molecules

Article

Photo-Assisted Removal of Rhodamine B and Nile Blue Dyes
from Water Using CuO-SiO,; Composite

Muhammad Yaseen !9, Muhammad Humayun 2*{), Abbas Khan 1-*{, Muhammad Idrees 3, Nasrullah Shah !

and Shaista Bibi !

check for
updates

Citation: Yaseen, M.; Humayun, M.;
Khan, A.; Idrees, M.; Shah, N.; Bibi, S.
Photo-Assisted Removal of
Rhodamine B and Nile Blue Dyes
from Water Using CuO-SiO,
Composite. Molecules 2022, 27, 5343.
https://doi.org/10.3390/
molecules27165343

Academic Editor: Giorgio Vilardi

Received: 19 July 2022
Accepted: 19 August 2022
Published: 22 August 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

! Department of Chemistry, Abdul Wali Khan University, Mardan 23200, Pakistan

Wuhan National Laboratory for Optoelectronics, School of Optical and Electronic Information,

Huazhong University of Science and Technology, Wuhan 430074, China

Additive Manufacturing Institute, College of Mechatronics and Control Engineering, Shenzhen University,
Shenzhen 518060, China

*  Correspondence: 2017511018@hust.edu.cn (M.H.); abbas053@gmail.com (A.K.)

Abstract: Wastewater from the textile industries contaminates the natural water and affects the
aquatic environment, soil fertility and biological ecosystem through discharge of different hazardous
effluents. Therefore, it is essential to remove such dissolved toxic materials from water by applying
more efficient techniques. We performed a comparative study on the removal of rhodamine B
(RhB) and Nile blue (NB) from water through a catalytic/photocatalytic approach while using a
CuO-5iO; based nanocomposite. The CuO-5iO, nanocomposite was synthesized through a sol-
gel process using copper nitrate dihydrate and tetraethylorthosilicate as CuO and SiO; precursors,
respectively, with ammonia solution as the precipitating agent. The synthesized nanocomposites were
characterized, for their structure, morphology, crystallinity, stability, surface area, pore size and pore
volume, by using a scanning electron microscope (SEM), transmission electron microscope (TEM),
energy dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR) and Brunauer-Emmett-Teller (BET) techniques. The CuO-SiO; nanocomposite
was used for potential environmental applications in the terms of its catalytic and photocatalytic
activities toward the degradation of rhodamine B (RhB) and Nile blue (NB) dyes, in the presence
and absence of light, while monitoring the degradation process of dyes by UV-Visible spectroscopy.
The catalytic efficiency of the same composite was studied and discussed in terms of changes in the
chemical structures of dyes and other experimental conditions, such as the presence and absence of
light. Moreover, the composite showed 85% and 90% efficiency towards the removal of rhodamine B
and Nile blue dyes respectively. Thus, the CuO-5iO, nanocomposite showed better efficiency toward
removal of Nile blue as compared to rhodamine B dye while keeping other experimental variables
constant. This can be attributed to the structure-property relationships and compatibility of a catalyst
with the molecular structures of dyes.

Keywords: binary nanocomposites; structural analysis; photocatalysis; catalytic degradation;
kinetics investigation

1. Introduction

The vital compound for all living organisms is water, and that constitutes about 70
to 90% of their body weight [1]. Nowadays, due to industrial waste, water, especially
drinking water and the aquatic environment, are being polluted by various chemicals. The
dye contaminants having applications in leather, textile dyeing, pharmaceutical, paper
printing, nutrition and cosmetic industries are the major sources of industrial derelict water.
Wastewater from the textile industries is a mixture of organic, inorganic, polymeric and
elemental pollutants. The water environment, aquatic creatures, soil fertility and biological
ecosystems are contaminated by the different hazardous wastes of the various industries.
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Dyes are one issue from textile industries which are toxic to the biological environment
by blocking the sun, resulting harmful impact on the ecosystem. Its contamination of the
aquatic environment is greatest in comparison to other industries [2]. Dyes are of various
types: basic, acidic, neutral, disperse, azo, direct, reactive, etc. A small quantity of dyes
can affect the water environment, which is the reason the decolonization of wastes has
a significant effect on the colour and organic substances. In order to keep the aquatic
environment clean and conserved, the removal of these dyes from aqueous solutions is
very important. Currently, various processes are in place for the treatment of waste water
that holds various carcinogenic, non-biodegradable and hazardous derivatives [3,4]. The
adsorption, degradation and decomposition phenomena are used for removal of colours
from aqueous media. Treatment of the wastewater of food, paper, textile and dyeing
industries before discharge to the aquatic environment is a challenge. Some of the various
methods used for the removal of pollutants are: (1) Biological methods, whose function is to
remove dye from wastewater with little cost. (2) Chemical methods, which are higher in cost
and generate secondary hazardous byproducts. The various mechanisms involved in this
process are electrochemical, advanced oxidation processes (AOPs), reduction, ozonation
and the Fenton reaction [5]. (3) Physical methods, comprising flocculation, reverse osmosis,
ion exchange, adsorption, irradiation, membrane filtration [6] biosorption, biodegradation,
adsorption [7], ultrafiltration [8], nanofiltration [9], coagulation and sedimentation [10],
the Fenton process [11], sonolysis [12], ozonation [13] and so on. Chemical removal of
dyes is the most efficient method among all the mentioned processes, irrespective of its
disadvantages. Recent reports showed that some of these conventional methods are not
suitable for dye removal because of their high cost, time-consuming processing and stability
problems. Although some of these methods are useful, they lead to secondary waste
products requiring further reactions due to the stable and complex aromatic structures
of dyes. There is a dire need for an efficient process which is relatively cost-effective and
versatile and leads to no secondary pollutants, i.e., sludge.

Multistep processes have been advanced for the degradation of dyes. The degradation
of dyes by metallic catalysts has gotten much consideration because of high proficiency
and greener route of degradation. The various types of photocatalysts used for degradation
of chemicals and pollutants include several semiconductors [14]. Some of the various semi-
conductors, such as ZnO [15,16], CeO,, MnO,, TiO, [17], Cu,O [18], CdS [19], TiO, [20]
and Fe,Oj3 [21], have been used in photocatalytic applications. Remarkable features, such
as high stability, selective electronic structure and low price, make CuO one of the more im-
pressive photocatalysts [22]. Apart from the many great advantages of CuO nanoparticles,
their use in the area of photocatalysis is still limited due to the accelerated electron-hole
re-consolidation and the bandgap energy expansion; subsequently, a material with low effi-
ciency would be produced. The photocatalytic ability of CuO particles could be enhanced
through increasing the charge separation, and this could be achieved by its combination
with other semiconductors to make composite materials.

