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a b s t r a c t

The effects of synthesis conditions (i.e., metal concentration, precursor flowrate, and O2 dispersion) dur-
ing flame-spray pyrolysis (FSP) and annealing post-treatment on the characteristics and photocatalytic
activities of ZnO nanoparticles have been investigated. The average particle size of ZnO powder prepared
by one-step FSP method were in the range of 8.8–47.0 nm and were found to be increased with increas-
ing the enthalpy density, flame height, and high-temperature residence time during FSP synthesis. The
larger particle size FSP-derived ZnO nanoparticles exhibited higher photocatalytic activities in the degra-
dation of methylene blue (MB) dye. The degradation rate over FSP-ZnO-47.0 nm was 1.7 and 7.2 times
higher than those of the commercially available photocatalysts Degussa P-25 and JRC-TiO2, respectively.
hotocatalysts
nnealing

The better photocatalytic performance of the FSP-ZnO was correlated well with the improved crystalline
quality of ZnO nanoparticles as revealed by the X-ray diffraction (XRD) and the photoluminescence (PL)
results. Further increase of FSP-ZnO particle size to 52.6–103.5 nm by annealing post-treatment at high
temperatures (750–900 ◦C), however, gradually decreased their photocatalytic activities. Our results in
this study suggest a balance between high crystalline quality that enhanced photo phenomena and the
surface area available for substrate adsorption in order to obtain high photocatalytic activity of ZnO

nanoparticles.

. Introduction

Dye pollutants from textile paper and other industries are an
mportant source of environmental contamination. Conventional
reatment of such wastewater generally involves coagula-
ion/flocculation [1,2], electrocoagulation [3], coagulation/carbon
dsorption process [4] and so on. These methods, however, merely
ransfer dyes from the liquid-phase to the solid-phase, requiring
urther treatment and causing secondary pollution [5]. In the past
wo decades, photocatalysis by semiconductive materials such as
iO2 and ZnO has attracted public concern as a promising tool
mong the advanced oxidation processes to substitute the tradi-
ional wastewater treatment due to their high photosensitivity,

on-toxic nature, high stability, and wide band gap [6]. While TiO2

s probably the most frequently used photocatalyst, ZnO is an alter-
ative photocatalyst with low cost. It has a similar band gap energy
ompared to TiO2 (3.2 eV) [7] and can adsorb over a larger frac-
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tion of UV spectrum [8]. Higher photocatalytic efficiency of ZnO
compared to TiO2 has been reported especially for degradation of
organics in aqueous solutions [5,9–13]. Our recent study showed
that Au–ZnO and Pt–ZnO nanocomposites prepared by one-step
flame-spray pyrolysis exhibited high photocatalytic activities in
degradation of methylene blue dye [14].

For semiconductor photocatalysts, particle size is an important
parameter for controlling surface area and electronic structure.
When the catalyst particle size is reduced down to a few nanome-
ters, an elevate density of active sites for substrate adsorption
and/or catalysis can be guaranteed, as small particles possess a
significantly higher surface-to-volume ratio compared to the bulk
material. When the nanocrystal size is comparable or smaller than
the bulk exciton diameter, the band-gap becomes size-dependent
due to quantization effects [15,16]. Moreover, an efficient pho-
tocatalytic process requires highly crystalline semiconductors to

minimize electron–hole pair loss owing to the trapping of either
charge carriers at defect states [17,18].

The effect of particle size on photoactivity of ZnO has been
addressed by a number of researchers [19–22]. For examples,
among the three different particle sizes of ZnO nanoparticles (14,

dx.doi.org/10.1016/j.cej.2010.08.027
http://www.sciencedirect.com/science/journal/13858947
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ig. 1. XRD patterns of the as-prepared flame-made ZnO with various crystallite siz
nO particles: (f) 52.6 nm, (g) 67.1 nm, (h) 80.3 nm, (i) 90.6 nm, (j) 103.5 nm.
9, and 26 nm) prepared by precipitation process, the smaller one
esulted in more surface oxygen vacancies, higher ESR intensity,
tronger PL signal, and higher photocatalytic activity [20]. Dodd
t al. [21] prepared ZnO nanoparticles with various particle sizes

ig. 2. Relationship between crystallite size of ZnO and annealing temperature.

able 1
elationship between the synthesis conditions and ZnO crystallite sizes.

