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Abstract: In this study, a silica matrix was utilized as a
substrate for zinc oxide nanoparticles (ZnO NPs) to enhance
their photocatalytic activity for the degradation of methy-
lene blue (MB) dye. The recovery of the prepared material
was also investigated. To compare the performance of the
prepared material with ZnO NPs and bare silica, various
analyses were conducted. ZnO NPs were synthesized via a
coprecipitation method and characterized using Fourier-
transform infrared spectra and X-ray diffraction (XRD).
The XRD results revealed highly crystalline ZnO NPs with
an average crystallite size of less than 100 nm. The presence
of ZnO on the silica matrix was confirmed using scanning
electron microscopy (SEM) and EDX analysis. The prepared
ZnO NPs showed enhanced photocatalytic activity for the

degradation of MB dye, and reasonable material recovery
was also observed. The silica-coated ZnO NPs degraded MB
dye by 97% in just 40min and retained their photocatalytic
activity for up to 20 cycles. In comparison, bare silica exhib-
ited effective photodegradation but lost its photodegrada-
tion capacity after five cycles. ZnO NPs without silica coating
took 5 h to degrade MB dye. The significant accomplishment
in this study is the development of novel materials with high
recoverability, simple preparation, and efficient photocata-
lytic activity. In the future, ZnO NPs supported on a silica
matrix can be utilized for various applications.

Keywords: silica matrix, ZnO nanoparticles, photocatalytic
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1 Introduction

Dye is a significant colour category that finds use in the
textile industry [1]. Methyl blue and methylene orange are
commonly used as colouring agents [2]. The textile industry
generates wastewater during various processes like bleaching,
boiling, desizing, mercerizing, and printing [3]. The waste-
water discharged from the dye industry contains chemicals,
such as naphthalene, ammonia, chlorine, benzene, and
anthraquinone, which cause damage to water bodies. Such
colouring compounds affect photosynthesis and damage [4]
the ecosystem [5]. Additionally, the dyes used in the textile
industry are carcinogenic, toxic, and mutagenic, thereby
posing a significant threat to human health [2]. Chlorine,
commonly used in textile plants, can cause allergic reactions
and skin irritation [2]. Therefore, it is imperative to manage
wastewater discharged from textile industries suitably.

Removing dye from the environment poses a challenge
for botanists, environmental scientists, and researchers.
Several techniques, including membrane adsorption [6],
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advanced oxidation [7], electrochemical technique [8], and
flocculation-coagulation [9], are available for the removal
of dyes from environmental bodies. Among these techni-
ques, adsorption using an adsorbent material is the most
effective and cost-efficient method for treating wastewater
from the dye industry [10]. The simplicity of this technique
makes it an attractive option for wastewater treatment.

Currently, researchers are focusing on developing nano-
particles supported by an adsorbent material to enhance
their adsorbent capacity, surface area, and degradation capa-
city. For instance, nanoparticles such as zinc [11–15], silver
[16], gold [17], palladium [18], copper [19], nickel [20], magne-
sium [21], and titanium [22–24] have been utilized in the
photodegradation of methylene blue (MB). During the dye
degradation process, adsorbents like rice husk [25], orange
peel [26], mango peel [27], coconut shell [28], chitosan [29],
coffee bean [30], and banana peel [31] have been employed.
However, a significant drawback of these adsorbents is that
they cannot be separated or recovered from the reaction, and
some inorganic adsorbents like natural silica [32], natural and
synthetic nano clay [33], various types of sand [34], silica gel
60–120, silica gel 230–400, basic alumina, acidic alumina, algi-
nate, and activated coffee [35] are utilized in the degradation
of different dyes. A major disadvantage of these materials is
that after a few cycles, they do not show recovery, and an
external high temperature is required for recovery [35].
Therefore, a recovery process that does not require external
temperature is necessary.