Similarly, SiO, was used in combination with CuO nanoparticles because the size
and high reactivity of the surface area of SiO, nanoparticles and their non-toxicity made
them useful in various areas, such as catalysis, in biomedical and chemical sensors, chro-
matography and ceramics. The nanocomposites of SiO; nanoparticles with other inorganic
nanoparticles, such as Mn;O3-5i0O;, showed good photocatalytic activities by using various
dyes, such as crystal violet (CV) [23]. Some binary and ternary nanocomposite-based
materials, such as the CoFe,Oy catalyst, are employed for the degradation of rhodamine
B and methylene blue removal from the aqueous media [24]. Sharma and Basu have
reported good catalytic performance of CuO@SiO, monoliths for the degradation of rho-
damine B (RhB) dye with more than 80% removal efficiency [25]. The Bi/SnO,/TiO,-G
catalyst showed more than 60% efficiency toward the degradation of pentachlorophe-
nol [26]. The C/SiO; nanocomposite was employed for the removal of C.I. Basic Red
46 (BR46) dye [27]. B-SnO, was used for the degradation of crystal violet and rho-
damine B [28]. Likewise, we also prepared and used TiO,@MILs3Fe and CeO,@MILs3 Fe
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photocatalysts for the degradation of 2,4-dichlorophenol (2,4-DCP) [29] and CuO-5iO,
for the degradation of the crystal violet (CV) with degradation efficiency of 70% and
90% [23]. Fatimah et. al. studied the ZnO/SiO, nanocomposite for the removal of
RhB dye and found excellent decolourization efficiency of (99%) [30]. Some other cat-
alysts, such as MIL53Fe@MIL53Sr, Mn/BiOCl, Mn/NiO, SiO, /CdO/CdS, Nd-SiO,-TiO,,
TiO,@Si0,-Ag, TiO»-Sn0O,, ZnO/CdSe and SiO,-Fe, O3, were fabricated and employed
for the photo-assisted degradation of various organic dyes and found that the composites
showed appreciable efficiencies [31-39]. In addition to these, the titanosilicate/bismuth
vanadate (BVTS) photocatalyst [40], Fe;0,@Si0,@TiO, /graphene oxide (GO) [41], ZnO-
MnFeZO4 [42], ’Y-FGQO:),@SiOz@TiOz—Ag [43],’}/-1:‘6203 / SiOz [44], ’Y-Fezog,@SiOz@TiOZ [45],
SnS,-SiO,@x-Fe, O3 [46], Fe30,4@Si0,@7Zn0O/CdS [47], Fe30,@Si0,@ZnO@Au (FSZA) [48,49],
FeNiz@SiO,@ZnO [50], Fe30,@Si0,@TiO,-5n [51], Fe30,@SiO,@TiO,@Pt [52], etc.—all
composite materials—were successfully fabricated, characterized and fruitfully employed
for the photocatalytic degradation of various dyes, such rhodamine B, Basic blue 41, Nile
blue, methylene blue (MB) and tamoxifen (TMX), in water-based media. A brief litera-
ture survey shows that the efficiency of the catalyst can be tuned by changing various
experimental variables, the quality and quantity of pollutants, its chemical composition
and various textural and morphological aspects; thus, the fabrication of a material with
balanced behavior is the need of the day. Therefore, to achieve some of such objectives
and in order to extend our work [23], we synthesized a CuO-5iO,-based nanocomposite
through an economical and easily fabricated sol-gel process and successfully utilized it
as an efficient catalyst for the removal of two structural different dyes, rhodamine B and
Nile blue, from the aqueous media. Furthermore, systematic physiochemical and kinetic
studies on the comparative degradation efficiency of the CuO-5iO; composite towards the
removal of two chemically different dyes were also carried out in detail. Moreover, the
percentage removal efficiency of the catalyst under investigation was also compared with
those of previously reported materials for the removal of same dyes.

2. Results and Discussion
2.1. UV-Visible, Bandgap Energy and FTIR

The UV-Visible analyses were performed by dispersing the nanocomposite in absolute
ethanol while using UV-Visible Spectrophotometer Lamda-25 (PerkinElmer). These results
of the synthesized composite are shown Figure 1a. The absorption peak observed at a wave-
length of 300 nm confirmed the CuO-5iO; composite’s formation. The other researchers
have also gotten a peak at 256 nm for the corresponding composite [53]. Figure 1b indicates
the indirect bandgap energy of the synthesized composite materials which was calculated
using the following Taucs plot relationship.

(a«hv)Y = A(hv — Eg) 1)

Here, « = absorption coefficient, h = planks constant, v = photon frequency,
A = proportionality constant, Eg = bandgap energy and y = electronic transition that
may be 2, 1/2, 2/3 or 1/3, corresponding to the transition occurring. A straight line is
obtained by plotting (athv)!/2 versus hv for indirect transition. The intercept of the straight
line on the hv axis shows the optical bandgap energy (Eg) of the composite. The indirect
bandgap energy of the composite obtained was around 3.419 eV. The lower value of the
bandgap energy for the composite is an indication of the bigger size of the particles of
the composite, which may be attributed due to the incorporation of CuO in the polymeric
silica matrix. The FTIR spectrum of the CuO-5SiO, composites was examined with a Perkin
Elmer series 100 FTIR spectrometer with a resolution capacity of 5 cm~!, and the spectrum
was recorded at 400-4000 cm~!. The peak detected at 450cm~! was due to the CuO vibra-
tion. The bands corresponding to 803 and 1066 cm ! were due to the Si-O-Si asymmetric
stretching vibration, as indicated in Figure 1c. Thus, in addition to the UV-Visible spectro-
scopic results, it was also confirmed through the FTIR that the synthesized composite was
CuO-SiO;.
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Figure 1. (a) UV—Visible spectrum, (b) Taucs plot for bandgap calculation and (c) FT-IR spectrum of
the CuO-5iO; composite.

2.2. SEM, TEM and EDX

To study the morphology of the composite, the SEM (JEOL JSM-7001F) results are
shown in Figure 2a. These indicate the CuO particles were dispersed uniformly with the
polymeric SiO; particles. Similarly, for the study of internal morphology, transmission
electron microscopy (TEM) was also performed, and the corresponding micrograph is
shown in Figure 2b. The structural characterization of the synthesized composite, from SEM
and TEM results, has also confirmed the formation of the synthesized composite. Further,
it was also confirmed that the CuO particles were homogeneously dispersed in the SiO,
particles, leading to the big size of the composite materials. Similarly, Figure 2c indicates the
energy dispersive X-ray spectroscopy (EDX) result of the synthesized composite materials.
The results clearly demonstrate the elemental composition regarding Cu, O and Si of
the materials, confirming the successful fabrication of CuO-5iO; composite qualitatively
and quantitatively.

2.3. XRD and TGA

The X-RD results of the synthesized composites of CuO-5iO, and CuO particles are
shown in Figure 3a. The diffraction peaks ascribed at various angles, 26, are 32.3° (020),
35.5° (200), 38.6° (20-2), 48.7° (022), 53.3° (120), 58.3° (221), 61.2° (22-2), 65.9° (134-2), 68.0°
(0-24), 72.3° (123), 75.1° (125), 80.2° (220) and 82.7° (33-1), were observed in the spectra
of both CuO particles and their SiO;-based binary composite. The only major difference
in these both spectra was due to the presence of a broader peak at an angle of 23.7° corre-
sponding to the SiO, in the case of the CuO-5iO; composite; minor shifts in the intensity
and position of the original CuO peaks were also observed for the composite materials.
All these facts not only confirm the successful formation of the CuO-5iO;, composite, but
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also reflect the semi-crystalline nature of composite materials. The crystalline behavior was
due to the presence of CuO, and the presence of some amorphous phases was because of
polymeric SiO;. The approximate crystallite size of the materials was determined using the
sherrer equation.
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Figure 2. (a) SEM and (b) TEM images, and (c) EDX spectra of the CuO-5iO, composite.

