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Highly crystalline ZnO/mesoporous hollow silica sphere (MHSS) composites have been successfully synthesized through

an impregnation method at 323 K without applying calcination. Three composites of different Zn/Si molar ratios of 1 : 2,
1 : 1, and 2 : 1 were prepared. X-Ray diffraction patterns confirmed the presence of highly crystalline ZnO in thematerials.
A layer of ZnO was formed on the MHSS as evidenced by field emission scanning electron microscopy analysis.

Transmission electron microscopy analysis verified the mesoporous structure in ZnO/MHSS composites. N2 adsorption–
desorption analysis indicated a type IV isotherm for 1ZnO/2MHSS and 1ZnO/1MHSS samples, confirming the presence
of mesopores in the ZnO layer. It has been demonstrated that all the ZnO/MHSS composites exhibit a high photocatalytic
activity towards sodium dodecylbenzenesulfonate degradation compared with bare ZnO under UV irradiation. A kinetic

study showed that the photodegradation followed a second order model. Among the prepared composites, 1ZnO/1MHSS
recorded the highest reaction rate of 6.03� 10�3 mM�1 min�1 which is attributed to a high crystallinity and the
monodispersity of a high amount of ZnO on MHSS.
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Introduction

Sodium dodecylbenzenesulfonate (SDBS) is commonly used as

a surfactant in the manufacture of cleaning products. Its pres-
ence in water could cause the production of a large amount of
foam, which hinders oxygen from dissolving into water and

facilitates growth of harmful bacteria. Thus, SDBS should be
removed before disposal. In fact, the photodegradation of SDBS
in aqueous suspensions of TiO2 powder, Degussa P-25, and
TiO2–SiO2 have been reported.[1–3] Unfortunately, the photo-

catalytic activity of these TiO2-based materials was limited due
to their low surface area and porosity.

In the last two decades, the photocatalytic degradation of

organic contaminants is considered as a promising approach
for environmental clean-up applications.[4–6] Semiconductor
photocatalysis has attracted a lot of attention since it involves

milder operating conditions of temperature and pressure, low
cost, and the possibility of using solar energy to drive the
process. Similar to TiO2, ZnO with a wide direct bandgap

(3.37 eV) is among the most efficient photocatalysts. ZnO is a
kind of environmentally friendly, cheap, and biocompatible
material and it is listed as a safe material by the US Food and

Drug Administration (21CFR182.8991).[7] However, ZnO
nanoparticles tend to aggregate and form an irregular shape

morphology which destabilises the catalyst and retards the
activity.[8] An established solution to address the aggregation
problem is to distribute the nanoparticles into/onto a porous,

chemically inert, and preferably high surface area support.
Mesoporousmaterials have commonly been used as supports

for different metal oxide nanoparticles for improved catalytic
performances over their non-supported analogues.[9,10] Various

silica supports have been intensively applied in heterogeneous
catalyst design by many researchers due to their easy prepara-
tion, good compatibility with other materials, and good envi-

ronmental stability.[11–15] A literature study showed an
increasing trend in synthesizing ZnO nanoparticles loaded onto
or into mesoporous supports. For instance, mesoporous silica

impregnated with an ethanolic/aqueous solution of zinc nitrate
was reported.[16] Thermal treatment up to 973 K allowed the
evolution of samples and dispersion of ZnO nanocrystalline

particles onto the mesoporous silica. On the other hand, ZnO
was immobilized in mesoporous SBA-15 where a high loading
of ZnO clusters was distributed in the channels of SBA-15.[17]
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Recently, ZnO was successfully dispersed homogeneously onto

mesoporous silicaKIT-6 and attained a high catalytic reaction in
quinoxalines production.[18]

It was documented that a high crystallinity favoured the

photoactivity of ZnO.[19] Usually, a post heat treatment at
elevated temperatures was needed to obtain crystallized ZnO.
In most of the cases, the heat treatment tended to cause
agglomeration of nanoparticles, resulting in an increase of the

nanoparticles’ size and decrease in surface area.[20–22] There-
fore, a simple preparation method to produce well crystallized
ZnO supported on a mesoporous silica material without apply-

ing heat treatment is strongly favoured.
Mesoporous hollow silica spheres (MHSSs) are receiving

much attention owing to their low density, low toxicity, and

large surface area. MHSSs have been employed as a support for
nanoparticle immobilization.[21–25] In our previous work,[25] a
low amount of ZnO (,2–6 mol-%) was immobilized on MHSS
via awet impregnationmethod followed by a post heat treatment

at 973K for 3 h. The good distribution of ZnO nanoparticles on a
MHSS support enhanced the photodegradation efficiency of
SDBS. However, high temperature calcination limited more