In most photodegradation studies using silica nanopar-
ticles [32,36–39], silica decorated with nanoparticles like
ZnO [40], TiO2 [41], Cu–Ni [42], Fe–Co [43], Fe3O4–SiO2–CeO2

[44], and Ni–Zn [45], as well as attachment of biological
functional groups such as cysteine [46] and folic acid [47] on
silica are utilized as photocatalysts. Decorating silica with var-
ious compounds is a complicated process [22,25,42,44,46–48],
and some require costly chemicals, in most cases, high-grade
silica is used, which is expensive.

The photocatalytic degradation study of MB was con-
ducted with silica, silica-coated zinc oxide (Silica@ZnO),
and ZnO. The confirmation of degradation of MB was
established by visual observation. After degradation, MB
changes its colour from blue to colourless, indicating its
degradation. The deep-blue colour of MB is due to its oxi-
dizing state, and when reduced, it becomes colourless due
to the formation of leuco MB. The peak observed initially
after degradation becomes completely flat because of the
formation of CO2 and water [49].

In the present study, ZnO nanoparticles coated on
silica mesh 60–120 were studied because it is a low-cost
option. The normal coprecipitation method was used for
synthesis because it is a simple process and requires

simple reagents like a precursor (zinc nitrate) and a pre-
cipitation agent (NaOH). The novelty in the present study
lies in the fact that the prepared material can be recycled
after 20 cycles of degradation of MB in the presence of a
natural light source, namely sunlight [49]. A visible spec-
trometer is critical in the photodegradation study, as it
shows the degradation amount of the original and final
reduced MB. The UV spectra of MB show a sharp absorp-
tion peak around 664 and 612 nm. This peak at 664 nm is
due to the association of the MB monomer and then again
towards 612 nm for the MB dimer. In addition, in the UV
region, two more peaks at 292 and 245 nm are observed in
association with the benzene ring [49].

2 Materials

The materials used in this study include zinc nitrate hex-
ahydrate (Zn(NO3)2), sodium hydroxide (NaOH), silica gel
60–120, MB (C16H18ClN3S), and deionized water. Zinc nitrate
and sodium hydroxide were purchased from HIMEDIA and
stored in a desiccator to prevent moisture. They were kept
in their solid state whenever they were removed from the
desiccator and placed back in it for subsequent uses. MB
was purchased from SD Fine Laboratory in Mumbai.

3 Methods

3.1 Preparation of silica-coated ZnO
nanoparticles

In the present study, silica-coated ZnO nanoparticles were
prepared through a co-precipitation process by using 25 g
of silica gel (60–120 mesh) with 100ml of 1 M zinc nitrate
solution and dropwise addition of 1 M NaOH with contin-
uous stirring on a magnetic stirrer at a pH of 10.8. The
obtained white precipitate was filtered, washed with deio-
nized water 3–4 times, and then dried in a hot air oven. The
resulting powder was calcined at 650°C for 2 h to obtain
silica-coated ZnO nanoparticles. The prepared nanoparticles
were characterized using X-ray diffraction (XRD), Fourier-
transform infrared (FTIR) spectroscopy, and field emission
gun–scanning electron microscopy (FEG-SEM).

3.2 Preparation of ZnO nanoparticles

ZnO nanoparticles were synthesized using 1 M zinc nitrate
hexahydrate solution as the zinc source and 1 M NaOH as a
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precipitation agent. About 500ml of 1 M zinc nitrate solu-
tion was kept on a magnetic stirrer and 1 M NaOH was
added dropwise to maintain a pH of 10.8. The resulting
white precipitate was filtered, washed with deionized water
3–4 times, and then dried in a hot air oven. The obtained
powder was calcined at 650°C for 2 h to obtain ZnO nano-
particles [1]. The prepared nanoparticles were characterized
using XRD, FTIR, and FEG-SEM.