KA
D= 2
[3cosHO @
where, D = average crystallite size (nm), K = Scherrer constant (0.89), A = wavelength
(1.54059 °A), B = FWHM (rad) and 0 = Bragg’s angle (degrees). The percent crystallinity

index was determined using the following formula and was found to be in the range of
9-10 nm.
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Figure 3. (a) XRD Spectra of CuO particles and the CuO-SiO, composite, and (b) TGA curve of the
CuO-5i0; composite.

The TGA result of the synthesized composite CuO-5iO, is shown in Figure 3b. The
synthesized composite showed weight loss at various thermal temperatures: 95, 647, 902
and 1010 °C. The first weight loss (0.32%) at 95 °C was because of the evaporation of
physically adsorbed water and/or alcohol from CuO-5iO;, materials. The second weight
loss (1.28%) at 647 °C was due to the dehydroxylation of single silanols (Si-O-H) of the
synthesized composite, and then the final weight loss (1.67%) at 902 to 1010 °C can be
attributed to the removal of oligomeric SiO; chains and some phase changes in the materials.
Beyond this temperature range, no weight loss was observed. Furthermore, the overall
minor weight loss indicates appreciable stability of the composite materials.

2.4. BET Results

The synthesized nanocomposites” pore structure, thickness and specific surface area
were studied via nitrogen adsorption desorption isotherm. Figure 4a—d shows the nitrogen
adsorption isotherm. It can be inferred from the figure that the composite had a type
IV isotherm and a Hj type hysteresis loop for the relative pressure P/Py in the range of
0.6 to 1 according to Brunauer-Deming-Deming-Teller (BDDT) classification. It can be
seen in the Figure 4a,b that the nitrogen adsorption isotherm increases slowly in slope
from P/Py = 0.6; its linearity is enhanced and reaches P/Py = 1.0, which is related to the
adsorption/desorption process. The specific surface area estimated by Brunauer-Emmett—
Teller (BET) for CuO-SiO, was also calculated and found to be 134.5623 m?/g, as shown by
the nitrogen adsorption study (Figure 4). The surface area, pore volume and pore size were
134.5623, 0.555197 and 16.60413 nm. These results reflect the finer size and appreciable pore
size, and hence, it is a suitable material for the removal of pollutants from water [23].

2.5. Catalytic/Photocatalytic Study

The synthesized nanocomposite CuO-5iO, was used for the catalytic and photocat-
alytic removal of rhodamine B and Nile blue dyes from aqueous media at various time
intervals using the UV-Visible Spectroscopic technique. The photocatalytic degradation
process was carried out using a wooden box in which the inner wall was coated with
an aluminum sheet to prevent light dispersion. Additionally, the photocatalytic box was
supplied with a 254 nm 220V-15W UV-lamp. The photodegradation of rhodamine B (RhB)
and Nile blue (NB) by CuO-5iO, nanocomposites was examined. The photodegradation
studies were carried out in the presence and absence of light with the catalyst CuO-SiO,.
The degradation studies were performed in such a way that before exposing it to light,
the mixture was stirred for 30 min to bring about the adsorption—desorption equilibrium
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between the dye molecules on the catalyst surfaces. Aliquots of 10 mL was taken from the
reaction solution after regular intervals of time, filtered and examined through UV-Visible
spectrophotometer, and we noted the absorbance at Amax. The percentages of degradation
of the thodamine B and Nile blue were calculated through the given formula.
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Figure 4. Nitrogen adsorption isotherms for the CuO-SiO, composite; (a) Isotherm linear plot
(b) BET Surface area plot (c) t-plot and (d) BJH adsorption plot.

At = (Ai_At) x 100 ©)
m

where “A;” is initial absorbance and “A:” is final absorbance at a specific time interval.
To monitor the dye removal process kinetically, the following first-order equation was
used for treating the data.
In(Ct/Co) = —kapp t @

or
In(A¢/Ao) = —kapp t ®)

where C; is the concentration of rhodamine B and NB dyes at time “t” and C, is the
concentration at time t = 0. Similarly, A; is the absorbance at time t and A, is the absorbance
at time t = 0. kapyp is the apparent rate constant of the reaction calculated from the slope of
plots of In(A¢/A,) versus time of reaction for different reactions carried out.

The photodegradation summary of rhodamine B (RhB) and Nile blue (NB), in the
absence of catalyst, is shown in Figure 5a—d. Figure 5a indicates the variation in absorbance
at various time intervals. Figure 5 gives the development of degradation in terms of the
ratio of absorbance (A;/A,) versus time, indicating that the light-assisted self-degradation
of the RhB dye occurs by observing the quantitative and qualitative changes in spectra with
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the passage of time. Moreover, examined from the plot of percentage decomposition versus
time in Figure 5b, percentage of degradation increased with the passage of time, and about
25% of the dye was removed in five hours. In the absence of catalyst, the photo-assisted
self-degradation of rhodamine B and Nile blue under UV light irradiation was studied, and
it was observed that about 25-35% of each dye was degraded by continuous irradiation
of the dye solution for more than eight hours. In the presence of catalyst, almost 80-90%
of dyes were degraded in a shorter time. Hence, it can be said that only light can also
help in the removal of dye from water, but its removal proficiency is quite low relative to
that in the presence of catalyst. Similarly, Figure 5c also indicates the plot of absorbance
versus wavelength with various time intervals, which clearly indicates the degradation
of the Nile blue dye with the passage of time in presence of light. Figure 5c shows the
progress of degradation in terms of the ratio of absorbance (A¢/A,) versus time, which
shows that the degradation of the Nile blue dye occurred by observing the changes in
spectra with the passage of time. Figure 5d is the plot of percentage of decomposition
versus time, which signifies clearly that the percentage of decomposition increased with the
passage of time, and also exhibits that 35% removal of dye occurred in five hours. Similarly,
Figures S1b,d and S2b,d indicate the typical plots of pseudo-first and pseudo-second order
relations for the self-degradation data of both dyes. It was confirmed that the degradation
data follow a pseudo-first-order equation to a good, acceptable degree, as exhibited by
R? = 0.98 and 0.99 for the first-order rate constants (K; = 0.0010 and 0.0013 min~!) for RhB

and NB, respectively.
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Figure 5. Self-degradation summary of RhB and NB under light; (a,c) variation in UV-Visible
spectra/absorbance at different intervals of time; (b,d) represent the percentages of decomposition of
dyes versus time for RhB and NB, respectively.
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2.5.1. Rhodamine B Removal

