concentration.
Chem. Eng. J. 2022, 446, 136851. [CrossRef]

3. Chen, Y.; Li, S.; Li, X.; Mei, C.; Zheng, J.; E, S.; Duan, G.; Liu, K.; Jiang, S. Liquid Transport and Real-Time Dye Purification
via Lotus Petiole-Inspired Long-Range-Ordered Anisotropic Cellulose Nanofibril Aerogels. ACS Nano 2021, 15, 20666–20677.
[CrossRef] [PubMed]

4. Jian, S.; Chen, Y.; Shi, F.; Liu, Y.; Jiang, W.; Hu, J.; Han, X.; Jiang, S.; Yang, W. Template-Free Synthesis of Magnetic La-Mn-Fe
Tri-Metal Oxide Nanofibers for Efficient Fluoride Remediation: Kinetics, Isotherms, Thermodynamics and Reusability. Polymers
2022, 14, 5417. [CrossRef] [PubMed]

5. Wang, J.; Sun, Y.; Zhao, X.; Chen, L.; Peng, S.; Ma, C.; Duan, G.; Liu, Z.; Wang, H.; Yuan, Y.; et al. A poly(amidoxime)-modified
MOF macroporous membrane for high-efficient uranium extraction from seawater. E-Polymers 2022, 22, 399–410. [CrossRef]

6. Yang, W.; Wang, Y.; Wang, Q.; Wu, J.; Duan, G.; Xu, W.; Jian, S. Magnetically separable and recyclable Fe3O4@PDA covalent
grafted by l-cysteine core-shell nanoparticles toward efficient removal of Pb2+. Vacuum 2021, 189, 110229. [CrossRef]

7. Zhang, D.; Wei, A.; Zhang, J.; Qiu, R. The photocatalytic interaction of Cr(VI) ions and phenol on polymer-modified TiO2 under
visible light irradiation. Kinet. Catal. 2015, 56, 569–573. [CrossRef]

8. Hashmi, S.S.; Shah, M.; Muhammad, W.; Ahmad, A.; Ullah, M.A.; Nadeem, M.; Abbasi, B.H. Potentials of phyto-fabricated
nanoparticles as ecofriendly agents for photocatalytic degradation of toxic dyes and waste water treatment, risk assessment and
probable mechanism. J. Indian Chem. Soc. 2021, 98, 100019. [CrossRef]

9. Jun, L.Y.; Yon, L.S.; Mubarak, N.; Bing, C.H.; Pan, S.; Danquah, M.K.; Abdullah, E.; Khalid, M. An overview of immobilized
enzyme technologies for dye and phenolic removal from wastewater. J. Environ. Chem. Eng. 2019, 7, 102961. [CrossRef]

10. Kumar, A.; Sharma, A.; Sahoo, S.C.; Zangrando, E.; Saini, V.; Kataria, R.; Mehta, S.K. Metal organic framework as “turn-on”
fluorescent sensor for Zr (IV) ions and selective adsorbent for organic dyes. Microchem. J. 2021, 171, 106824. [CrossRef]

http://doi.org/10.1039/C4RA16494F
http://doi.org/10.1016/j.cej.2022.136851
http://doi.org/10.1021/acsnano.1c10093
http://www.ncbi.nlm.nih.gov/pubmed/34881863
http://doi.org/10.3390/polym14245417
http://www.ncbi.nlm.nih.gov/pubmed/36559784
http://doi.org/10.1515/epoly-2022-0038
http://doi.org/10.1016/j.vacuum.2021.110229
http://doi.org/10.1134/S0023158415050195
http://doi.org/10.1016/j.jics.2021.100019
http://doi.org/10.1016/j.jece.2019.102961
http://doi.org/10.1016/j.molstruc.2022.134127


Polymers 2023, 15, 1210 12 of 14

11. Chowdhury, M.F.; Khandaker, S.; Sarker, F.; Islam, A.; Rahman, M.T.; Awual, M.R. Current treatment technologies and mechanisms
for removal of indigo carmine dyes from wastewater: A review. J. Mol. Liq. 2020, 318, 114061. [CrossRef]

12. Mir, N.U.D.; Ahmad, M.S.; Khan, S.; Khan, M.Y.; Vakil, F.; Saraswat, S.; Shahid, M. Simpler is better: A heterometallic (Mn-Na)
metal organic framework (MOF) with a rare myc topology synthesized from bench chemicals for selective adsorption and
separation of organic dyes. Inorg. Chem. Commun. 2022, 146, 110046. [CrossRef]

13. Xie, K.; Fang, J.; Li, L.; Deng, J.; Chen, F. Progress of graphite carbon nitride with different dimensions in the photo-catalytic
degradation of dyes: A review. J. Alloys Compd. 2022, 901, 163589. [CrossRef]

14. Andrade, J.G.D.S.; Porto, C.E.; Moreira, W.M.; Batistela, V.R.; Scaliante, M.H.N.O. Production of hydrochars from Pinus caribaea
for biosorption of methylene blue and tartrazine yellow dyes. Clean. Chem. Eng. 2023, 5, 100092. [CrossRef]

15. Muhamad, N.; Sinchai, P.S.; Tansom, U. Banana peel as bioremediation agent in textile dyes decolorization for wastewater
management. Biochem. Syst. Ecol. 2023, 106, 104582. [CrossRef]

