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Potential continuous removal of toluene by ZnO nanorods
grown on permeable alumina tube filters

Faegheh Ghanbari?, Mehdi Eskandari ®°, Pariya Nazari®, Saba Gharibzadeh®, Saman
Kohnehpoushi*®,Bahram Abdollahi Nejand®°*

Vertical ZnO nanorods were successfully grown on crystalline surface of Al,O; microfilter by the simple technique of
Evaporation of Prepared Solution at atmospheric Pressure (ESAP) for photocatalytic degradation of Toluene. The nanorods
were grown from evaporated solution at low temperatures of 300, 400, and 500°C. The crystalline structure and morphology
of the deposited films were evaluated by X-ray Diffraction (XRD) and Field Emission Scanning Electron Microscopy (FE-
SEM), respectively. Aqueous photocatalytic activity of samples was measured by degradation of Methylene Blue (MB) dye.
Toluene photo degradation was studied using the tubular photoreactor under various gas concentrations, flow rate (FR),
relative humidity (RH), reaction temperature (RT), and various light sources. The grown ZnO nanorods were highly uniform
and hexagonal wurtzite crystals with mono-sized nanorods. For the nanorods grown at 300 °C, the photocatalytic investigation
showed approximately 98% degradation of MB for the first 20 minutes of UV light irradiation. The toluene degradation results
indicated that alteration in gas concentration and flow rate affects the toluene degradation ability by direct and indirect

oxidation and reduction mechanisms and absorption capability of ZnO nanorods surface. In this system, 20% relative humidity

and 30°C reaction temperature were found as optimum condition in maximum toluene conversion.

1. Introduction

Volatile organic compounds (VOCs) are common air pollutants
and can be found in both outdoor and indoor environments.
Many VOCs are known to be toxic and considered to be
carcinogenic. Recently, photocatalytic oxidation (PCO) has
received growing interests as a promising technology for the
removal of indoor and outdoor air pollutants, in particular VOCs

L2 There are some

present at low ppb concentrations
conventional air cleaning technologies such as filtration and
sorption?, which only transfer indoor pollutants to another phase,
but PCO has the potential to destroy a broad range of VOCs such
as benzene, toluene, ethylbenzene, and p-xylene (BTEX) to
carbon dioxide (CO2) and water (H20) * 3. There are a large
number of photocatalytic materials including TiO: indicating
permissible activity to degrade the VOCs. Zinc oxide (ZnO),
similar to titanium dioxide, is one of strongest photocatalytic
materials, which is less expensive and has an easy synthesis
process. Potential photocatalyst materials such as ZnO, TiOa,
and Bi4B20y could degrade the organic aqueous pollutants such
as methylene blue same as air pollutants according to their band
gap justification and engineering® 7. The various structures of
ZnO have been achieved through applying various techniques
and parameters®'2, Because of unique properties of ZnO
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nanorods, such as high surface area, less grain boundaries, direct
path of electron transportation, engineering direction of
structure, chemical and thermal stability, and excellent
photocatalytic properties, there are numerous studies on
synthesis and characterization of aligned and non-aligned
structures !3-16,

The process of vertical growth is highly attractive because of its
antenna structure and ability to absorb the wide range of
irradiated light beams. ZnO films have been grown using various
techniques including chemical vapor deposition (CVD)!7, vapor
phase epitaxy '8, molecular beam epitaxy !°, DC reactive
magnetron sputtering 22!, sol-gel 22, and hydrothermal methods
23, Here, the electrodeposition 24, hydrothermal?*> and CVD
7growth techniques are among the more common techniques for
preparing the vertically grown nanorods.

In this study, a fast and convenient technique for growing ZnO
nanorod arrays, named as evaporation of solution at atmospheric
pressure (ESAP), was applied for preparing the photoactive
alumina membrane. This method is similar to metal organic
chemical vapor deposition (MOCVD) used for growing ZnO
structures at the ambient pressure. As reported in the present
study, ZnO grown by ESAP method shows uniform nanorod
structures. As compared to other methods, such as vapor
synthesis approach and solution phase technique, this technique
has some merits including synthesis of single crystalline
nanorods with a hexagonal wurtzite crystalline structure, high
purity, high deposition rate, good crystallinity, density and
aspect ratio controllability, and uniformity. Moreover, in this
method, ZnO nanorods can be vertically grown at low
temperature and atmospheric pressure with low cost and ease of
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handling which can be quite appropriate for ZnO nanostructured
growth on the porous structure substrate without decreasing the
flow rate of gas stream. However, there are few studies that
investigated the zinc oxide photocatalytic activity on removal
efficiency of toluene molecules. This work was conducted to
investigate the photocatalytic activity of various grain size of
ZnO nanorods on degrading the toluene as an example of BTEX
pollutants. The effective parameters of the photoreaction were
determined by investigating the toluene concentration at ppbv-
level, flow rate, relative humidity, reaction temperature, and light
sources.

2. Experimental procedure

Growth of aligned ZnO nanorods

ZnO nanorods were grown under atmospheric pressure condition
from evaporation of prepared solution. The solution was
prepared by solving the Zn(CH3C0OO0)2.2H20 (Merck) in 50 mL
deionized water (DI). Polyvinylpyrrolidone (PVP) was used as a
primitive surfactant with weight ratio of 1:10 of PVP to zinc
acetate dihydrate. After completely dissolving PVP and zinc
acetate dehydrate in DI water, temperature of the solution was
set to 70 °C and the solution was allowed to evaporate under
vigorous stirring conditions. After reducing the quantity of the
solution to 20 mL, it was poured into the clean alumina crucible.
The cylindrical alumina micro-filter was placed vertically on the
alumina crucible and other side of cylindrical micro-filter was
covered by alumina tablet. This system was laid in a furnace and
the furnace was set to different temperature of 300, 400, and 500
°C. The temperature of the furnace was increased at the rate of
10 °C per minute until it reaches to 300, 400, and 500 °C. Once
the temperatures reached to 300, 400, and 500 °C, the annealing
process was performed for 2 hours. To study the surface contact
between ZnO nanorods and alumina microfilter, a half portion of
prepared solution (25 mL decreased to 10 mL through the
and growth
temperature of 300 °C was chosen to carry out evaporation

previously mentioned preparation method),
process. The growth parameters were summarized in Table 1.