The photocatalytic activity of the CuO-5iO, nanocomposites, calcined at 600 °C for 3 h,
was studied by investigating the degradation of the rhodamine B (RhB) using UV-Visible
light and in the dark using 0.1g of catalyst at different time intervals. It was observed
that the intensity of the absorption peaks of the RhB observed at maximum wavelength
Amax = 552 nm was decreased with the passage of time. Figures 6a and 7a show the variation
in the UV-Visible spectrum of RhB in the presence of 0.1g CuO-5iO, composite under light
and in the dark. These figures show that there occurred qualitative and quantitative changes
in the absorbance over time examined through double beam UV-Visible spectrophotometer.
It is observed from the graph that intensity /absorbance decreased with the increase in
irradiation time. The spectra also show a blue shift. This happened due to successive
degradation of RhB with time under irradiation. Similarly, Figures 6b and 7b gives the
progress of degradation in terms of the ratio of absorbance (A;/A,) over time, indicating
that the degradation of the RhB dye with catalyst CuO-SiO, occurred by observing the
quantitative and qualitative changes in spectra with the passage of time, which was also
examined in the plot of percentage decomposition versus time. Figures 6¢c and 7c show that
the percentage of degradation increased as time passed, and also shows that about 30% dye
removal occurred in 5 h. Figures 6d and 7a indicate the plots of the pseudo-first-order
relation for the degradation of RhB in the presence and absence of light, respectively. It
can be clearly seen that the degradation data follow the first-order rate equation closely,
as shown by their R? = 0.9756 and 0.9836 in light and dark conditions. The corresponding
values of the first-order rate constant (K;), 0.0075 min~! under light and 0.0059 min~! in
the dark, are given in Table 1. It can be seen in the results that removal of RhB dye is faster
under light as compared to in the dark. Further, the CuO-5iO, catalyst had good removal
efficiency toward RhB under both experimental conditions used.
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Figure 6. Degradation summary of RhB in the presence of 0.1 g CuO-5iO, particles under light.
(a) Variation in UV-Visible spectra/absorbance at different intervals of time. (b) Ratio of absorbance
(At/Ay) versus time. (c) Percentages of decomposition versus time. (d) Characteristic plot of pseudo-
first-order kinetics of degradation.
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Figure 7. Degradation summary of RhB in the presence of 0.1g CuO-SiO, particles in the dark.

(a) variation in UV-Visible spectra/absorbance at different intervals of time, (b) ratio of absorbance

(At/Ag) versus time, (c) percentage of decomposition versus time, and (d) characteristic plot of

pseudo-first-order kinetics of degradation.

Table 1. First-order rate constants, regression values, and percentage removal efficiencies of CuO-

5i0; and some selected composites toward the catalytic/photocatalytic degradation of rhodamine B
(RhB) and Nile Blue (NB).

S. No.

Catalyst

Dye

Conditions

% Removal

R? Valuefor

1st Order Rate Constant, k (min—1)

References

(in 5 h) 1st Order Plot
1 No Catalyst RhB Under Light 25 0.98 0.0010 Present work
2 No Catalyst Nile Blue Under Light 35 0.99 0.0013 Present work
3 Cu(gizi)OZ RhB In Dark 75 098 0.0059 Present work
4 Cll(g;zi)OZ RhB Under Light 85 0.97 0.0075 Present work
5 Cu(g)zzi)OZ Nile Blue In Dark 75 0.95 0.0020 Present work
6 Cu(g);zi)Oz Nile Blue Under Light 90 0.98 0.0086 Present work
7 Mn/BiOCl Nile Blue Under Light 98 - - [32]
8 Mn/NiO Nile Blue Under Light 98 - - [32]
9 Si0,/CdO/CdS Nile Blue Under Light 90 - - [33]
10 MIL53Fe@MIL53Sr RhB Under Light 67 - - [31]
11 Zn0O/Si0, RhB Under Light 99 - - [30]
12 Nd-5i0,-TiO, RhB Under Light 93 - - [34]




Molecules 2022, 27, 5343

11 of 17

2.5.2. Nile Blue Removal

Similarly, Figures 8a and 9a are plots of absorbance changes versus wavelength at
various time intervals for the removal of Nile blue (NB) dye in the presence of 0.1 g of
CuO-5i0; binary composite in the absence and presence of light, respectively. It is seen
that the absorbance at (Amax = 592 nm) regularly decreased with the passage of time, which
confirmed the activities of the nanocomposite toward the removal of NB dye. Likewise,
Figures 8b and 9b indicate the degradation of dye in the terms of changes in the plot of ratio
of absorbance (At/A,) as a function of time. Figures 8c and 9c are plots of the percentage
of decomposition versus time, which exhibits clearly that the percentage of decomposition
increased with time; however, the percentage of decomposition was greater under light
(90%) as compared to that in the dark (75%). Similarly, Figures 8d and 9d show the plot of
pseudo-first-order kinetics for the degradation of Nile blue with catalyst CuO-SiO;. It was
confirmed that the degradation data follow a pseudo-first-order equation well, as exhibited
by R? = 0.95833 in the absence of light and R? = 0.98891 under light. It is seen that initially
the degradation was faster, and after one hour the slope of the percentage of degradation
vs. time profile became less steep; this shows that the availability of the active sites of the
catalyst decreased with the passage of time. Some increase in the removal efficiency of
the catalyst in the presence of light can also be attributed to activation of the catalyst by
light and also to the increase in the vibrational energy of bonds between dye molecules;
and ultimately, that resulted in relatively faster removal of dyes from aqueous media. To
summarize the discussion, it was observed that the catalytic/photocatalytic removal of
RhB and NB dyes by CuO-5iO, was satisfactory, and these activities were further enhanced
in the presence of light, as can be seen in the kinetic data/rate constant. Furthermore, Nile
blue could be removed easily and quickly as compared to rhodamine B dye while using
the CuO-5iO; composite as the catalyst/adsorbent. This may be due to the difference in
the chemical structures/natures of the dyes. RhB was relatively stable as compared to Nile
blue in our experimental conditions.

Moreover, a comparison of the percentage removal efficiencies of the same catalyst
toward these chemically different dyes showed that the removal efficiency of the catalyst
is also affected by varying the chemical structure of the dye/substrate. These dyes have
different chemical structures, and the results suggest that the removal efficiency of the
CuO-5i0; composite is higher for Nile blue than for rthodamine B; this depends on the
compatibility of the structure of the dye with the morphological and texture properties,
especially the response of the active sites to the attachment of substrate molecules to its
surface. In this case, it can be seen that the lower removal quantity of RhB compared to NB,
under the same experimental conditions, can be assigned to the bulkier molecular size and
greater stability of RhB compared to NB. This behavior of RhB was also observed in the
light-assisted self-degradation (without CuO-5iO,) studies as well. Table 1 also shows a
comparison of percentage removal efficiencies of the present materials with those of some
other previously reported composite materials for the degradation of the same dyes (RhB
and NB). It is shown that the cheaper and more easily fabricated composite based on CuO-
5i0; has appreciable efficiency in comparison to other materials. A close observation of the
results showed that the photocatalytic degradation efficiency in the various experiments
varied with the experimental conditions, such as pollutant concentration, amount and
type of catalyst, dose of catalyst, light source and chemical structure of the dye. More
importantly, the efficiency of the catalyst is also affected by its chemical composition,
and various texture and morphological aspects. As for the texture of the material, the
differences in the particle size, shape, surface area, surface volume, porosity, arrangement
and proportions of compositional parts of the material play vital roles. Therefore, it
is important to develop and fabricate a material with well-balanced levels for all these
characteristics; this will be helpful for the overall improvement of a single material for the
catalytic purposes of different processes.
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3. Experimental
3.1. Materials and Methods

Chemicals used in the experimental procedure were of analytical grades and were
used without further treatment. These include copper nitrate trihydrate (Cu(NO3),. 3H,0
Sigma-Aldrich, St. Louis, MO, USA), tetraethyl orthosilicate (Si(OC,Hs)4 Sigma-Aldrich,
St. Louis, MO, USA), glycerol (C3HgOj3 Sigma-Aldrich, St. Louis, MO, USA), nitric acid
(HNOj3 Sigma-Aldrich, St. Louis, MO, USA), ammonia solution (NH3 30% Merck) and
absolute ethanol (C,Hs OH Sigma-Aldrich, St. Louis, MO, USA). Rhodamine B (RhB) and
Nile blue (NB) (purity, 99%) were acquired from Exciton (Dayton, OH, USA) and employed
as obtained. The molecular formulae of rhodamine B and Nile blue are CogH31CIN,O3 and
CooHpoCIN3O, respectively, and their chemical structures are shown in Scheme 1.