ZnO loading due to formation of zinc silicate which was
unfavourable. In addition, the very low crystallinity of the
materials has restricted their photocatalytic activity. In the

current study, therefore, highly crystalline ZnO/MHSS compo-
sites of a high ZnO content were synthesized via a simple
preparation method at low temperature. The properties and

photocatalytic activity of these composites are presented.

Experimental

Synthesis of ZnO Nanoparticles and MHSS

ZnO nanoparticles were prepared through a sol–gel method as

described elsewhere.[25,26] In a typical reaction, 0.1 M zinc
acetate dihydrate solution was added to a 0.15 M hydrazine
hydrate (N2H4�H2O) solution, followed by stirring for 15 min at

room temperature. The reaction mixture was kept at 323 K for
3 h. The obtained white colloidal solution was centrifuged, fil-
tered off, and washed with deionized water and ethanol before
drying in an oven at 353 K.

To prepare the MHSSs through a sol–gel emulsion method,
typically, a 43 mL mixture of water and ethanol, 0.5 mL of
TEOS, and 0.1175 g of cetyl trimethylammonium bromide

(CTAB) were mixed followed by the addition of 0.5 mL of
ammonia solution (25 wt-% NH3 in water) under a medium
speed of stirring for 24 h. The white precipitate was collected

centrifugally, washed with a mixture of water and ethanol, and
calcined in air at 873 K for 6 h.

Synthesis of ZnO/MHSS Composites

In order to synthesize ZnO/MHSS composites, zinc acetate
dihydrate (Zn(CH3COO)2�2H2O) (GCE Laboratory Chemicals,
99%) and hydrazine hydrate (N2H4�H2O) (Sigma Aldrich, 50–
60%) solutions were used. Three molar ratios of Zn/Si pre-

cursors (1 : 2, 1 : 1, and 2 : 1) were employed to investigate the
effect of loading percentage of ZnO on the catalyst properties
and performance. In a typical reaction, MHSS powder (0.5 g)

was dispersed in a proper amount of distilledwater under stirring
overnight, followed by addition of zinc acetate dihydrate pow-
der. The mixture was then stirred for another 10 min and heated

to 323 K before addition of 0.15 M hydrazine hydrate solution.
The reaction mixture was heated at 323 K for 2 h. Finally, the
white precipitate was filtered off, washed with distilled water,

and dried at 353 K in an oven overnight. The resulting samples

were labelled as xZnO/yMHSS, where x and y represent the
molar ratio of Zn and MHSS, respectively, in the samples.

Characterization

Phase determination was conducted on a Bruker Advance D8

X-ray diffractometer equipped with Cu Ka radiation
(l 0.15406 nm, 40 kV, 40 mA). The crystallite size of the
samples was calculated based on Scherrer’s equation. Trans-
mission electron microscopy (TEM) (JEM-2100, 200 kV) was

used to examine the hollowness and mesoporous characteristics
of the MHSS and ZnO/MHSS samples. The morphology and
particle size of the prepared samples were obtained by field

emission scanning electron microscopy (FESEM) (Carls Ziess
35VP). Textural properties of the prepared samples were char-
acterized with a Quantachrome Surface Autosorb-6B sorption

analyzer at 77 K. Inductively coupled plasma optical emission
spectroscopy (ICP-OES) (Agilent Technologies, 700 Series)
was used to determine the zinc content in the composites. FT-IR

spectra were recorded with a scan range of 400–4000 cm�1 on a
Nicolet iS10 spectrometer equipped with an attenuated total
reflectance accessory. Optical properties of the samples were
investigated with a Perkin Elmer Ultraviolet-visible spectrom-

eter Lambda 35 series in the wavelength range of 200–900 nm
using barium sulfate (BaSO4) as a reference.