Table 1 Growth parameters of ZnO nanorods on the substrates

Journal Name

tube (Fig. 2.b) coated by ZnO nanorods (Fig. 2.c,d),, The.BY.C
and LED lamps were placed in axis of react$t' whicE ¥4rb tradiate
on all interior region of alumina membrane, uniformly.

Photoreactor

o2 N2

Fig. 1. Schematic representation of the experimental set-up used
for the PCO of toluene in gas phase.

To inject the toluene gas, a gaseous stream of toluene was
generated by toluene generator with carrier gas mixture of pure
nitrogen and oxygen. The nitrogen and oxygen flow rate ratio
was adjusted to 4:1. The humidity ratio was adjusted using the
water bubbler system with same nitrogen and oxygen ratio. All
gas streams were controlled by mass flow controller (APEX,
USA). Besides the 316 stainless steel pipe was chosen to carry
the gas stream. To get rid of any adsorbed pollutants, prior to any
experimental process, the alumina microfilter modified by ZnO
nanorods were heated up to 70 °C for 2 h.

Quartz
UV-tube

Sample Growth rate Growth Grl;aos‘;::e

P ( C/min) temperature ( C) ?Bar)
S3 10 300 1 Permeable
S4 10 400 1 Outlet
S5 10 500 1

Photocatalytic oxidation reactor

Fig. 1 shows a schematic representation of the experimental set-
up used for the PCO of toluene in gas phase. As shown in Fig.
2.a, the experiments were conducted in continuous flow mode
using an annular flow-through reactor of about 314 mL, made of
316 stainless steel equipped with a high pressure mercury UV
lamp (400 W, Philips) and a blue—green LED (wavelength of
visible light ranged from 400 to 550nm). As previously
described, the photocatalytic medium was permeable alumina

2| J. Name., 2012, 00, 1-3

Outlet

Fig. 2. Designed photoreactor for degrading the toluene
molecules, Stainless steel photoreactor (a), permeable alumina
microfilter, schematic of ZnO nanords growth on the interior
surface of alumina microfilter (c), and gas permeation flow (d).

By assembling the reactor, the chamber of photoreactor was
washed by gas stream of nitrogen and oxygen gas mixture (N2/O2

This journal is © The Royal Society of Chemistry 20xx
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ratio of 4:1). The standard operating conditions used for
irradiation experiments are summarized in Table 2.

Table 2 Designed experimental condition of photoreactor

Parameters Value Parameters value
Inlet Gas Relative
25+2 L. 10-60
Temp. (K) Humidity (%)
Reaction Irradiation area
10-60 +£2 288.88
Temp. (°C) (cm?)
UV Irradiation
gﬁf,tc 5 T‘::)e“e 100-400  Intensity 1.8
PP (mW/cm?)
Inlet Toluene ;Il‘zldbilziion
Gas Flow (mL 100-400 400-550
. wavelength
min™)
(nm)

To investigate the photocatalytic degradation of toluene by ZnO
nanorods, an experiments set was prepared. First, the
degradation ability of toluene contaminant with various grain
size of ZnO nanorods was investigated at constant toluene
concentration, flow rate, relative humidity, reaction temperature,
and UVC light irradiation. To investigate the effective
parameters in photodegradation of toluene by various sizes of
ZnO nanorods, toluene concentration, toluene gas flow rate,
relative humidity, reaction temperature, and light source
wavelength effects were studied.

Characterization of deposited layers

To study the microstructure and morphology of the deposited
films, FE-SEM (S4160 Hitachi Japan) was used. The phase
structures were also investigated using the XRD apparatus
(Philips Expert- MPD). XRD tests were carried out at 6-20 mode
using Cu-Ka with wavelength of 1.5439A radiation. The optical
characteristics of deposited films were analyzed using the UV-
vis spectroscopy within the wavelength range of 190-1000 nm
(Avantes, AvaLight-D (H)-S, Netherlands). The aqueous
photocatalytic activity of prepared films was investigated by
degradation of 10 ppm aqueous MB solution (20 ml). Besides, to
investigate the photocatalytic activity of grown nanorods, 0.01
grams of ZnO nanorod/Al2O3 seed layer was mixed with
prepared methylene blue solution. The wavelength and power of
the UV-lamps used in these experiments were 365 nm and 400W,
respectively. The wavelength of visible-light ranged from 400 to
550nm by using a blue—green LED. The LECO analysis (USA)
has been used for determining the contents of nitrogen and
carbon atoms. The degradation of MB by ZnO nanorods was
determined by measuring the absorption intensity at its
maximum absorbance wavelength of Amp = 661 nm, by using a
UV—Vis spectrophotometer (Avantes, Avalight-D (H)-S,
Netherlands).

Sampling and analysis of toluene photodegradation process
To determine toluene and gas phase reaction, during the UV
irradiation, toluene and gas phase reaction intermediates were
collected for 10—-30 min at regular time intervals and at flow rate
of 30 mL min"! using multibed solid sorbent tubes. The gas
analysis system was composed of a GC-MS (Focus GC and

This journal is © The Royal Society of Chemistry 20xx
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DSQ, USA) for the quantitative analyses of tolueng. yapor.cLhe
chromatographic column of the GC-MS w4¥: afl RER.TCEAP1IREY
GC column (26m long, 0.53mm i.d., 3 mm film thickness). The
operating conditions of the GC-MS were set as follows: injector
temperature: 200°C, detector temperature: 200 °C, and the
column temperature (followed the sample injection) 60°C; which
was then increased from 60 to 100°C by the set program. Besides,
the helium carrier gas flow rate was 1mL min™!, helium make-up
gas was 50 mL min!, and the sample volume was 200 mL. A
quantitative analysis of the gaseous products of reaction was
conducted using the standard equations for a linear calibration
response. The equation was generated for each standard
compound using a minimum of five different concentrations with
three replicates at each concentration. All correlation coefficients
(R?) of the linear calibration response curves exceeded 99.5%.