HOOC
(L
~NZ CH N ‘ _
e e LS
+
H;C i CH;, ﬁN 0) NH
cl _ 2
(a) Rhodamine B (RhB) (b) Nile blue (NB)

Scheme 1. Chemical structures of the dyes used in this work.

3.2. Preparation of CuO-5iO, Composite

The CuO-5iO; binary composite was prepared while following the previously pub-
lished procedure, with slight modifications, via sol-gel method [23]. In this method, 40 mL
of copper nitrate (1 M) solution was introduced in a 200 mL beaker, and to it 10 mL of
glycerol was added dropwise under constant stirring at room temperature; and then 15 mL
of TEOS was introduced dropwise, followed by the addition of 30% HNOs in order to
maintain the pH of the reaction mixture to 1.5 while stirring it for 1 h. In order to shift
the pH of the reaction mixture from acidic to basic, the addition of 30% ammonia was
performed dropwise until a pH ~ 9 was obtained; and the reaction was allowed to occur
for 34 h at 60 °C under continuous stirring. As a result, a blue gel was formed, which
was then separated from the mixture through filtration; washed with water and then with
ethanol more than three times; and kept in a water/ethanol (1:1) mixed solvent for 3 days.
Finally, the mixture was filtered again and dried in an oven at 100 °C for 6 h, and then
calcined at 600 °C for 3 h to get nanocomposite in pure powder form. A summary of the
procedure is presented in Scheme 2.

3.3. Characterization of the Synthesized Composite

The synthesized composite CuO-5iO, was characterized by using various techniques:
UV-Visible, SEM, TEM, EDX, FTIR, XRD, TGA and BET. The UV-Visible analysis was
performed by dispersing the solid powder in the solvent and then subjecting the solution to
UV-Visible Spectrophotometer Lamda-25 (PerkinElmer, Waltham, MA, USA) for analysis.
SEM analysis was performed by using a scanning electron microscope, model JSM-5910
JEOL (Tokyo, Japan), to study the morphology of the synthesized nanocomposite. For
the study of the internal morphology, the TEM analysis of the prepared composite was
brought about using a JEM 2100F with a field-emission gun functioning at 200 kV. Similarly,
the FTIR analysis was also carried out through FTIR (500-4000 CM1) with a Nicolet 1S5
from the USA with wave numbers 400-4000 cm !, in which solid powder was injected
for the analysis. The elemental composition of the synthesized CuO-5iO, composite was
determined through energy dispersive X-ray spectroscopy (EDX) using a JED-2300 analysis
station with Acc. voltage 20 kV and probe current = 1.00000 nA. To check and analyze the
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crystallinity of the material, XRD analysis was performed (JDX-3532 JEOL, Tokyo, Japan,
radiation source Cu K (alpha) 1.54 Angstrom). The diffraction data were recorded for
the composite with an X-ray diffraction meter using Cu-K Alphal radiation with wave
length (A) equal to 0.154056 (1.54056 A°) in the range of 10-80° two theta (20). To check the
stability of the prepared composite, TGA analysis was also performed. Furthermore, for a
specific surface area, pore size and pore volume, the BET analysis was also carried out.

CuO-SiO

30ml Cu(NO,),. composité
3H,0(1M)
)
Stirri
1rring Calcination at 600 °C
L For 3 hour
15 ml Glycerol + Cu(NO;),. 3H,0

Stirring for

Evaporation
4 hours

and Drying

I

Blue colour Gelation at

4

TEOS + Glycerol + Cu(NO;),.3H,0

Stirring adjust pH =2 RT
/ adjust pH = 8-9 I
HNO; + TEOS + Glycerol + Cu(NO;) ,. 3H,0 | NH;+HNO,+ TEOS + Glycerol
-7 +Cu(NO,) ,. 3H,0
Stirring

Scheme 2. Schematic representation for the synthesis of CuO-5iO, nanocomposite.

3.4. Photocatalytic Degradation of the Dyes

The photocatalytic degradation method was carried out in a Pyrex glass beaker coated
externally with aluminum foil to avoid light dispersion and focus it mainly on the reaction
in the beaker. It was supplied with a UV lamp at about 200 nm, 220-15 W. In a typical
process, 0.1g of the catalyst was dispersed in 100 mL of a 20 ppm-each rhodamine B and
crystal violet solution in water in a Pyrex glass beaker with a magnetic stirring system.
The degradation and photo-assisted degradation of rhodamine B and Nile blue dyes were
carried in the presence of catalyst in the dark and under a light, respectively. Likewise, the
stability and/or self-degradation of both dyes were also traced in the absence of catalyst
under light, degraded by continuous irradiation of the dye solution for more than eight
hours. At the start of each individual experiment, the dye solution was stirred for about
30 min in the dark to check the adsorption-desorption dynamic equilibrium between the
dye molecules on the surface of the catalyst. A small amount of about 10 mL was taken at
regular intervals and analyzed by noting the absorbance at Apax through a double beam
UV-Visible spectrophotometer. The values of absorbance, so obtained, were used to track
the remaining concentration of dye in the solution. The data of absorbances/concentration
were also tested by pseudo-first-order and pseudo-second-order kinetics models as well.



Molecules 2022, 27, 5343

15 of 17

References

4. Conclusions

In this work, a binary nanocomposite of CuO-5iO, was successfully synthesized
using the sol—gel process and applied for the removal of two different dyes from aqueous
media. The material so synthesized was characterized through spectroscopy, SEM, TEM,
EDX, XRD, FTIR, TGA and BET techniques for its structure, morphology, crystallinity,
thermal stability, pore size, surface area and pore volume. The composite was applied
as a catalyst for the catalytic/adsorptive removal of Nile blue and rhodamine B dyes
from aqueous media, and was found to be a suitable remover of the dyes for the aqueous
system. The catalytic and photocatalytic activities against the two dyes were compared.
The catalytic/photocatalytic activities of the composite CuO-5iO, toward the removal of
RhB and NB dyes were enhanced in the presence of light. Furthermore, the composite
could remove NB easily and quickly as compared to RhB; and this is attributed to the
difference in the chemical structures/natures of the dyes. The kinetic study indicated
that the dye removal process follows a pseudo-first kinetic mechanism. In addition, a
comparative study regarding the photo-assisted catalytic removal efficiency of the present
catalyst with those of previously reported catalysts toward the removal of similar dyes
showed that this inexpensive and easily fabricated catalyst has appreciable efficiency. The
differences in the removal efficiencies of various materials are not only affected by their
chemical compositions, but also by their various texture and morphological aspects. These
include differences in the particle size, shape, surface area, surface volume, porosity and
arrangement and proportions of their compositional parts. It is of utmost importance to
have a material with well-balanced values of all these characteristics. It is also suggested
that the creation of some charges/active sites on the surface of this composite may be useful
for the efficient removal of ionic/inorganic pollutants from water through electrostatic
interactions as well.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/molecules27165343 /s1. Figure S1. (a) Ratio of absorbance (Ay/At) versus
time, and (b) characteristic plot for pseudo-first-order kinetics of degradation for self-degradation of
RhB in the absence of CuO-5iO, particles under light. Figure S2. (a) Ratio of absorbance (A /A¢) ver-
sus time, and (b) characteristic plot for pseudo-first-order kinetics of degradation for self-degradation
of NB in the absence of CuO-5iO, particles under light.