3.3 Photodegradation of MB in the presence
of bare silica, ZnO, and silica-coated ZnO
nanoparticles

The photocatalytic degradation of MB under natural sun-
light was studied for bare silica, ZnO, and silica-coated
ZnO nanoparticles. The percentage of degradation was
observed using Shimadzu’s UV-1900i spectrophotometer.
For the study, 5 g of bare silica, silica-coated ZnO nanopar-
ticles, and 10 mg of ZnO nanoparticles were taken in a Petri
plate and beaker, respectively. The concentration of MB
was 10 ppm. A comparative photodegradation analysis
was performed for bare silica, ZnO nanoparticles, and
Silica@ZnO nanoparticles in the presence of sunlight. MB
stock solution (10 ppm, 100ml) was subjected to sunlight
exposure in order to investigate the impact of light on its
degradation. The degradation study took place during the
period of high light intensity, specifically between 11 a.m.
and 3 p.m. The Lux intensity was assessed using a Lutron
1X-103 digital Lux meter, registering an intensity of 6,250
Lux. The used material was also studied, where the MB
supernatant was removed and kept under sunlight. Silica
and ZnO coated on silica were easily separated and recov-
ered from the reaction due to a larger adsorbent surface
area. However, in the case of ZnO nanoparticles, it was not

feasible due to their powdery nature and low surface area,
which made it difficult to separate them from the reaction.

4 Results and discussion

In this study, silica-coated ZnO and ZnO nanoparticles
were synthesized using zinc nitrate as a precursor. A mod-
ified method involving changes in the temperature and
calcination time was used to achieve the synthesis of nano-
particles [50]. The coprecipitation method was employed
for the synthesis, wherein zinc nitrate was used as a pre-
cursor and the temperature was increased from 200°C to
500°C, resulting in a sharp increase in the XRD pattern. The
transmission electron microscopy image showed the hex-
agonal morphology of the ZnO nanoparticle [51]. The tem-
perature required for the synthesis of ZnO was found to be
between 650°C and 700°C, whereas for the synthesis of
silica nanoparticles, the temperature range was between
600°C and 1,100°C. For attaching ZnO to silica, annealing
at temperatures between 600°C and 700°C was necessary.
The effect of temperature was observed to cause changes
in the XRD pattern [52]. A higher temperature was required
for the synthesis of Silica@ZnO nanoparticles. Stirring
time was found to be irrelevant in the synthesis of nano-
particles, as reported in the study of Kanha and Saengk-
wamsawang [53], and thus, it was eliminated as a variable.
Coprecipitation was used as one of the chemical synthesis
methods for the nanoparticles, where temperature played a
crucial role in the synthesis process [54]. During the synth-
esis of ZnO on silica, silica was mixed with zinc nitrate and
added dropwise with NaOH to form a precipitate. The final
pH was adjusted to 11, and the precipitate was filtered
through Buckner. The precipitate was washed several times
with distilled water to remove the extra salt present in it.

Figure 1: (a) Bare silica without calcination, (b) silica-coated ZnO nanoparticles after calcination, and (c) ZnO nanoparticles after calcination.
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The calcination temperature used for each nanoparticle was
650°C for 3 h. Figure 1a shows the bare silica without calci-
nation, Figure 1b shows the silica-coated ZnO nanoparticles
after calcination, and Figure 1c shows the ZnO nanoparticles
after calcination.

The weight of Silica@ZnO and ZnO nanoparticles before
and after calcination is presented in Table 1. There was a
decrease in weight after calcination, attributed to the loss of
sodium salt and other impurities. At a high temperature of
650°C, only Silica@ZnO nanoparticles were synthesized. The
ZnO deposited on the surface of silica was found to be
80mg/5 g of Silica@ZnO materials used for the degradation
of around 2 l of MB dye. The nanoparticles were stored in an
airtight container after calcination and used for further
XRD, SEM, FTIR characterization, and photocatalytic dye
degradation applications.