3. Results and discussion

3.1 ZnO nanorod characterization

3.1.1 Surface morphology of grown nanorods

Fig. 3 illustrates the FE-SEM images of vertical growth of ZnO
nanorods on crystalline alumina microfilter and pure glass
substrate. As the figure shows, ZnO grown on various growth
temperature possesses a hexagonal wurtzite crystalline structure,
implying that the growth temperature range of 300 to 500°C does
not affect the crystal structure of ZnO nanorods. Fig. 3 a, b and
¢ show vertical growth of ZnO nanorods on the crystalline
alumina microfilter. Fig. 3.d shows pure porous alumina
microfilter as a substrate. Using the crystalline substrate (such as
crystalline alumina substrate), the developed ZnO nanorods
indicated vertical structures (Fig 3.a, b, c, e, and f). This can be
explained by formation of widespread ZnO nucleation on the
crystallites of Al2Os particles; and, subsequently, growing of
hexagonal structure of ZnO nanorods. Because of the crystalline
structure of Al2O3, the nucleated and grown ZnO nanorods
indicate high density and uniformity in size and length. In this
study, the crystalline Al>O3 microfilter was chosen to prepare the
crystalline sites for the growth of ZnO nanorods (Fig 3.a, b, c and
Fig 3.e). As shown in Fig 3.e, by decreasing the evaporated
solution up to half portion of previous solution, ZnO nanorods
grown on the surface of porous alumina substrate are more sparse
and shorter in length, in comparison with ZnO nanorods grown
from whole portion of prepared solution. This can be explained
by low accumulation of grown atoms and consequently low
seeding sites on the surface of the substrate. It is noteworthy that
the growing of ZnO nanorods in an approximately perpendicular
state on the alumina substrate was achieved without any other
primitive seeding process (Fig 3.e). Fig 3.f shows cross-section
image of developed ZnO nanorods on the porous alumina
microfilter. As the figure shows, because of porous structure of
alumina microfilter, ZnO nanorods are grown in some interior
parts of microfilter since the gaseous precursor permeate into
porous structure of alumina microfilter during the evaporation of
prepared solution.

As shown in Fig 3. a, b, and ¢, various ZnO nanorod growth and
annealing temperatures indicate various structures and
dimensions. The ZnO nanorods were approximately uniform and
70 nm in diameter (Fig 3.a). By increasing the temperature up to

J. Name., 2013, 00, 1-3 | 3
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400 °C, ZnO nanorods diameter is reached to 100 nm. This can
be explained by diffusion of ZnO atoms which results in radial
growth of ZnO nanorods. By increasing the temperature up to
500 °C, the ZnO nanorods dimension is increased up to 180 nm.
As shown in Fig 3.a, b, and c, an increase in growth temperature,
unlike the ZnO nanorods dimension, leads to the decrease in
number of grown ZnO nanorods.

Exterior

Fig. 3. The FE-SEM images of ZnO nanorods grown at various
growth temperatures of 300, 400 and 500 °C on Al2O3 micorfilter
(a, b, and c), pure microfilter (d), perpendicular ZnO nanorods
on interior surface of alumina microfilter (¢) and cross section
image of ZnO grown nanorods on the interior surface of alumina
microfilter (f)

Growth of ZnO nanorods starts by nucleation followed by
growth of ZnO nanorods from nucleated sites. Hence, the
nucleation sites numbers, growth temperature, and concentration
of evaporated solution could affect the microstructure of grown
ZnO structure. According to the fact that in the present work the
deposition condition including concentration of solution,
substrate, distance between substrate and evaporation source
were kept constant and only the evaporation and growth
temperature were changed, the microstructure changes would
come from the temperature differences. As shown in Fig. 3a, the
300°C evaporation and growth temperature is enough high in
nucleation and growth of ZnO nanorods. This means, at higher
temperature of 400 and 500°C, the same nucleation and growth
could happen as confirmed by Fig. 3b, and c. Besides, increasing
the growth temperature would incline the evaporation rate and
accordingly the growth rate. Hence, evaporation of solution at
lower temperature of 300°C provides enough time to deliver the
zinc precursors to more nucleated area which result in higher
number of ZnO nanorods growth possibility, while at higher
temperatures, the high evaporation rate would confine the

4| J. Name., 2012, 00, 1-3
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precursor delivery to all nucleated sites which causglimited
growth of ZnO nanorods and decreasitd 1th03g1evn0200
nanordos numbers. On the other side, as previously noted, higher
temperature of 400 and 500°C can provide higher zinc and
oxygen diffusion condition to grow bigger ZnO nanorods in
diameter.

a

Inttensity
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2 Theta
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Fig. 4. The XRD spectrum of ZnO nanorods on Al2O3 microfilter
in various growth temperature of 300, 400 and 500 °C (a), and
the magnified XRD spectrum of ZnO nanorods (b)

3.1.2
The structure of ZnO nanorods can be affected by important

Structural characterization of thin films

factors such as growth rate, annealing temperatures, impurities,
dopants, and size of seed crystallites. Fig. 4 depicts the XRD
patterns of ZnO nanorods grown on the crystalline dense alumina
substrates. The results show the high purity of hexagonal
wurtzite structure of ZnO without appearance of any other kinds
of ZnO crystals. Crystallization of ZnO nanorods in a hexagonal
wurtzite structure is confirmed with microstructure investigation
(Fig. 3). As shown in Fig. 4, the high crystallinity of ZnO
nanorods is achieved by using the AlO3 crystalline substrate.
The crystallites of Al2Os3 particles provided the suitable sites for
nucleation and growth of ZnO nanorod crystals. This can be
explained by crystalline structure matching of a-Alumina and
hexagonal wurtzite crystals. The observed diffraction peaks can
be indexed to those of hexagonal wurtzite ZnO (JCPDS 89-