16. Moradi, O.; Pudineh, A.; Sedaghat, S. Synthesis and characterization Agar/GO/ZnO NPs nanocomposite for removal of
methylene blue and methyl orange as azo dyes from food industrial effluents. Food Chem. Toxicol. 2022, 169, 113412. [CrossRef]

17. Dardouri, S.; Sghaier, J. Adsorptive removal of methylene blue from aqueous solution using different agricultural wastes as
adsorbents. Korean J. Chem. Eng. 2017, 34, 1037–1043. [CrossRef]

18. Oladoye, P.O.; Ajiboye, T.O.; Omotola, E.O.; Oyewola, O.J. Methylene blue dye: Toxicity and potential elimination technology
from wastewater. Results Eng. 2022, 16, 100678. [CrossRef]

19. Jawad, A.H.; Abdulhameed, A.S.; Reghioua, A.; Yaseen, Z.M. Zwitterion composite chitosan-epichlorohydrin/zeolite for
adsorption of methylene blue and reactive red 120 dyes. Int. J. Biol. Macromol. 2020, 163, 756–765. [CrossRef]

20. Jjagwe, J.; Olupot, P.W.; Menya, E.; Kalibbala, H.M. Synthesis and Application of Granular Activated Carbon from Biomass Waste
Materials for Water Treatment: A Review. J. Bioresour. Bioprod. 2021, 6, 292–322. [CrossRef]

21. Hoang, N.T.; Manh, T.D.; Nguyen, V.T.; Nga, N.T.T.; Mwazighe, F.M.; Nhi, B.D.; Hoang, H.Y.; Chang, S.W.; Chung, W.J.; Nguyen,
D.D. Kinetic study on methylene blue removal from aqueous solution using UV/chlorine process and its combination with other
advanced oxidation processes. Chemosphere 2022, 308, 136457. [CrossRef] [PubMed]

22. Xiang, Y.; Liu, H.; Zhu, E.; Yang, K.; Yuan, D.; Jiao, T.; Zhang, Q.; Tang, S. Application of inorganic materials as heterogeneous
cocatalyst in Fenton/Fenton-like processes for wastewater treatment. Sep. Purif. Technol. 2022, 295, 121293. [CrossRef]

23. Ihaddaden, S.; Aberkane, D.; Boukerroui, A.; Robert, D. Removal of methylene blue (basic dye) by coagulation-flocculation with
biomaterials (bentonite and Opuntia ficus indica). J. Water Process. Eng. 2022, 49, 102952. [CrossRef]

24. Abdel-Aziz, M.H.; Bassyouni, M.I.; Zoromba, M.S.; Alshehri, A.A. Removal of Dyes from Waste Solutions by Anodic Oxidation
on an Array of Horizontal Graphite Rods Anodes. Ind. Eng. Chem. Res. 2019, 58, 1004–1018. [CrossRef]

25. Subrahmanya, T.; Widakdo, J.; Mani, S.; Austria, H.F.M.; Hung, W.-S.; Makari, H.K.; Nagar, J.K.; Hu, C.-C.; Lai, J.-Y. An eco-
friendly and reusable syringe filter membrane for the efficient removal of dyes from water via low pressure filtration assisted
self-assembling of graphene oxide and SBA-15/PDA. J. Clean. Prod. 2022, 349, 131425. [CrossRef]

26. Bustos-Terrones, Y.A.; Hermosillo-Nevárez, J.J.; Ramírez-Pereda, B.; Vaca, M.; Rangel-Peraza, J.G.; Bustos-Terrones, V.; Rojas-
Valencia, M.N. Removal of BB9 textile dye by biological, physical, chemical, and electrochemical treatments. J. Taiwan Inst. Chem.
Eng. 2021, 121, 29–37. [CrossRef]

27. Singh, A.; Pal, D.B.; Mohammad, A.; Alhazmi, A.; Haque, S.; Yoon, T.; Srivastava, N.; Gupta, V.K. Biological remediation
technologies for dyes and heavy metals in wastewater treatment: New insight. Bioresour. Technol. 2021, 343, 126154. [CrossRef]

28. Khammar, S.; Bahramifar, N.; Younesi, H. Preparation and surface engineering of CM-β-CD functionalized Fe3O4@TiO2
nanoparticles for photocatalytic degradation of polychlorinated biphenyls (PCBs) from transformer oil. J. Hazard. Mater. 2020,
394, 122422. [CrossRef]

29. Abdelrahman, E.A.; Hegazey, R.; Ismail, S.H.; El-Feky, H.H.; Khedr, A.M.; Khairy, M.; Ammar, A.M. Facile synthesis and charac-
terization of β-cobalt hydroxide/hydrohausmannite/ramsdellitee/spertiniite and tenorite/cobalt manganese oxide/manganese
oxide as novel nanocomposites for efficient photocatalytic degradation of methylene blue dye. Arab. J. Chem. 2022, 15, 104372.
[CrossRef]

30. Haleem, A.; Shafiq, A.; Chen, S.-Q.; Nazar, M. A Comprehensive Review on Adsorption, Photocatalytic and Chemical Degradation
of Dyes and Nitro-Compounds over Different Kinds of Porous and Composite Materials. Molecules 2023, 28, 1081. [CrossRef]
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