4.1 Characterization of nanoparticles

4.1.1 UV-visible diffuse reflectance spectroscopy (DRS)

The UV-visible DRS analysis of Silica@ZnO nanoparticles is
depicted in Figure 2. The observed adsorption band edge,

located at 362 nm for silica-coated ZnO, is indicative of the
presence of ZnO particles within the sample. Utilizing
the relationship Ebg = 1,240/λmax, where Ebg represents
the band gap energy and λmax corresponds to the max-
imum absorption wavelength, the band gap of ZnO
nanoparticles when supported on mesoporous silica was
found to be 2.5 eV. In contrast, the band gap energy of
pure nano-zinc oxide was found to be 3.50 eV. This signif-
icant reduction in band gap energy when ZnO is sup-
ported on mesoporous silica implies an enhancement in
the photocatalytic performance of ZnO.

4.1.2 SEM analysis

The formation of ZnO nanoparticles was confirmed using
various characterization techniques. One of the most
popular tools for characterizing nanomaterials and
nanostructures is the SEM [55]. The signals that result
from electron–sample interactions provide details about
the sample, such as its chemical composition and surface
appearance (texture). In the current study, the silica sur-
face is occupied by ZnO nanoparticles. Figure 3a shows
that the ZnO nanoparticles grown on silica surfaces are
unevenly distributed. The shape of the nanoparticle is not
uniform. Figure 3b shows that the average particle size of
Silica@ZnO nanoparticles was 100 nm, spherical and oval.

4.1.3 XRD analysis

A non-destructive analytical technique called XRD offers
detailed information on the lattice structure of a crystalline

Table 1: Weight of zinc oxide nanoparticles (ZnO NPs) before and after
calcination

Sample name Weight before
calcination

Weight after
calcination

Silica@ZnO 34.719 g 25.306 g
Zinc oxide 2.7500 g 2.6352 g

Figure 2: Diffuse reflectance UV-vis spectra of Silica@ZnO and the band gap of nanomaterial is 2.5 eV.
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substance, such as unit cell diameters, bond angles, che-
mical composition, and crystallographic structure of
natural and synthetic materials. The quick analytical
technique, XRD, is generally used to determine the phase
of the crystalline materials and can reveal details like
atomic spacing and unit cell size [56]. As silica is an amor-
phous material, it does not show sharp peaks. Figure 4
shows diffraction peaks at 31.70, 34.42, 36.26, 47.62, 58.73,
62.65, 67.98, 72.54, and 76.90 nm. These peaks agree with
the JCPDS Data Card 36-1451, thus, indicating the crystal
structure, purity, and crystalline nature of ZnO.

Various techniques were employed to confirm the for-
mation and characteristics of ZnO nanoparticles. SEM was
used to analyse the surface appearance and chemical com-
position of Silica@ZnO nanoparticles. The SEM analysis
showed uneven distribution and non-uniform shape of

the nanoparticles, with an average size of 100 nm, as
revealed in Figure 2a and b. XRD was used to determine
the crystalline nature and purity of ZnO. Sharp peaks were
observed at 31.70, 34.42, 36.26, 47.62, 58.73, 62.65, 67.98, 72.54,
and 76.90 nm, consistent with the JCPDS Data Card 36-1451,
indicating the crystal structure of ZnO. Additionally, FTIR
spectroscopy was employed to identify functional groups
present on the surface of Silica@ZnO nanoparticles.

4.1.4 FTIR analysis

FTIR is a useful technique to analyse the functional groups
and chemical bonding of the synthesized nanoparticles. The
presence of various functional groups in Silica, Silica@ZnO,
and ZnO nanoparticles has been confirmed by FTIR.

The FTIR analysis was conducted on silica, Silica@ZnO,
and ZnO nanoparticles to identify the functional groups
present. Figure 5 shows FTIR spectra of silica, Silica@ZnO,
and ZnO. Silica was found to have 17 clear adsorption
bands, indicating the presence of alcohol, aromatic com-
pounds, alkenes, and sulphonates. The analysis showed
a peak corresponding to the stretching vibration of O–H
stretching vibration at 3,779.9 and 3,374.54 nm, O]C]O
stretching vibration at 2,324.43 nm, N]C]S stretching
vibration at 2,051.13 nm, and bending vibration of C–H
aromatic compounds at 1,981.16 nm. The stretching vibra-
tion of C]O was detected at 1,742.14 and 1,684 nm.