This journal is © The Royal Society of Chemistry 20xx
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0510). The lattice parameters obtained for reference ZnO
nanoparticles are a=3.244 A and c=5.198 A in close agreement
with other reported values 2. As shown in Fig 4.a, by increasing
temperature, the crystallinity of the structure is improved and the
crystallite size is increased. As frequently reported, the crystal
size can be calculated by Debby Scherrer equation. The
calculated crystal size of grown ZnO nanorods are 12.65, 29.7
and 31.15 nm for growth temperatures of 300, 400, and 500 °C,
respectively. As shown in Fig 4.a, the crystallographic pattern of
ZnO nanorods grown at 300 °C indicates some leftward shifts in
angles, as compared to the reference ZnO nanocrystals. In this
work, PVP, which has enough sources of carbon and nitrogen for
loading in the structure of wurtzite, was used as a surfactant.
Considering the fact that the radius of carbon, nitrogen, and
oxygen are 70, 65 and 60 picometers, respectively, by
substitution of carbon and nitrogen instead of oxygen atoms in
the wurtzite structure, there will be an expansion in the wurtzite
structure, during the ZnO nanorods growth. This will lead to a
strain in the crystallographic structure of wurtzite. This means
that through the evaporation of the prepared solution, the carbon
or nitrogen content molecules are evaporated simultaneously
with zinc atoms and probably are loaded in the growing structure

RSC Advances

of ZnO crystals. The presence of the carbon and nitrogen dn, the
structure grown in 300 °C is affirmed by PEHCO 1848155 \WRH
was 7 and 1% for carbon and nitrogen, respectively.

In the hexagonal structure of ZnO, the plane spacing is related to
the lattice constants a, ¢, and Miller indices h, k, and 1, by the
following relation 2°.

1/d?=4/3((h*+hk-+k?)/a?) + (1?/c?)

For the (100) orientation, the lattice constant a is calculated as a=
MA3sin6, and for the (002) orientation, the lattice constant ¢ is
calculated as c= A/sin®.

The calculated d spacing of (100) face is expanded from 2.8093
A of reference ZnO to 2.8173 A of the C/N-loaded ZnO in the
growth temperature of 300°C. As shown in Table 3, lattice
parameters of a and c are increased simultaneously, which can
be attributed to carbon and nitrogen effects on the ZnO lattice.
According to the structure reported by U. Seetawan et al ?’, a and
b parameters are correlated with bond length of Zn-Zn, and c is
corresponded to bond length Zn-O. In this study, the increases in
a and c can be explained by substitutional and interstitial
placement of carbon and nitrogen.

Table 3 The crystallographic characteristics of ZnO nanorods in the various growth temperatures of 300, 400, and 500 C.

Growth d spacing (°A) a C
Sample Temperature 20 () P a 0(;‘;) Crystal size (nm) e= d/d
(W9 °A) °A)
S3 300 31,76 2,817 12.6 3.26 5.219 28x10*
S4 400 31,98 2,798 29.7 3.24 5.215 13x104
S5 500 31,85 2,813 31.1 3.25 5.204 12x10+
JCPDS 89-0510) - 31.89 2.809 - 3.244 5.198 -

As shown in Fig 4.b, there exists an approximate shift of 26 =
0.22 ° to larger angles from growth temperature of 300 °C to 400
°C. This can be explained by the drop in the level of loaded
carbon or nitrogen in the structure of ZnO nanorods once the
temperature rises up to 400 °C 2!. By ejecting the carbon or
nitrogen atoms out of the structure some obvious contraction is
observed. This means that, time, temperature, and oxygen
contents in the autoclave atmosphere could not provide the
oxygen substitutional state to form the ZnO structures. This
process leads to a kind of defect reported as an oxygen vacancy
28,29 which has been reported as a major defect in the ZnO
structure 3°. The calculated d spacing of (100) facet is decreased
t0 2.7983 A in the growth temperature of 400 °C due to the large
contraction effects in the ZnO structure. The falling a and ¢
parameters are in close agreement with ejecting carbon and
nitrogen atoms out of substitutional and interstitial locations. By
increasing the growth temperature up to 500 °C, another 26 =
0.13 shift to a smaller angle is observed. This means that by
rising the temperature up to 500 °C the time and temperature are

This journal is © The Royal Society of Chemistry 20xx

adequate to remove the oxygen vacancy. This result is confirmed
by previous studies which reported the stability of oxygen
vacancy up to 400 °C 3! 32, The calculated d spacing of (100)
facet increased again to 2.8129 A in the growth temperature of
500 °C because of the improvement in structure with ambient
oxygen. The strain of structure is slightly decreased by
increasing temperature from 28 x 10 to 12 x 10-*(Table 3).
3.1.3 Film optical properties

Fig. 5 shows the optical absorbance spectra of ZnO nanorods
grown on crystalline Al2O3 particles and pure crystalline Al203
particles which were peeled off from substrate and ultrasonically
dispersed in the deionized water. The band gap of ZnO nanorods
was determined from the cut-off wavelength as 1240/Am, where
Am is the wavelength value corresponding to the typical
absorption peak. As shown in Fig. 4, the cut-off wavelength of
ZnO nanorods appeared in 363 nm. The cut-off wavelength
corresponded to the calculated ZnO nanorods band gaps at 3.41
eV. The optical absorption edge of ZnO nanorods for ZnO

J. Name., 2013, 00, 1-3 | 5
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structures grown at 300 °C and 500 °C was approximately

identical.
0.6 o—CS5-A
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0.5
s §3- A
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Fig. 5. Normalized UV-vis absorbance spectroscopy of ZnO
nanorods grown on Al2O3 microfilters and pure Al2O3 particles.