Photocatalytic Testing

The photocatalytic performance of the synthesized ZnO/MHSS

composites was tested by the photodegradation of SDBS. The
prepared photocatalysts (0.1 g) were added to 500mL of 30 ppm
SDBS (Sigma Aldrich, 95% mixture of isomers). Prior to the

photocatalytic testing, an adsorption test was carried out at
neutral pH in the dark for 2 h to achieve equilibrium. The sus-
pension was irradiated using a UVc lamp (16 W, 254 nm

wavelength). In order to trace the photodegradation reaction,
sampling was carried out at determined time intervals by using a
syringe. A millipore membrane filter (0.2 mm) was used to filter
the sample particles. The concentration of the filtrate was

determined using a Shimadzu UV-1601PC UV-vis spectro-
photometer, measured at the maximum wavelength of SDBS at
224 nm. The efficiency of the photocatalytic activity was cal-

culated using the equation (C0 – Ct)/C0� 100%, where C0 and
Ct are the concentration of the SDBS solution before the reaction
and at the relevant time interval, respectively. For comparison

purposes, the photocatalytic behaviour of ZnO and MHSS was
also evaluated. Finally, the reusability of the best photocatalyst
was evaluated. In the reusability test, the photocatalyst was

reused for the photodegradation of fresh SDBS solution for each
cycle. The reaction conditions including the initial concentra-
tion of SDBS (500 mL 30 ppm) and reaction time (2 h irradia-
tion) were kept constant for all the cycles. In order to recover the

photocatalyst, it was centrifuged, washed, and dried at 373 K for
every cycle.

Results and Discussion

Phase Determination

Fig. 1 depicts XRD patterns of the synthesized ZnO, ZnO/
MHSS composites, and MHSS. For ZnO (Fig. 1a), a series of

peaks were detected at 31.98 (100), 34.58 (002), 36.58 (101),
47.68 (102), 56.78 (110), 63.08 (103), 66.58 (200), 68.18 (112),
and 69.18 (201), which could be indexed as a wurtzite ZnO
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structure (JCPDS No. 36-1451).[27] The effect of ZnO loaded

into/ontoMHSSwas investigated. The peak at 2y 3.198 (Fig. 1a)
which is associated with the mesoporous silica structure,[25]

disappeared in the ZnO/MHSS composite materials (Fig. 1b–d).

This could be due to the coverage of loaded ZnO on the surface
of MHSS.

The presence of a broad peak at 2y 7.18 and a hump at 2y
22.08 correspond to the amorphous silica (Fig. 1e) which were

also reported previously.[28] Upon introduction of zinc oxide,
these two peaks shifted to a lower degree at 2y 6.58 and 13.58
respectively. The shift was indicative of a significant change in

silica structure due to the introduction of zinc oxide to the silica
framework.[28]

All the ZnO/MHSS composites showed obvious sharp dif-

fraction peaks that corresponded to a well crystallized wurtzite
ZnO structure, suggesting the structure of ZnO was well main-
tained even after loading onto the MHSS support. In 2ZnO/
1MHSS (Fig. 1b), the formation of ZnO along the (002) diffrac-

tion plane was dominant, implying the preferred orientation.
Meanwhile, in the case of 1ZnO/1MHSS and 1ZnO/2MHSS
((Fig. 1c, d), the growth of ZnO along the (101) diffraction plane

was preferred. The sharper diffraction peaks of 1ZnO/1MHSS
corresponded to the higher crystallinity in the sample.

The crystallite size of ZnO and all the ZnO/MHSS samples

was determined from the peak of maximum intensity using the

Scherrer formula. Since MHSS is amorphous silica, it has no

crystalline phase. Meanwhile, the ZnO nanoparticles have a
crystallite size of 22.7 nm. After the introduction of ZnO onto
MHSS, the crystallite size decreased to 18.7 and 17.9 nm for

1ZnO/2MHSS and 1ZnO/1MHSS, respectively. Conversely, a
larger crystallite size of 24.3 nm was recorded for 2ZnO/
1MHSS.

Morphological Studies

Fig. 2 shows TEM images of the 1ZnO/1MHSS composite. The
images clearly demonstrate the mesoporous structure of the
spherical 1ZnO/1MHSS composite with an approximate diam-

eter of 250 nm. The mesoporous structure in the TEM image of
1ZnO/1MHSS might be related to the presence of mesopores in
the ZnO layer. Based on XRD analysis, the peak related to the

mesoporous structure of silica (2y 3.198) has disappeared,
implying that the MHSS mesopores have been filled with ZnO.