Similarly, the FTIR analysis of Silica@ZnO confirmed
the presence of alcohol, aromatic compounds, and conju-
gated aldehydes. However, only eight clear adsorption
peaks were identified, indicating that 8 of the 17 functional

Figure 3: SEM image of Silica@ZnO: (a) at 1 μm scale and (b) at 100 nm scale.

Figure 4: XRD pattern of silica, ZnO NPs, and silica-coated ZnO NPs
(Silica@ZnO).
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groups of silica were missing due to the presence of ZnO
nanoparticles. The stretching vibration of O–H alcohol was
found at 3,457.02 nm, the stretching vibration of N]C]S
at 2,051.15 nm, and the bending vibration of the C–H aro-
matic compound at 1,981.21 nm. The stretching vibration of
the conjugated aldehyde was detected at 1,683.94 nm, the
bending vibration of CH2 at 1,460.22 nm, the stretching
vibration of C–O–C at 1,055.49 nm, and the presence of
C–Cl was represented by a peak detected at 790.73 nm.

The absence of some functional groups of silica in
Silica@ZnO indicates that the silica was coated with ZnO
nanoparticles during the coprecipitation process, where
zinc hydroxide accommodates the pores present on the
silica and then gets converted into ZnO nanoparticles
during the calcination process.

5 Photocatalytic activity and
recovery of the catalyst

Our aim of the study is the photocatalytic degradation of
MB and recovery of the catalyst in the presence of sunlight.
For that, MB was degraded in the presence and absence of
the catalyst.

A photochemical investigation was conducted on a 10
parts per million (ppm) MB solution to examine its natural
degradation under sunlight, without the introduction of
any external catalyst. The solution was exposed to sunlight
for 40 min, and the results, as illustrated in Figure 6,
demonstrated only minimal alterations. These observa-
tions strongly suggest that MB, when subjected to sunlight

in the absence of a catalyst, does not exhibit substantial
degradation

To investigate the photocatalytic activity and the
recovery of catalysts, a 100ml stock solution of MB (10
ppm) was mixed with 5 g of silica, 5 g of Silica@ZnO, and
10mg of ZnO. The amount of ZnO used is approximately
equivalent to ZnO deposited on 5 g of silica-coated ZnO
nanoparticles. The mixture was then exposed to sunlight,
and the initial concentration of MB was measured to be
over 1.5 OD using a UV-Vis spectrophotometer before adding
silica, Silica@ZnO, and ZnO. The degradation of MB was
monitored by measuring the OD of the samples at 10min
intervals.

The results showed that ZnO nanoparticles had low
photocatalytic activity and no recovery due to the aggrega-
tion of the nanoparticles. Figure 7 shows the degradation

Figure 5: FTIR spectra of silica, ZnO NPs, and silica-coated ZnO NPs
(Silica@ZnO).

Figure 6: Photocatalytic degradation of MB in the absence of a catalyst.

Figure 7: Photocatalytic degradation of MB on ZnO NPs. Inset:
Percentage of degradation of MB by using ZnO NPs.
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of the MB dye on ZnO nanoparticles. It took 120 min for
half degradation and 360min for complete degradation.
Furthermore, ZnO nanoparticles could not be reused after
the first cycle.

Compared to ZnO, silica has a larger surface area that
enables effective adsorption and photodegradation of MB.
Simultaneous adsorption and photocatalysis occur, and
after 10 min of sunlight exposure, more than 70% of the
dye degrades. Complete degradation is achieved in only
40min, which is faster than the degradation observed in
the presence of ZnO. Figure 7 shows the degradation of the
MB dye on the first cycle of ZnO nanoparticles.