3.1.4 Chemical photoactivity

Due to the fact that in this work the effects of relative humidity
are investigated, the aqueous photocatalytic properties of ZnO
nanorods should to be studied since the water molecule interfere
in the oxidation and reduction reactions. Fig. 6 illustrates the
aqueous photocatalytic degradation ability of the ZnO nanorods
grown on the crystalline Al2O3 by ultraviolet and visible light.
As shown in Fig. 6. a, the ZnO nanorods indicate desirable
properties in terms of the fast degradation methylene blue. In the
first 10 minutes of irradiation, approximately 78 % of methylene
blue was degraded by ZnO nanorods prepared at 300 °C. By
continuing the irradiation up to 20 min, approximately 98 % of
MB was degraded. This means that vertically grown ZnO
nanorods display the desirable capability of rapidly degrading
dyes such as methylene blue, which can be attributed to the high
surface area and crystalline structure of ZnO nanorods. By
increasing the growth temperature up to 400 °C and alternatively
up to 500 °C, MB degradation was decreased. The photocatalytic
activity can be influenced by parameters such as the crystallinity,
grain size, crystal size, oxygen, and metal vacancy, as well as
loading the metallic and non-metallic atoms in the structure.
Although increasing the crystallinity of ZnO nanorods could
improve the photoactivity properties of ZnO nanorods, the grain
and crystal size, carbon or nitrogen loading effect, and oxygen
vacancy play more important roles in the photocatalytic activity.
In other words, the ZnO nanorods grown at 300 °C show the best
photoactivity properties probably because of the carbon or
nitrogen content in the ZnO structure that was affirmed by LECO
result and XRD pattern in Fig. 4. By increasing the temperature
up to 400 °C, the photocatalytic activity decreased due to the
ejection of carbon and nitrogen atoms and the onset of oxygen
vacancy. Once the temperature rises up to 500 °C, the
photocatalytic activity decreased because of the growing
crystalline and grain size of the ZnO nanorods, which leads to
the lower surface area. As shown in Fig 6.b, degradation ability
of Mb by ZnO nanorods in visible light irradiation shows
interesting capability in activation of grown ZnO nanorods in
low energy light irradiation. This can be described by carbon and
nitrogen loading with ZnO nanorods which can adjust the ZnO

6 | J. Name., 2012, 00, 1-3
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valence and conduction bands to absorb the larger,waxelengths
and produce electron-hole pairs (Fig 6.5)°'SitnPiaticous Wath
ZnO/AlO3 mixture, the photocatalytic properties of the pure
powder of Al2Os3 have also been investigated in this work. For
pure crystalline Al2Os3 particles, the result revealed no obvious
changes in methylene blue degradation in 40 minutes of UV and
visible irradiation.

Dark Time
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Fig. 6 Photocatalytic degradation of MB by ZnO nanorods
grown on Al203 microfilters under UV (a) and visible light (b)
irradiation.

3.2. Photocatalytic degradation of Toluene

To investigate the photocatalytic degradation of Toluene by ZnO
nanorods, a set of experiments were conducted.

3.2.1 Effect of ZnO nanorods grain size

Nanostructured zinc oxide ZnO has a wide band gap for
generating the electron—hole pairs. Photocatalytic reaction shows
strong potential of degrading the VOCs, including BTEX
pollutants. In the same environmental conditions of
photocatalytic effects, two major parameters affect the
photocatalytic properties: i) generation of strong electron-hole
pairs and prohibition of recombination; and ii) specific surface
area of ZnO nanostructure which can be exposed by light
irradiation. As previously described, nitrogen and carbon loaded

in the grown zinc oxide nanorods improved the photocatalytic
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properties of ZnO nanostructures. This improvement has been
widely studied 2! 3% 34, Furthermore, despite the fact that specific
surface area of grown ZnO nanorods is less than that of ZnO
nanoparticles, once loading these materials as a single layer on
the substrate surfaces, using ZnO nanorods indicates much more

ARTICLE

accessible surface area (with further mass ratio). Bgsides.da the
heterogeneous reactions, the accessible suffate ar€2 YL aBPOsIEd
nanorod structure is apparently much more than that of spherical
nanoparticles

Table 4 Calculated and measured specific surface area of ZnO nanorods

Parameter Value
aramete 300 400 500
ZnO nanorods dimension 2a1=70 2a,= 100 2as= 180

(nm)

3x101

Number of ZnO nanorods

Specific Surface of single

6
ZnO nanorods (m?) 16810

Measured Total Specific
Surface of ZnO nanorods

465
(per 0.722 gr)

1.5x10'3 0.5%101

240%107 432x107

382 269

As mentioned before, the various conditions of ZnO nanorods
growth are chosen to achieve different size of ZnO nanorods.
Due the fact that the whole mass quantity of evaporated solution
is the same, the total deposited mass quantity of ZnO nanorods
will be the same. Hence, the number of grown ZnO nanorods on
the alumina microfilter substrates rises up by decreasing the ZnO
nanorods diameter. Moreover, a decrease in the ZnO nanorods
dimension leads to the increase in the total surface area (Table
4).
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Fig. 7. Degradation of toluene molecules by various ZnO
nanorods grown at 300, 400 and 500 °C and various irradiation
light sources of UV (a) and visible light (b).

Fig. 7 shows photodegradation of toluene by various grain size
of ZnO nanorods under ultraviolet and visible light irradiation.
Here, 200 ppbv of toluene gas stream with 200 mL min! flow
rate and 10% relative humidity at 25 °C was chosen to study the
effects of various grain size zinc oxide nanorods. As shown in
Fig. 7.a, by irradiation of UV light, approximately 85, 65, and
25% of toluene is degraded by first 10 minutes UV irradiation on
grown ZnO nanorods at 300, 400, and 500 °C, respectively. By
continuing the irradiation, just 15, 8, and 6% of toluene was
degraded on grown ZnO nanorods at 300, 400, and 500 °C,
respectively. Therefore, by the first cycle of gas permeation
through the ZnO nanorods, the majority of toluene molecules
break down and turn into other lightweight by-products.
Decreasing the efficiency of degradation in the next cycles can
be explained by the less interaction of toluene molecules with
‘OH and superoxide species. It must be noted that the
photocatalytic reactions including oxidation and reduction of
pollutants takes place by direct and indirect oxidation-reduction
reactions. Some works have been conducted on improving the
surface adsorption of BTEX molecules to increase degradation
efficiency 3% 3¢, Unlike the present study, they followed two
mechanisms including: a) adsorption and b) degradation, to
interfere in breaking down the pollutants. As shown in Figs. 7
and Fig. 3, permeation through the ZnO nanorods in horizontal
and vertical moods prepares appropriate condition for enhancing
the direct oxidation of toluene molecules. Thus, this causes a
major degradation of toluene molecules at the first cycle of
reaction (Fig. 7). As shown in Fig.7.a, an increase in the
nanorods dimension and decrease in the specific surface area
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leads to a dynamic drop in toluene degradation potential. Fig. 7.b
shows photodegradation of toluene molecules under visible light
irradiation.