In our previous report,[25] uniform and monodisperse porous

MHSS with an average diameter of 108 nm was obtained with
the current applied synthesis method. The hollowness and
porosity properties ofMHSS and all Zn/MHSS composites were
confirmed as evidenced by the TEM analysis. Similar images of

MHSS were reported previously.[29,30]

FESEM images of the ZnO/MHSS materials are shown in
Fig. 3. The average particle size of each sample was determined

by considering 20 particles of each sample in the FESEM images.
According to the images (Fig. 3a–c), the average particle size
increased in all the composites where 1ZnO/2MHSS, 1ZnO/

1MHSS, and 2ZnO/1MHSS possessed average values of 143,
339, and 571 nm, respectively. By comparing the average particle
sizes of ZnO (55 nm) and MHSS (105 nm) as reported previ-
ously,[25] the significant increase in particle sizes of the ZnO/

MHSS composites might imply the existence of the ZnO layer on
the surface of MHSS. In contrast, it was documented that ZnO
was dispersed in the pores of MHSS when the ZnO loading was

carried out through the impregnation method followed by calci-
nation at a high temperature of 973 K for 3 h.[25]

For the 1ZnO/2MHSS and 1ZnO/1MHSS composites

(Fig. 3a, b), the uniform and monodispersed spherical particles
of MHSS have been thoroughly covered with fine ZnO nano-
particles with the least particle aggregation. However, in the

case of 2ZnO/1MHSS (Fig. 3c), a remarkable amount of
aggregates is clearly observed, implying that the amount of
ZnO precursor applied was in excess and as such the ZnO
located inside and outside of the MHSS and also beyond the

surface capacity of MHSS, leading to a non-uniform morphol-
ogy. Some aggregates were also observed in the 1ZnO/2MHSS
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Fig. 2. TEM images of the 1ZnO/1MHSS composite.
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sample. The current findings strongly denote that an optimized

molar ratio of ZnO to MHSS is important for a highly uniform
monodispersion of ZnO immobilized onMHSSwithout particle
aggregation.

Study of Textural Properties and Determination of Zn
Content

The textural properties of MHSS and ZnO/MHSS samples were

examined via N2 adsorption–desorption analysis. The specific
surface areas, average pore volume, and pore size of ZnO,
MHSS, and the ZnO/MHSS composites are listed in Table 1.

The MHSS possessed a large surface area of 1029 m2 g�1. A
significant decrease in surface area was observed after loading
of ZnO onto MHSS where the surface area of the composites

ranged from 44 to 82 m2 g�1. Similarly, the pore volume of
MHSS decreased dramatically with the presence of ZnO. The
results might imply blockage of pores due to the formation of a
ZnO layer on the surface of MHSS.

The isotherms of the samples are depicted in Fig. 4. As can be

seen in Fig. 4a, MHSS demonstrated a type IV isotherm.[31] A
distinct step was observed at a relative pressure of 0.3 with a total
absence of hysteresis. In a previous report,MCM-41was claimed

topossess a similar isothermwithpores of 2.5 nm.[32] Zhu et al.[33]

reported a type IV isotherm curve with a well defined step
between0.2and0.3ofP/P0 forMHSSs.Similar type IV isotherms
were also obtained for MHSSs by other researchers.[29,34]

After the introduction of ZnO, 1ZnO/2MHSS and 1ZnO/
1MHSS maintained their type IV isotherm (Fig. 4b).[31] The
amount of adsorbed gas in the 1ZnO/1MHSS has the highest

value among the three ZnO/MHSS composites. This can be
explained by the higher surface area and total pore volume of
1ZnO/1MHSS as compared with 1ZnO/2MHSS and 2ZnO/

1MHSS. 2ZnO/1MHSS showed a type II isotherm according
to the IUPAC classification, indicating a non-porous material
due to the presence of aggregation. This finding was in agree-
ment with the FESEM image (Fig. 3f).

(a) (b)

(c)

NONE SEI 5.0 kV �25,000 WD 3.0 mm 1 µm

NONE SEI 4.9 kV �10,000 WD 3.0 mm 1 µm

SEI 5.0 kV �25,000 WD 3.0 mm 1 µm

Fig. 3. FESEM images of (a) 1ZnO/2MHSS, (b) 1ZnO/1MHSS, and (c) 2ZnO/1MHSS.