Metal concentration
(molar)

Precursor flow
rate (ml/min)

Dispersion oxygen
flow rate (l/min)

Annealin
temperat

0.3 3 5 n/a
0.3 8 3 n/a
0.5 8 3 n/a
0.8 8 3 n/a
1 8 3 n/a
1 8 3 750
1 8 3 800
1 8 3 835
1 8 3 850
1 8 3 900

/a = not applied.
8.8 nm, (b) 19.4 nm, (c) 30 nm, (d) 40.7 nm, (e) 47 nm and the annealed flame-made

in the range of 28–57 nm by mechanical milling and heat treat-
ment. The authors found that there exists an optimum size of 33 nm
for which the photocatalytic activity of ZnO is maximized. Li et al.
[22] also obtained ZnO nanoparticles with average sizes 21–90 nm
by varying the calcination temperature between 200 and 1000 ◦C
and found that ZnO prismatic aggregated obtained by calcination
at 800 ◦C demonstrated the highest photocatalytic activity. More
recently, Xie et al. [19] showed that photocatalytic properties of
various particle sizes of ZnO (15, 50, 200, and 1000 nm) synthesized
by thermal evaporation and chemical deposition in UV-induced
degradation of methyl orange depended on size, morphology, and
preparation method of ZnO. Thus, in previous studies, it has clearly
shown that efficiency of photocatalytic process can be maximized
by optimizing the particle size of ZnO photocatalysts. However,
preparation method as well as pretreatment conditions such as
calcination temperature strongly affects the properties of ZnO pho-

tocatalysts.

In this report, ZnO nanoparticles with various particle sizes were
obtained by flame-spray pyrolysis (FSP) method. Various particle
sizes of the flame-made ZnO powder (8.8–103.5 nm) were obtained
by varying the process conditions such as metal concentration in

g
ure (◦C)

Crystallite size
dXRD (nm)

Average primary
particle size dTEM (nm)

BET surface
area (m2/g)

8.8 11.1 63.1
19.4 20.5 35.5
30.0 31.3 26.2
40.7 39.8 13.6
47.0 48.7 15.1
52.6 57.7 12.0
67.1 71.7 8.0
80.3 98.9 6.8
90.6 116.7 5.9

103.5 159.9 5.8
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eed, precursor flow rate, dispersion oxygen flow rate, and anneal-
ng temperature. The effects of both FSP synthesis conditions and
nnealing post-treatment on the characteristics and photocatalytic
roperties of the flame-made ZnO in photodegradation of methy-

ene blue (MB) were discussed extensively.

. Material and methods
.1. Synthesis of ZnO nanoparticles by flame-spray pyrolysis

Synthesis of ZnO with various particle sizes by FSP technique
ere carried out using a spray flame reactor [24]. Zinc naphthanate

Aldrich; <50% in mineral spirits) was used as zinc precursor. The

ig. 3. TEM micrographs, SAED patterns, and particle size distribution of the as-synthesi
nnealed ZnO: (d) 67.1 nm, (e) 80.3 nm, (f) 103.5 nm.
gineering Journal 164 (2010) 77–84 79

precursor was dissolved in ethanol (J.T. Baker; 99.9%). To obtain
different ZnO particle sizes during particle synthesis, precursor
solution ranged from 0.3 to 1 mol/l and liquid precursor feed rates
varied from 3 to 8 ml/min were fed to the flame by a syringe
pump. Precursors were dispersed with 3–5 l/min oxygen forming
fine spray droplets. The pressure drop at the capillary tip was
maintained at 1.5 bar by adjusting the orifice gap area at the
nozzle. The reactor was water-cooled to avoid evaporation or

decomposition of the precursor within the feed lines. The flame
was ignited by a concentric premixed methane/oxygen pilot flame
(CH4 1.5 l/min, O2 3.0 l/min) that was sheathed further by flowing
oxygen (25 l/min) through a sintered metal plate ring (8 mm wide,

zed FSP-made ZnO particles: (a) 8.8 nm, (b) ZnO 30.0 nm, (c) ZnO 47.0 nm and the
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Fig. 3.

tarting at a radius of 8 mm). The powder particles were collected
n a glass–fiber filter (GF/D Whatman; 257 mm diameter) with
he aid of a vacuum pump.