As described in the methylene blue photodegradation study, in
addition to higher specific surface area of small diameter ZnO
nanorods, the grown ZnO nanorods at low temperature of 300 °C
(S3) shows high content of carbon and nitrogen which may
loaded into ZnO vurtzite structure in the growing step. This
carbon and nitrogen atoms loading provides low energy electron-
holes generation activity which result in higher toluene
molecules photodegradation. In general, according to the fact
that the probable direct contacting and adsorption of toluene
molecules on the surface of ZnO nanorods is more in higher
concentration of toluene molecules, the direct oxidation of
toluene molecules by generated electrons would conduct faster
and efficiently. Hence, as shown in Fig. 7a, the photodegradation
process at first 10 minutes for S3 and S4 which contains higher
toluene concentration is quit considerable. Weaker toluene
photodegradation by S5 in comparison to S3 and S4 in same
concentrations can attribute to weaker photodegradation ability
of grown ZnO nanordos at 500°C due to carbon and nitrogen
ejecting from ZnO structure and lower specific surface area of
grown ZnO nanorods at 500°C. Besides, after 10 minutes of
photodegradation of toluene in circulating reactor, the
concentration of toluene molecules drops and the
photodegradation rate will decrees due to lower possibility of
toluene adsorption and degradation at lower concentrations. As
shown in Fig. 7.b, degradation of toluene molecules under higher
wavelength light shows capability of ZnO nanorods for being
activated under low energy light irradiation. Degradation rate of
toluene under visible light irradiation is apparently lower than
that of VU light. Unlike the degradation of toluene molecules
under UV light irradiation, 50, 40, and 30% of toluene molecules
were degraded by 70, 100, and 180 nm ZnO nanorods under 120
minutes visible light irradiation, respectively. As shown in table
4, the calculated and measured specific surface areas of ZnO
nanorods are obviously different. This indicates that by
decreasing the ZnO nanorods dimension, a major sidewall
surface effect is diminished due to sidewall attaching of ZnO
nanorods. This fact is illustrated in Fig. 3.

3.2.2. Effect of inlet flow rate

To investigate the gas flow rate on the degradation ability of ZnO
nanorods, various toluene gas flow rates with constant
concentration and relative humidity of 200 ppbv and 10% were
chosen, respectively. Since gas flow rate in circulated systems is
quite different from one-step permeation of toluene gas stream,
the effects of one-step permeation was investigated to study the
effect of gas flow rate on degradation of toluene molecules. As
shown in Fig. 8, the increased gas flow rate up to 200 mL min"!
leads to the considerable change in degradation efficiency of
toluene. However, by increasing the flow rate up to 400 mL min
In, the degradation efficiency of toluene gradually decreased. So,
one can state that in the low gas flow rates of 100 and 200 mL
min-!, the flow rate of inlet toluene gas does not sharply affect
the degradation efficiency; however, by increasing the flow
rates, the degradation efficiency of toluene molecules starts

8 | J. Name., 2012, 00, 1-3

decreasing. Flow rate determines retention timg.pftelugne
molecules interact with reduction and [SXidAti6AY/SHEEIES06E
reaction environment. As the direct contact oxidation and
reduction reactions are more considerable than indirect reactions
in the permeation systems, the toluene molecules interact with
interfacial electron-hole pairs and oxidation and reduction
radicals on the ZnO nanorod surface while passing through the
ZnO nanorods surface. Accordingly, by passing the inlet toluene
molecules through the jungle-like structure of ZnO nanorods, the
probability of toluene molecule degradation enhances because of
the increased contact probability between toluene molecules,
interface oxidation, and reduction species. Subsequently, as
shown in Fig. 8, increasing gas flow rate up to 200 mL min-'does
not limit the surface contact of toluene molecules and reactive
species. As a result, degradation ability of ZnO nanorods does
not decrease. On the other hand, an increase in the gas flow rate
up to 400 mL min!, the contact probability between toluene and
reactive species deceases. Furthermore, presence of water
molecules on the ZnO nanorods surface affects the degradation
efficiency of toluene molecules by changing the absorption
ability of the surface. So, by increasing the inlet gas flow rate,
the probability of toluene molecule absorption by wet surface of
ZnO nanorods decreases.

=53 r 100

ms4
- 80
S5
- 70
- 60
- 50
- 40
L 30
- 20
- 10
T T T 0
400 300 200 100

Flow Rate (mL/min)

Degradation Efficiency (%)

Fig. 8. Degradation of toluene molecules by ZnO nanorods at
various gas flow rates of 100, 200, 300, and 400 mL min-'.

3.2.3. Effect of inlet gas concentration

Decreasing the VOCs pollutant such as BTEX at high
concentration is not as harder as low concentration of pollutants.
Therefore, decreasing the existed BTEX pollutants at ppm level
is more applicable in comparison with pollutant concentration at
ppb level. This can be explained by the difficulty of pollutant
molecule trapping and removing at the ppbv level. Recovering
or degrading the toluene molecule at the ppbv level is among the
concerns of many industries. Photocatalytic method is a
promising method to degrade the BTEX pollutant such as toluene
at the ppbv level. Fig. 9 shows degradation efficiency of toluene
molecules by various ZnO nanorods at the inlet concentration of
100-400 ppbv in the constant flow rate and relative humidity of
200 mL min~'and 10%, respectively. As shown in Fig. 9, at low
inlet concentration of toluene, ZnO nanorods indicate strong