Author Contributions: All authors have contributed to this study at different stages. M.Y. and A K.:
study design, method design, analytical protocol design, writing, reviewing and editing. M.H.:
experimental assistant, discussion during writing and reviewing. M.L.: experimental assistant and
data analysis. N.S. and S.B.: reviewing and editing. All authors have read and agreed to the published
version of the manuscript.

Funding: We declare that no special funds, grants or other support were received during the prepa-
ration of this manuscript; however, the department of Chemistry at Abdul Wali Khan University
Mardan provided the basic chemicals and working space during this study.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: A. Khan is grateful to HEC Pakistan and AWKUM for their support.
Conflicts of Interest: The author declares no conflict of interest.

Sample Availability: Samples of the compounds are available from the authors.

1.  Gibbons, D.C. The Economic Value of Water; RFF Press: Washington, DC, USA, 2013.
2. Malik, A,; Khan, A.; Humayun, M. Preparation and chemical modification of rice husk char for the removal of a toxic dye (Orange
G) from aqueous medium. Z. Fiir Phys. Chem. 2019, 233, 375-392. [CrossRef]


https://www.mdpi.com/article/10.3390/molecules27165343/s1
https://www.mdpi.com/article/10.3390/molecules27165343/s1
http://doi.org/10.1515/zpch-2018-1190

Molecules 2022, 27, 5343 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Ramirez, R.; Sanchez, J.; Martinez, S. Solar assisted degradation of acid orange 7 textile dye in aqueous solutions by Ce-doped
TiOy. Mex J. Sci. Res. 2012, 1, 42-55.

Idrees, M.; Batool, S. Environmental risk assessment of chronic arsenic in drinking water and prevalence of type-2 diabetes
mellitus in Pakistan. Environ. Technol. 2020, 41, 232-237. [CrossRef]

Dos Santos, A.B.; Cervantes, EJ.; Van Lier, ].B. Review paper on current technologies for decolourisation of textile wastewaters:
Perspectives for anaerobic biotechnology. Bioresour. Technol. 2007, 98, 2369-2385. [CrossRef] [PubMed]

Hashem, F.; Amin, M. Adsorption of methylene blue by activated carbon derived from various fruit peels. Desalination Water
Treat. 2016, 57, 22573-22584. [CrossRef]

Ezzeddine, Z.; Batonneau-Gener, I.; Pouilloux, Y.; Hamad, H. Removal of methylene blue by mesoporous CMK-3: Kinetics,
isotherms and thermodynamics. J. Mol. Lig. 2016, 223, 763-770. [CrossRef]

Ahmad, A.; Puasa, S.; Zulkali, M. Micellar-enhanced ultrafiltration for removal of reactive dyes from an aqueous solution.
Desalination 2006, 191, 153-161. [CrossRef]

Cheng, S.; Oatley, D.L.; Williams, PM.; Wright, C.J. Characterisation and application of a novel positively charged nanofiltration
membrane for the treatment of textile industry wastewaters. Water Res. 2012, 46, 33—42. [CrossRef]

Zodi, S.; Potier, O.; Lapicque, F; Leclerc, J.-P. Treatment of the industrial wastewaters by electrocoagulation: Optimization of
coupled electrochemical and sedimentation processes. Desalination 2010, 261, 186-190. [CrossRef]

Xu, X.-R.; Li, H.-B.; Wang, W.-H.; Gu, ].-D. Degradation of dyes in aqueous solutions by the Fenton process. Chemosphere 2004, 57,
595-600. [CrossRef]

Song, S.; Ying, H.; He, Z.; Chen, J. Mechanism of decolorization and degradation of CI Direct Red 23 by ozonation combined with
sonolysis. Chemosphere 2007, 66, 1782-1788. [CrossRef]

Tehrani-Bagha, A.; Mahmoodi, N.M.; Menger, F. Degradation of a persistent organic dye from colored textile wastewater by
ozonation. Desalination 2010, 260, 34-38. [CrossRef]

Fan, Y;; Han, D.; Song, Z.; Sun, Z.; Dong, X.; Niu, L. Regulations of silver halide nanostructure and composites on photocatalysis.
Adv. Compos. Hybrid Mater. 2018, 1, 269-299. [CrossRef]

Khan, A.; Ullah, M.; Humayun, M.; Shah, N.; Chang, B.P.; Yaseen, M. Preparation and functionalization of zinc oxide nanoparticles
with polymer microgels for potential catalytic applications. J. Dispers. Sci. Technol. 2022, 43, 259-272. [CrossRef]

Balcha, A.; Yadav, O.P; Dey, T. Photocatalytic degradation of methylene blue dye by zinc oxide nanoparticles obtained from
precipitation and sol-gel methods. Environ. Sci. Pollut. Res. 2016, 23, 25485-25493. [CrossRef]

Reddy, P.V.L,; Kim, K.-H. A review of photochemical approaches for the treatment of a wide range of pesticides. |. Hazard. Mater.
2015, 285, 325-335. [CrossRef]

Ma, J.; Wang, K,; Li, L.; Zhang, T.; Kong, Y.; Komarneni, S. Visible-light photocatalytic decolorization of Orange II on Cu,O/ZnO
nanocomposites. Ceram. Int. 2015, 41, 2050-2056. [CrossRef]

Heiba, Z.K.; Mohamed, M.B.; Imam, N. Biphasic quantum dots of cubic and hexagonal Mn doped CdS; necessity of Rietveld
analysis. J. Alloys Compd. 2015, 618, 280-286. [CrossRef]

Zhang, L.; Yu, W.; Han, C.; Guo, J.; Zhang, Q.; Xie, H.; Shao, Q.; Sun, Z.; Guo, Z. Large scaled synthesis of heterostructured
electrospun TiO, /SnO, nanofibers with an enhanced photocatalytic activity. J. Electrochem. Soc. 2017, 164, H651. [CrossRef]
Dutta, A.K,; Maji, S.K.; Adhikary, B. y-Fe203 nanoparticles: An easily recoverable effective photo-catalyst for the degradation of
rose bengal and methylene blue dyes in the waste-water treatment plant. Mater. Res. Bull. 2014, 49, 28-34. [CrossRef]