Table 1. Textural properties and Zn content of the materials

Sample Surface area [m2 g�1] Pore size diameter [nm] Pore volume [cm3 g�1] Zn contentA [wt-%] Zn contentTheor [wt-%]

ZnO 39 — — — —

1ZnO/2MHSS 44 19.95 0.10 19.5 40.4

1ZnO/1MHSS 82 11.79 0.22 25.0 57.5

2ZnO/1MHSS 54 9.01 0.09 34.3 73.0

MHSS 1029 2.61 0.77 — —

ADetermined through ICP-OES analysis. The analysis was only carried out on ZnO/MHSS composites.
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The isotherm plot of 1ZnO/1MHSS shows a very wide
hysteresis loop, type H3 at relative pressures of 0.44–1.0, which
corresponded to the capillary condensation of nitrogen gas in the

mesopores with an average pore size of 11.79 nm and pore
volume 0.22 cm3 g�1. The wide H3 hysteresis loop could be
related to a more random distribution of pores and intercon-
nected pore systems.[32,35] Subsequently, this interconnected

pore system led to the increased total pore volume and surface
area in sample 1ZnO/1MHSS.

In the case of 2ZnO/1MHSS, the Brunauer–Emmett–Teller

(BET) surface area, pore size, and Barrett-Joyner-Halenda
(BJH) pore volume obtained were 54 m2 g�1, 9.01 nm, and
0.09 cm3 g�1, respectively. Meanwhile, the absence of a

hysteresis loop in sample 2ZnO/1MHSS may imply that active
ZnO has filled the pores of MHSS. This was in good agreement
with the decrease of pore volume from 0.22 to 0.09 cm3 g�1 after
the Zn content increased from 25 to 34.3 wt-%. The BET surface

area, pore size, and BJH pore volume of 1ZnO/2MHSS were
44 m2 g�1, 19.95 nm, and 0.10 cm3 g�1, respectively.

The content of Zn in the prepared composites was examined

by ICP-OES analysis and the results are shown in Table 1. As
observed, the obtained values of weight percentages of Zn were
19.5, 25.0, and 34.3 wt-% for 1ZnO/2MHSS, 1ZnO/1MHSS,

and 2ZnO/1MHSS, respectively. By comparing the obtained
mass percentage to the corresponding theoretical values, it was
obvious that the experimental values were smaller than the

expected values. This was probably due to less availability of
active sites such as silanol (Si–OH) and siloxane (Si–O–Si) on

the surface ofMHSS to interact with hydrazine hydrate and ZnO
precursors through hydrogen bonding.[25] Consequently, it
might have caused the loss of ZnO during the impregnation

process.

Vibrational Spectroscopy

Fig. 5 shows the FTIR spectra of ZnO, MHSS, and the ZnO/
MHSS samples. In Fig. 5a, the peak at 442 cm�1 was assigned to

the stretching frequency of a Zn–O bond. The absorption bands
at 2920 and 2334 cm�1 were attributed to C–H and C–O, while
peaks observed at 1570, 1412, and 1336 cm�1 were assigned to

the asymmetrical and symmetrical stretching of the zinc car-
boxylate, respectively. The results indicated the presence of
unreacted zinc acetate in the sample. Similar observations have

been claimed for ZnO in previous reports.[36,37]

The bands at around 3410 and 1636 cm�1 were attributed to
the stretching and bending modes of the O–H band of the silanol

group. Apparently, these bands are not noticeable in MHSS
(Fig. 5e). The absence of O–H groups in MHSS might explain
the insufficient active sites for attachment of ZnO on the surface
of MHSS, resulting in low a wt-% of ZnO in the prepared

composites (Table 1). For MHSS, three obvious characteristic
vibrations of siloxane bands were observed. The band at
1060 cm�1 corresponded to the asymmetric stretching mode

of Si–O–Si, while the absorption bands at 806 and 456 cm�1

were attributed to symmetric stretching and bending vibrational
modes of Si–O–Si, respectively.[34,38] After introduction of ZnO

to MHSS, the intensity of the absorption bands at around 3410
and 1636 cm�1 increased, implying the presence of more
hydroxy groups and absorbed water. In all the ZnO/MHSS
samples, the absorption peaks shifted to higher frequency,

implying the possible interaction between the O–H band
of the silanol group or surface adsorbed water with ZnO. All
the ZnO/MHSS composites exhibited very broad peaks for the

asymmetric stretching vibration of the Si–O–Si band. The
broadening of these peaks could be due to the existence of
strong hydrogenic bands between the O–H band of the silanol
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group or surface adsorbed water with the Si–O–Si band in the
framework of silica which in turn caused higher vibrations of the
oxygen atom of the siloxane group.[35]