This journal is © The Royal Society of Chemistry 20xx
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degradation ability. However, increasing the toluene
concentration up to 200 ppbv, the degradation efficiency slightly
drops and again by increasing the toluene concentration up to
400 ppbv, the degradation efficiency gradually rises. As
previously discussed,

decomposes on the surface of the ZnO nanorods instead of gas

the majority of toluene molecule

environment. Thus, the activated sites and generated free radicals
produced by existing humidity and oxygen molecules play the
main role in toluene molecules decomposition. In this state, two
mechanisms can describe the behavior of photocatalytic
reactions: a) oxidation of toluene molecules by electron—hole
pairs directly on the ZnO nanorods solid-gas interface and; b)
oxidation of toluene molecules by free radical and super oxides
in the solvent humidity shell on the ZnO nanorods surface. At
the low toluene concentration of 100 ppbv, the free radicals show
sufficient potential to degrade the absorbed toluene molecules in
the water-gas interface. Nevertheless, by increasing the toluene
concentration, degradation efficiency drops due to low access of
toluene molecules on the wet surface of ZnO nanorods. As
shown in Fig. 9, by increasing the toluene concentration up to
400 ppbv, the degradation efficiency slightly increases; which
can be attributed to the increased toluene molecule absorption on
the ZnO nanorods. In other words, by increasing the toluene
concentration, as well as the free radicals oxidation mechanism,
direct oxidation mechanism of toluene molecules governs the
oxidation process.

ms3

90
mS4

80
70

H55
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50
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30
20

Degradation Efiiciency(%)
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£00 300 200 100

Inlet Concentration (pphv)

Fig. 9. Degradation of toluene molecules by ZnO nanorods at
various gas concentration of 100, 200, 300, and 400 ppbv.

3.2.4. Effect of Relative Humidity

Relative humidity is among the most important factors of the
photocatalytic reactions. To investigate the water molecules
interfering in the photocatalytic reactions, a gas stream with
various relative humidity ranging from 5 to 60% and the constant
gas flow rate and concentration of 200 mL min! and 200 ppbyv is
chosen, respectively. Fig. 10 shows effects of various relative
humidity on the photo-degradation of toluene molecules in the
by-product species. As depicted in Fig. 10, by increasing the

This journal is © The Royal Society of Chemistry 20xx
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relative humidity from 5% up to 20%, degradatign, ¢fficiency
increases, but after a peak at highest effid?etch 632006 FE14T ¢
humidity, increasing the relative humidity leads to lower
efficiency. Some studies examine the effects of relative humidity
in conversion and mineralization of BTEX pollutant 3. Through
these researches, TiO2 was chosen as a photo catalyst for
photoreactors 3337, The existence of optimum relative humidity
is different for various photoreactor conditions’”> 3%, Obee
showed that there is an optimum level of 5% for relative
humidity to reach the maximum efficiency of toluene

degradation 38

. However, in another study, Sleiman et al.
reported no optimum for relative humidity. They believe that, the
absorption competition between water and toluene molecules on
the photocatalyst surface is the most important mechanism to
study the relative humidity effects. They observed a slight
decrease in conversion and mineralization efficiency by
increasing the relative humidity. It must be noted that they used
different photoreactor conditions in their study; 120 ppbv 37
versus 290 ppbv 38 Thus, other test condition such as
concentration and gas flow rate can obviously affect the results.
In the present study, there is a rise in the degradation efficiency
of toluene molecules by increasing the relative humidity up to
20% (Fig. 10). Improving the degradation efficiency by
increasing the relative humidity up to 5% was discussed by Obee
et al. They reported that this increase can be explained by
generating the free -OH radicals 3. Therefore, the increase of
photodegradation efficiency can be attributed to the generation
of new free radicals and superoxide species of water molecules
existing on the ZnO nanorods surface. Decreasing the
degradation efficiency up to 60% can be because of overloading
of water molecules on the surface and competitive absorption
mechanism which was confirmed by previous works 37> 3%, The
interconnected parameter with relative humidity is the reaction
temperature which can directly affect the results of relative
humidity effects. So, the effects of reaction temperature were

also investigated in this study.

- 100
mSs3 - 90
54 - 80

Degradation Efficiency (%)

60 50 40 30 20 10 0
Relative Humidity (%)

Fig. 10. Degradation of toluene molecules by ZnO nanorods at
various relative humidity of 5 to 60%.
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3.2.5. Effect of Reaction Temperature

A large number of researchers, who investigated the photo-
degradation of VOC:s, tried to keep the temperature as a constant
parameter, especially in the room temperature 3¢ 37 39
Nevertheless, in some works conducted on temperature effects,
the gas temperature was mentioned as a reaction temperature 40,
while we believe that the surface temperature of photocatalyst is
the real reaction temperature since the majority of reactions
occur on the surface of the photocatalysts instead of gas
environments. This suggestion can be strengthen by increasing
the surface temperature of photocatalyst by UV irradiation
during the photoreaction. Therefore, to investigate the reaction
temperature of photodegradation process in this study, the K-
type thermocouple in contact with ZnO nanorods surface was
used to adjust the reaction temperature. The ZnO nanorods
surface temperature was controlled by inlet gas temperature
prepared by thermoelectric heater/cooler system prior to
photoreactor inlet. To investigate the temperature effects on
toluene photodegradation, the surface temperature was adjusted
between ranging temperature of 10 to 60°C with constant gas
flow rate, concentration, and relative humidity of 200 mL min‘!,
200 ppbv, and 10%, respectively. As shown in Fig. 11, an
increase in surface temperature of ZnO nanorods up to 30°C leads
to the rise of photodegradation efficiency of toluene molecules.
Besides, by rising the surface temperature up to 60°C, the
photodegradation of toluene decreases. Improving the
photodegradation efficiency up to 30°C can be described by two
approaches: i) increasing the adsorption ratio of toluene
molecules on the surface of ZnO nanorods; and ii) hydroxide and
superoxide species mobility which in turn can increase the
probability of collision with toluene molecules. Moreover, at the
temperatures above 30°C, desorption of toluene and water
molecules from the surface is dominant. Also, recombination of
generated electron-hole pairs at high temperature is intensively
accelerated.
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Fig. 11. Degradation of toluene molecules by ZnO nanorods at

various reaction temperatures of 10 to 60 °C.