Zhang, Q.; Gangadharan, D.T.; Liu, Y.; Xu, Z.; Chaker, M.; Ma, D. Recent advancements in plasmon-enhanced visible light-driven
water splitting. J. Mater. 2017, 3, 33-50. [CrossRef]

Yaseen, M.; Farooq, S.; Khan, A.; Shah, N.; Shah, L.A.; Bibi, S.; Khan, .U.; Ahmad, S. CuO-SiO, based nanocomposites: Synthesis,
characterization, photocatalytic, antileishmanial, and antioxidant studies. J. Chin. Chem. Soc. 2022. [CrossRef]

Saeed, M.; Mansha, A.; Hamayun, M.; Ahmad, A.; Ulhaq, A.; Ashfaq, M. Green synthesis of CoFe,O, and investigation of its
catalytic efficiency for degradation of dyes in aqueous medium. Z. Fiir Phys. Chem. 2018, 232, 359-371. [CrossRef]

Sharma, S.; Basu, S. Construction of an efficient and durable hierarchical porous CuO/SiO, monolith for synergistically boosting
the visible-light-driven degradation of organic pollutants. Sep. Purif. Technol. 2021, 279, 119759. [CrossRef]

Sayadi, M.H.; Homaeigohar, S.; Rezaei, A.; Shekari, H. Bi/SnO, /TiO,-graphene nanocomposite photocatalyst for solar visible
light-induced photodegradation of pentachlorophenol. Environ. Sci. Pollut. Res. 2021, 28, 15236-15247. [CrossRef] [PubMed]
Wisniewska, M.; Chibowski, S.; Wawrzkiewicz, M.; Onyszko, M.; Bogatyrov, V. CI Basic Red 46 Removal from Sewage by Carbon
and Silica Based Composite: Equilibrium, Kinetic and Electrokinetic Studies. Molecules 2022, 27, 1043. [CrossRef]

Kumar, S.; Yadav, S.K.; Gupta, A.; Kumar, R.; Ahmed, J.; Chaudhary, M.; Kumar, V. B-doped SnO; nanoparticles: A new insight
into the photocatalytic hydrogen generation by water splitting and degradation of dyes. Environ. Sci. Pollut. Res. 2022, 29,
47448-47461. [CrossRef] [PubMed]

Humayun, M.; Shu, L.; Pi, W,; Xia, H.; Khan, A.; Zheng, Z.; Fu, Q.; Tian, Y.; Luo, W. Vertically grown CeO, and TiO, nanoparticles
over the MIL53Fe MOF as proper band alignments for efficient Hy generation and 2, 4-DCP degradation. Environ. Sci. Pollut. Res.
2022, 29, 34861-34873. [CrossRef] [PubMed]

Fatimah, I; Fadillah, G.; Sahroni, I.; Kamari, A.; Sagadevan, S.; Doong, R.-A. Nanoflower-like composites of ZnO/SiO,
synthesized using bamboo leaves ash as reusable photocatalyst. Arab. J. Chem. 2021, 14, 102973. [CrossRef]


http://doi.org/10.1080/09593330.2018.1494754
http://doi.org/10.1016/j.biortech.2006.11.013
http://www.ncbi.nlm.nih.gov/pubmed/17204423
http://doi.org/10.1080/19443994.2015.1132476
http://doi.org/10.1016/j.molliq.2016.09.003
http://doi.org/10.1016/j.desal.2005.07.022
http://doi.org/10.1016/j.watres.2011.10.011
http://doi.org/10.1016/j.desal.2010.04.024
http://doi.org/10.1016/j.chemosphere.2004.07.030
http://doi.org/10.1016/j.chemosphere.2006.07.090
http://doi.org/10.1016/j.desal.2010.05.004
http://doi.org/10.1007/s42114-017-0005-2
http://doi.org/10.1080/01932691.2020.1839481
http://doi.org/10.1007/s11356-016-7750-6
http://doi.org/10.1016/j.jhazmat.2014.11.036
http://doi.org/10.1016/j.ceramint.2014.09.137
http://doi.org/10.1016/j.jallcom.2014.08.106
http://doi.org/10.1149/2.1531709jes
http://doi.org/10.1016/j.materresbull.2013.08.024
http://doi.org/10.1016/j.jmat.2016.11.005
http://doi.org/10.1002/jccs.202200182
http://doi.org/10.1515/zpch-2017-1065
http://doi.org/10.1016/j.seppur.2021.119759
http://doi.org/10.1007/s11356-020-11708-w
http://www.ncbi.nlm.nih.gov/pubmed/33236301
http://doi.org/10.3390/molecules27031043
http://doi.org/10.1007/s11356-022-18946-0
http://www.ncbi.nlm.nih.gov/pubmed/35182339
http://doi.org/10.1007/s11356-022-18684-3
http://www.ncbi.nlm.nih.gov/pubmed/35041166
http://doi.org/10.1016/j.arabjc.2020.102973

Molecules 2022, 27, 5343 17 of 17

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Humayun, M.; He, M.; Feng, W.; Jin, C.; Yao, Z.; Wang, Y.; Pi, W.; Ali, S.; Khan, A.; Wang, M. Enhanced photocatalytic performance
of novel MIL53Sr metal-organic framework (MOF) for RhB dye degradation and H; evolution by coupling MIL53Fe. Sol. Energy
2021, 215, 121-130. [CrossRef]

Sarwan, B.; Pare, B.; Acharya, A. Synthesis of Mn/NiO and Mn/BiOCl nanoparticles for degradation of Nile blue dye contami-
nated water under visible light illumination. Part. Sci. Technol. 2019, 659-666. [CrossRef]

Biryukov, A.; Gotovtseva, E.Y.; Svetlichnyi, V.; Gavrilenko, E. Synthesis and photocatalytic properties of SiO,/CdO/CdS
nanocomposite materials. Russ. J. Appl. Chem. 2014, 87, 1599-1606. [CrossRef]

Li, J.; Liu, T,; Sui, G.; Zhen, D. Photocatalytic performance of a Nd-5iO,-TiO, nanocomposite for degradation of Rhodamine B
dye wastewater. |. Nanosci. Nanotechnol. 2015, 15, 1408-1415. [CrossRef] [PubMed]

Govindhan, P.; Pragathiswaran, C. Synthesis and characterization of TiO,@ SiO,—Ag nanocomposites towards photocatalytic
degradation of rhodamine B and methylene blue. J. Mater. Sci. Mater. Electron. 2016, 27, 8778-8785. [CrossRef]

Wang, Y.; Yan, Z.; Wang, X. Photocatalytic Degradation of Rhodamine B Dye over Novel Porous Ti-Sn Nanocomposites Prepared
by Hydrothermal Method. Int. J. Photoenergy 2014, 2014. [CrossRef]

Alshamsi, H.A.; Al Bedairy, M.A.; Alwan, S.H. Visible Light Assisted Photocatalytic Degradation of Rhodamine B Dye on
CdSe-ZnO Nanocomposite: Characterization and Kinetic Studies. In IOP Conference Series: Earth and Environmental Science; IOP
Publishing: Bristol, UK, 2021; p. 012005.