In addition, a band at 920–948 cm�1 that corresponded to
Si–O–H bending appeared upon introduction of ZnO in all the
ZnO/MHSS samples. The increased intensity in this region with
increasing ZnO content is a good indication of more Si–O–Zn

interactions.[32,39]

Diffuse Reflectance UV-Visible Spectroscopy

Fig. 6 depicts the diffuse reflectance UV-visible (DR UV-vis)

spectra of ZnO, 2ZnO/1MHSS, 1ZnO/1MHSS, and 1ZnO/
2MHSS. ZnO nanoparticles showed a strong absorption in the
UV region with a maximum at 364 nm which is associated with

the electronic transition from the valence band of oxygen to the
conduction band of the zinc atom. It is also related to the intrinsic
bandgap of ZnO.[40] The bandgap energies of the prepared

samples are tabulated in Table 2. The wavelength and bandgap
energy of ZnO obtained were 387 nm and 3.20 eV, respectively.
It is observable from Fig. 6 that 1ZnO/2MHSS and 1ZnO/
1MHSS have a similar bandgap energy to that of bare ZnO. This

finding is probably due to the formation of fine ZnO particles on
the MHSS surface which is in agreement with FESEM images
(Fig. 3). Meanwhile, it was believed that the larger particle size

of 2ZnO/1MHSS (with an average diameter of 571 nm) com-
pared to 1ZnO/2MHSS (143 nm) and 1ZnO/1MHSS (339 nm)
samples might have contributed to the slight red-shift in the DR

UV-vis spectrum and lower bandgap energy (3.16 eV) for 2ZnO/
1MHSS. In fact, these ZnO/MHSS composites have a very
similar bandgap energy. A similar effect of grain size on the

bandgap energy of semiconductors has been reported.[41]

Photodegradation of SDBS

An adsorption test demonstrated that all the photocatalysts
reached equilibrium after 2 h in the dark. MHSS and all the

prepared ZnO/MHSS composites adsorbed,0.008 mM SDBS

(or 10%). The photocatalytic testing was carried out through
photodegradation of the remaining SDBS in the reactor using

the ZnO/MHSS composites, ZnO, and MHSS as photo-
catalysts. As illustrated in Fig. 7, all the photocatalysts
exhibited a sharp increase of SDBS photodegradation per-
centage in the first hour of reaction, suggesting a high reaction

rate. A slower reaction rate was observed after 1.5 h of reaction.
Apparently, 1ZnO/1MHSS was the best photocatalyst for
SDBS photodegradation, followed by 2ZnO/1MHSS, 1ZnO/

2MHSS, and ZnO.
The lowest photocatalytic efficiency of ZnO was attributed

to aggregation of particles as evidenced by the FESEM image of

ZnO. In this work, the loading of ZnO nanoparticles ontoMHSS
has prevented ZnO from aggregation, leading to formation of
composite particles of uniform spherical shape and narrow size
distribution. The current results demonstrated that the photo-

catalytic activity of ZnO significantly increased by 16.7–26.7%
through distribution of ZnO nanoparticles over the high surface
area MHSS.

On the other hand, the high catalytic activity of ZnO/MHSS
composites could be explained by the isoelectric point (IEP) of
ZnO and existence of many hydroxy groups (as evidenced by

FTIR results). ZnO possesses an isoelectric point ranging from
8.7 to 10.3.[42,43] This means that at neutral pH, which is lower
than the IEP of ZnO, protons from the environment could be

easily transferred to the particle surface, forming ZnOH2
þ groups

with a positive charge on the surface of the ZnO layer.[44,45]

Therefore, the SDBS anions present in solution would be
attracted by the positive surface of ZnO, hence increasing SDBS

adsorption during the dark adsorption and photocatalysis pro-
cess. Meanwhile, the hydroxy groups could have contributed to
production of more �OH radicals, thus accelerating the photo-

catalytic reaction for all ZnO/MHSS samples. In the case of
1ZnO/1MHSS, the higher crystallinity, uniformity, and mono-
dispersity of spherical particles as well as higher surface area

and pore volume of this sample would have provided an
optimum condition for the photocatalytic reaction.