MB initially adsorbs onto the pores of silica, resulting
in blue colouration. However, photocatalysis subsequently
takes place, converting the blue silica to white silica in the
presence of sunlight. Figure 8a shows the colour changes of
Silica@ZnO after one cycle, Figure 8b shows the colour
changes of dried silica after 10 min, Figure 8c shows the
colour change from dark blue to light blue after 30 min,
and Figure 8d shows completely white silica, indicating the

complete recovery of silica and ready for the next cycle of
degradation. Silica requires approximately 1 h to comple-
tely dry, and rapid recovery is possible under bright sun-
light. The recovered silica can be used for subsequent
cycles of MB dye, with some concentration used in each
cycle.

Silica exhibits photodegradation of MB for five conse-
cutive cycles as depicted in Figure 9a and b. In the first cycle,
the required time for complete degradation is 40min, and
in the fifth cycle, the time increases to 60min. However,
after the fifth cycle, there is no further adsorption of photo-
catalysts because all the active sites of bare silica are blocked
byMB, leading to the loss of its properties. Due to the extensive
adsorption of MB, white silica turns blue and cannot return to
its original colour. Notably, bare silica shows a significant
increase in photocatalytic activity when compared to ZnO.

The efficiency of silica was enhanced by coating it with
ZnO, leading to an increase in photocatalyst efficiency.
Silica@ZnO demonstrated a higher photocatalytic activity
compared to bare silica, and it continued to exhibit activity

Figure 8: (a) Colour changes of Silica@ZnO after one cycle, (b) drying of silica after 10 min, (c) change in colour from dark blue to light blue after
30 min, and (d) complete recovery of Silica@ZnO.
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even beyond the fifth cycle, unlike bare silica which became
blocked by MB. In the first cycle, the time required for
degradation was 40 min, while for the fifth cycle and
beyond, it took 60 min. Silica@ZnO was able to undergo
photodegradation and regeneration for up to 20 cycles.
Although the adsorption capacity of silica was limited to
five cycles20 cycles were run on Silica@ZnO.

Figure 10a shows Silica@ZnO at the first cycle of
MB, which takes 40 min. After the complete reaction, Sili-
ca@ZnO is removed from the reaction and placed in a Petri
plate for complete drying. After the colour changes from
blue to white, now Silica@ZnO is ready for the next cycle.
The same procedure is repeated to check the efficiency of
MB dye degradation. Figure 10b shows the degradation of
MB degradation on the fifth cycle. The material shows dye
degradation efficiency up to 20 cycles.

6 Conclusion

The coprecipitation method is an effective way of rapidly
synthesizing Silica@ZnO nanoparticles. The synthesized
nanoparticles were characterized using XRD, FTIR, SEM,

and EDX, and their formation was confirmed by XRD and
SEM. FTIR analysis showed that eight functional groups of
silica were reduced during the synthesis and coating pro-
cess. The photocatalytic activity was studied using MB dye,
with ZnO nanoparticles used in the first cycle due to the
difficulty in collecting them. Silica@ZnO was found to have
both adsorption and degradation properties, with the capa-
city to degrade up to 200 ppm of MB on 5 g of the material.
The synthesized Silica@ZnO was able to perform up to 20
cycles of degradation, indicating it is a highly efficient photo-
catalyst with excellent recovery. The low-cost method of
synthesis makes Silica@ZnO a promising option for envir-
onmental remediation in industries such as textiles and
paper for dye degradation and water purification.

7 Future prospects

In the current study, silica is used as a supporting matrix
for the ZnO nanoparticle synthesis but other supportive

Figure 9: Photocatalytic degradation of MB dye on (a) the first cycle of
silica and (b) on bare silica during the fifth cycle.

Figure 10: (a) Photocatalytic degradation of MB on (a) the first cycle of
Silica@ZnO/Silica ZnO and (b) on the fifth cycle of Silica@ZnO.
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matrices including natural and synthetic matrices can
also exhibit good adsorptive and recyclable properties.
The incorporation of metal oxide like ZnO was respon-
sible for increasing the adsorptive and recycling capacity
of silica. Instead of ZnO, other metal oxides like TiO2, CuO,
nanoparticles, etc., can in the future serve the same
function.
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