3.3. ZnO nanorods photocorrosion study
Under UV irradiation, the strong photogenerated electron could
reach higher states of conduction band to oxidize the methylene

10 | J. Name., 2012, 00, 1-3

blue or toluene molecules while leaving holes inghe valence
band which may contribute in photocorro3idn! @fZROSHEcaEE
(Fig. 12a). In the carbon or nitrogen loaded ZnO nanorods, the
lower energy photoexcitation occurs by irradiation of visible
light wavelengths with enough energy which could oxidize the
MB or toluene at higher wavelengths and generating hole at
valence state which could play the same role in photocorrosion
of ZnO nanorods. Hence, regardless of band gap tuning of ZnO
nanorods by carbon and nitrogen loading, in case of no electron
or hole scavenger, ZnO nanorods would corrode gradually.
Accordingly, the charge scavengers like metals, semiconductors,
and carbon base materials could extract the carriers to make ZnO
nanostructures more stable in the photocatalyzing processes.

As discussed, ZnO could face a photocorrosion problem in the
photocatalyzing processes. The photocorrosion is one of the
important problems in photocatalyst technique.

a 4 Lo
, co,
é 4.2 \
Z 4.4 CrHg
& f Q
b N
=
ZnO
h+ / + +2
—_— Zn0 +2h*, Zn*2 +1/20,
-8.0 \‘Z"”
ZnO &
Al,O, C/N loaded ZnO
b “m— UV+MB
—o— Vis+MB
— A— UV+Toluene o
Li 265 —v— Vis+Toluene e
= —e— UV+H,0 /
o —4— Vig+H,0 :
= e
S / B -
T 10 P il
I=
[4}]
5
S L
£ .
(&)
+C
N
— T T g R el Rl ]

T
0 5 10 15 20 25 30 35 40
Irradiation time (houres)

Fig. 12. The photogeneration and photocorrosion mechanism of

ZnO nanorods under UV and visible light irradiation in presence

of toluene or MB molecules (a) and photocorrosion of ZnO
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nanorods in UV and visible light irradiation for 36 hours in DI
water, MB in DI water and gaseous toluene in toluene removal
reactor (b).

As previously studied in some works, ZnO could decompose due
to generated species in the aqueous solution #! 4243, The possible
mechanism was proposed by the strong reaction between
generated ¢OH radicals (in presence of H2O) and MV*2 or MB*
(in the polluted environment) with the oxygen of ZnO which
causes dissolution of ZnO in the solution 4. So many attempts
conducted to prevent the photocorrosion effect such as coupling
the ZnO nanostructures by metals (such as Ag and stainless steel)
41" semiconductors (such as TiO2 and CdS) 4%46 and carbon based
nanostructures (such as C60, CNT, and graphen)*> 43- 4748 In
this work, we studied the photocorrosion study of grown ZnO
nanorods on the Al2O3 microfilter. To investigate the different
photocorrosion effect we designed some experiments. 1)
Irradiation of ZnO nanorods by UV and visible light in pure
water. 2) Irradiation of ZnO nanorods by UV and visible light in
MB polluted aqueous solution. 3) Irradiation of ZnO nanorods
by UV or visible light in toluene removal reactor with 200 ppbv
of toluene gas stream, 200 mL min! flow rate and 10% relative
humidity at 25 °C. The concentration of Zn*? was measured to
compare the photocorrosion effect. In the toluene removal
reactor, after the appointed time, the grown ZnO on ALO;
microfilter was washed by same quantity of DI water used in
study of ZnO photocorrosion by pure and MB polluted solution.
According to the fact that alumina has a wide band gap with no
electron or hole affinity in contacting with ZnO nanorods (Fig.
12.b), the generated electrons and holes in the grown ZnO
nanorods on the Al2Os3 substrate act like the single ZnO
nanorods. As shown in Fig. 12.b, ZnO nanorods show
photocorrosion in the UV and visible light irradiation
simultaneous with degrading the MB in the aqueous solution.
This means, concurrent with decomposition of methylene blue
molecules into smaller groups, the photogenerated MB*® and «OH
could react with the oxygen of ZnO nanorods corroding the ZnO
nanostructure into Zn*? ions in the solution. To study the ZnO
nanorods in degradation of Toluene molecules, we conducted the
same analysis using irradiation of UV and visible light in
presence of toluene molecules. The photocorrosion of ZnO
nanorods in presence of toluene molecules was almost same as
pure water molecules showing low potential of toluene species
radicals in corrosion of ZnO nanorods. It is worthy to mention
that the present contents of moisture in the toluene removal
reactor could play a main role in dissolving the toluene
molecules and providing the «OH radicals which could capture
the oxygen from ZnO nanorods. Hence, to protect the
photocorrosion of ZnO nanorods, coupling the ZnO nanorods by
proposed metals, semiconductors, or carbon base materials in the
previous reports would enhance the performance of reactor
including the photocatalyst activity and photocorrosion stability.

Conclusions

Vertical and uniform ZnO nanorods are grown by ESAP
technique at various growth temperature of 300, 400, and 500 °C

This journal is © The Royal Society of Chemistry 20xx
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to investigate in degradation ability of toluene molecules.chhe
results showed that growth of ZnO nanopSUs! &f FOO-SCASHBWS
better photocatalytic activity because of the small grain and
crystal sizes and probably carbon or nitrogen loaded structure of
wurtzite. The grown ZnO nanorods indicate hexagonal wurtzite
structure. The ZnO nanorods prepared at 300 °C display desirable
band gap for rapid degradation of MB in approximately 20
minutes. To study the most important parameters on degradation
ability of toluene molecules by ZnO nanorods, gas concentration,
gas flow rate, relative humidity, reaction temperature, and
various light sources were investigated. The results showed that
alteration in gas concentration and flow rate affects the toluene
degradation ability by direct and indirect oxidation and reduction
mechanisms and absorption capability of ZnO nanorods surface
in the various flow rates. In this system, 20% relative humidity
and 30°C reaction temperature were found as the optimum
parameters in maximum toluene conversion.
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