The kinetic study of the photodegradation of SDBS was

conducted using the bare ZnO and ZnO/MHSS photocatalysts.

Table 2. Values of wavelength and bandgap energy of ZnO and ZnO/

MHSS composites

Sample Wavelength [nm] Bandgap energy [eV]

ZnO 387 3.20

1ZnO/2MHSS 385 3.22

1ZnO/1MHSS 385 3.22

2ZnO/1MHSS 392 3.16
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As shown in Fig. 8, the plot of 1/Ct versus irradiation time gave
good linearity with high R2 (. 0.99), verifying that the reaction
process followed a second order kinetics model, which is

commonly expressed by Eqn 1:

1=Ct ¼ kt þ 1=C0 ð1Þ

where k is the second order rate constant and C0 and Ct are the
concentrations of SDBS at the initial time and time t,
respectively.[46]

The data were fitted to the corresponding linear expression to

obtain an apparent rate constant, k. Values of kwhen using ZnO
and ZnO/MHSS photocatalysts are tabulated in Table 3. For
comparison purposes, normalized k values (k0) with respect

to the surface area of the catalyst were calculated, which
corresponded to the values of rate constants without considering
the surface area effect on the photocatalyst performance. The

higher value of k0 of 1ZnO/1MHSS (7.44� 10�5 mM�1 min�1)
strongly suggested that an optimized ratio of Zn/Si is crucial for
the better photocatalytic activity of the ZnO/MHSS composite

in the photodegradation of SDBS.
It is worth noting that although 1ZnO/1MHSS has a lower

surface area than that of ZnO/15MHSS (90 m2 g�1),[25] it has a
higher photocatalytic activity. 1ZnO/MHSS photodegradated

74.7% of SDBS while ZnO/15MHSS photodegraded only
68.6% of SDBS after 1 h reaction under UV light irradiation.
In addition, 1ZnO/1MHSS showed a higher reaction rate

(6.03� 10�3 mM�1 min�1) as compared with that of ZnO/
15MHSS (4.08� 10�3 mM�1 min�1) under the same reaction
conditions. The current research findings strongly indicate that

the enhanced activity is due to the high ZnO amount and high
crystallinity of the ZnO/MHSS composites which were
achieved through the low temperature synthesis.

Reusability of the Catalyst

The reusability of the best photocatalyst (1ZnO/1MHSS) was
examined through employing recycling experiments. As shown
in Fig. 9, 1ZnO/1MHSS was effective in the photodegradation

of SDBS with a negligible photodegradation percentage drop
(,5.9%) even after five cycles. The slight decrease in

photocatalytic activity was probably due to catalyst aggregation
after several cycles.

Conclusion

Highly crystalline ZnO/MHSS composites were successfully

synthesized for the first time via an impregnation method at
323 K without applying calcination. In contrast to previously
reported ZnO/MHSS composites which were prepared at a high

temperature of 973 K,[25] this low temperature synthesis
appeared to be a promising approach to produce ZnO of high
crystallinity as well as hollow MHSSs with a high porosity as

observed in the resulting composites. In addition, the low tem-
perature synthesis allowed a higher loading of ZnO ontoMHSS.
It has been demonstrated that the crystalline ZnO/MHSS com-
posites were good photocatalysts for photodegrading SDBS

under UV light irradiation. The SDBS photodegradation effi-
ciency of ZnO was enhanced by 16.7–26.7% with the presence
of a MHSS support. The molar ratio a Zn to Si appeared to be a

key factor in affecting the properties of the ZnO/MHSS com-
posites. Among the prepared materials, 1ZnO/1MHSS was the
best photocatalyst which photodegraded 74.7% of SDBS after

1 h of reaction. A kinetic study demonstrated that the photo-
catalytic reaction followed the second order model.
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Table 3. The kinetic parameters of photodegradation of SDBS using

ZnO and ZnO/MHSS photocatalysts

Catalyst R2 k� 10�3

[mM�1min�1]

k0 � 10�5

[mM�1min�1]

ZnO 0.9949 1.85 4.74

1ZnO/2MHSS 0.9960 3.14 7.16

1ZnO/1MHSS 0.9912 6.03 7.44

2ZnO/1MHSS 0.9958 3.79 6.99
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