Arshad, M.; Abbas, M.; Ehtisham-ul-Haque, S.; Farrukh, M.A.; Ali, A.; Rizvi, H.; Soomro, G.A.; Ghaffar, A.; Yameen, M.; Igbal, M.
Synthesis and characterization of SiO, doped Fe,O3 nanoparticles: Photocatalytic and antimicrobial activity evaluation. J. Mol.
Struct. 2019, 1180, 244-250. [CrossRef]

Ashraf, M.A,; Peng, W.-X; Fakhri, A.; Hosseini, M.; Kamyab, H.; Chelliapan, S. Manganese disulfide-silicon dioxide nano-material:
Synthesis, characterization, photocatalytic, antioxidant and antimicrobial studies. J. Photochem. Photobiol. B Biol. 2019, 198, 111579.
[CrossRef]

Adepu, A K;; Katta, V.; Narayanan, V. Synthesis, characterization, and photocatalytic degradation of Rhodamine B dye under
sunlight irradiation of porous titanosilicate (TS)/bismuth vanadate (BiVO 4) nanocomposite hybrid catalyst. New J. Chem. 2017,
41, 2498-2504. [CrossRef]

Chen, F; Yan, F; Chen, Q.; Wang, Y.; Han, L.; Chen, Z.; Fang, S. Fabrication of Fe;0,@ SiO,@ TiO, nanoparticles supported by
graphene oxide sheets for the repeated adsorption and photocatalytic degradation of rhodamine B under UV irradiation. Dalton
Trans. 2014, 43, 13537-13544. [CrossRef]

Arief, S.; Jamarun, N.; Stiadi, Y. Magnetically separable ZnO-MnFe,O4 nanocomposites synthesized in organic-free media for dye
degradation under natural sunlight. Orient. . Chem. 2017, 33, 2758.

Dabirvaziri, B.; Givianrad, M.H.; Sourinejad, I.; Moradi, A.M.; Mostafavi, P.G. A simple and effective synthesis of magnetic
v-Fe;O3@Si0,@TiO,—-Ag microspheres as a recyclable photocatalyst: Dye degradation and antibacterial potential. . Environ.
Health Sci. Eng. 2019, 17, 949-960. [CrossRef] [PubMed]

Fatimah, I.; Fadhilah, S.; Mawardani, S. y-Fe;O3 nanoparticles immobilized in SiO; aerogel synthesized from rice husk ash for
photofenton like degradation of rhodamine B. Rasayan . Chem. 2018, 11, 544-553. [CrossRef]

Wang, F; Li, M.; Yu, L.; Sun, E; Wang, Z.; Zhang, L.; Zeng, H.; Xu, X. Corn-like, recoverable y-Fe;O3@ SiO,@ TiO, photocatalyst
induced by magnetic dipole interactions. Sci. Rep. 2017, 7, 6960. [CrossRef] [PubMed]

Balu, S.; Uma, K; Pan, G.-T,; Yang, T.C.-K.; Ramaraj, S.K. Degradation of methylene blue dye in the presence of visible light using
5i0,@ «-Fe203 nanocomposites deposited on SnS2 flowers. Materials 2018, 11, 1030. [CrossRef] [PubMed]

Yang, J.; Wang, J.; Li, X.; Wang, D.; Song, H. Synthesis of urchin-like Fe30,4@ SiO,@ ZnO/CdS core-shell microspheres for the
repeated photocatalytic degradation of rhodamine B under visible light. Catal. Sci. Technol. 2016, 6, 4525-4534. [CrossRef]
Wang, D.; Han, D.; Yang, J.; Wang, J.; Li, X.; Song, H. Controlled preparation of superparamagnetic Fe304@ SiO,@ ZnO-Au
core-shell photocatalyst with superior activity: RhB degradation and working mechanism. Powder Technol. 2018, 327, 489-499.
[CrossRef]

Ghasemy-Piranloo, F,; Bavarsiha, F.; Dadashian, S.; Rajabi, M. Synthesis of core/shell/shell Fe304/SiO,/ZnO nanostructure
composite material with cubic magnetic cores and study of the photo-degradation ability of methylene blue. J. Aust. Ceram. Soc.
2020, 56, 507-515. [CrossRef]

Nasseh, N.; Al-Musawi, T.].; Miri, M.R.; Rodriguez-Couto, S.; Panahi, A.-H. A comprehensive study on the application of FeNi;@
5i0,@ ZnO magnetic nanocomposites as a novel photo-catalyst for degradation of tamoxifen in the presence of simulated
sunlight. Environ. Pollut. 2020, 261, 114127. [CrossRef]

Golsefidi, M.A.; Sarkhosh, B. Preparation and characterization of rapid magnetic recyclable Fe30,4@ SiO,@ TiO,-Sn photocatalyst.
J. Iran. Chem. Soc. 2017, 14, 1089-1098. [CrossRef]

Li, X,; Liu, D.; Song, S.; Zhang, H. Fe30,@ SiO,@ TiO,@ Pt hierarchical core-shell microspheres: Controlled synthesis, enhanced
degradation system, and rapid magnetic separation to recycle. Cryst. Growth Des. 2014, 14, 5506-5511. [CrossRef]

Tenkyong, T.; Bachan, N.; Raja, J.; Kumar, PN.; Shyla, ].M. Investigation of sol-gel processed CuO/SiO, nanocomposite as a
potential photoanode material. Mater. Sci.-Pol. 2015, 33, 826-834. [CrossRef]


http://doi.org/10.1016/j.solener.2020.12.025
http://doi.org/10.1080/02726351.2019.1570991
http://doi.org/10.1134/S1070427214110044
http://doi.org/10.1166/jnn.2015.9611
http://www.ncbi.nlm.nih.gov/pubmed/26353664
http://doi.org/10.1007/s10854-016-4902-x
http://doi.org/10.1155/2014/928519
http://doi.org/10.1016/j.molstruc.2018.11.104
http://doi.org/10.1016/j.jphotobiol.2019.111579
http://doi.org/10.1039/C7NJ00071E
http://doi.org/10.1039/C4DT01702A
http://doi.org/10.1007/s40201-019-00410-w
http://www.ncbi.nlm.nih.gov/pubmed/32030165
http://doi.org/10.31788/RJC.2018.1122067
http://doi.org/10.1038/s41598-017-07417-z
http://www.ncbi.nlm.nih.gov/pubmed/28761085
http://doi.org/10.3390/ma11061030
http://www.ncbi.nlm.nih.gov/pubmed/29914208
http://doi.org/10.1039/C5CY02090E
http://doi.org/10.1016/j.powtec.2017.12.088
http://doi.org/10.1007/s41779-019-00359-x
http://doi.org/10.1016/j.envpol.2020.114127
http://doi.org/10.1007/s13738-017-1058-4
http://doi.org/10.1021/cg501164c
http://doi.org/10.1515/msp-2015-0097

	Introduction 
	Results and Discussion 
	UV-Visible, Bandgap Energy and FTIR 
	SEM, TEM and EDX 
	XRD and TGA 
	BET Results 
	Catalytic/Photocatalytic Study 
	Rhodamine B Removal 
	Nile Blue Removal 


	Experimental 
	Materials and Methods 
	Preparation of CuO–SiO2 Composite 
	Characterization of the Synthesized Composite 
	Photocatalytic Degradation of the Dyes 

	Conclusions 
	References