.2. Annealing of the flame-made ZnO

Annealing of the ZnO powders was performed in a Carbolite

WF1300 temperature programmed box furnace in static air, ZnO
owders with the particle size of 47 nm produced by FSP method
ere heated at 10 ◦C/min to desired temperature (750, 800, 835,

50, or 900 ◦C) and maintained at that temperature for 1 h in order
o form larger particles.
inued )

2.3. Characterization

Powder X-ray diffraction (XRD) was performed by a SIEMENS
XRD D5000 diffractometer using Cu K� radiation. The crystal-
lite size (dXRD) of FSP-ZnO powders was estimated from the
full-width half-maximum breadth of the (1 0 1) diffraction peak
using the Scherrer equation. The specific surface area was mea-
sured by N physisorption using a Micromeritics ASAP 2000
2
automated system and the Brunauer–Emmet–Teller (BET) method.
Each sample was degassed under vacuum at <1 × 10−5 bar in the
Micromeritics system at 300 ◦C for 3 h prior to N2 physisorption.
The particle morphology was observed using JEOL Model JEM-



O. Mekasuwandumrong et al. / Chemical Engineering Journal 164 (2010) 77–84 81

F
8
8
3

2
P
r
l
w
w

2

P
e
v
a
n
o
w
w
b
a
(
P
t
l
1
r
c
U
c
c
b

D

i
t

3

3

Z

particles and rod-like particles. The average primary particle diam-
eters of ZnO with various particle sizes determined by TEM (dTEM)
are also given in Table 1. The dTEM data were in good agreement with
the dXRD values. The corresponding SAED patterns are shown in the
ig. 4. PL spectra of various ZnO particle sizes prepared by FSP method (a) ZnO
.8 nm, (b) ZnO 19.4 nm, (c) ZnO 30.0 nm, (d) ZnO 47.0 nm, (e) ZnO 67.1 nm, (f) ZnO
0.3 nm, (g) ZnO 90.6 nm, and (h) ZnO 103.5 nm with the excitation wavelength of
25 nm.

010 transmission electron microscope (TEM) operated at 200 keV.
hotoluminescence measurement (PL) was carried out on a fluo-
escence spectrophotometer (Perkin-Elmer LS-50) using a Xenon
amp as the excitation source at room temperature. The sample

as dispersed in ethanol using ultrasonic bath and the excitation
avelength used in PL measurement was 325 nm.

.4. Photocatalytic activity testing

A basic aniline dye, methylene blue (MB), from Unilab Asia
acific Specialty Chemicals Limited was used as a probe molecule to
valuate the photocatalytic activities of the flame-made ZnO with
arious particle sizes. The photocatalytic reaction was conducted
t room temperature under UV light 2 × 15 W UV tube predomi-
antly emitting at 365 nm (Philips) with the average light intensity
n the reaction beaker (pyrex) at a distance of 6 cm from the lamp
as found to be 4.7 × 10−4 W cm−2. The reaction was carried out
ith 20 mg of catalyst dispersed in 200 ml of 10 ppm methylene

lue aqueous solution. The pH of solution was constant at 6.3 for
ll experiments. The reaction was operated with high stirring rate
1000 rpm) in order to eliminate the external mass transfer effect.
rior to irradiation, the suspensions were magnetically stirred in
he dark for 15 min to establish the adsorption/desorption equi-
ibrium of methylene blue. 2 ml samples were withdrawn every
0 min. Before analysis, the aqueous samples were centrifuged to
emove any suspended solid catalyst particles. The residual con-
entration of methylene blue was measured at 665 nm using the
V–vis spectrophotometer (Perkin-Elmer lampda 650) in liquid
uvette configuration with de-ionized water as reference. The per-
entage of degradation was calculated using the equation given
elow:

egradation (%) = C0 − C

C0
× 100 (1)

n which C0 is the initial dye concentration and C is the dye concen-
ration after the treatments.

. Results and discussion
.1. Particles characterization

Fig. 1a–e shows the XRD patterns of as-synthesized FSP-
nO nanopowder with average crystallite sizes between 8.8 and
Fig. 5. UV–vis spectra of ZnO with various particle sizes.

47.0 nm. All of the indexed peaks are well matched with that of
bulk ZnO (JCPDS Card No. 36-1451) possessing wurtzite hexag-
onal phase. No other diffraction peaks or amorphous phase was
detected. The diffraction peak intensities were increased and the
peaks became sharper with increasing ZnO particle sizes. The larger
particle sizes of ZnO particles were obtained by increasing the pre-
cursor concentration, the ratio of the feed liquid, and decreasing the
dispersion oxygen gas flow rates through the nozzle. Fig. 1f–j shows
the XRD patterns of the annealed ZnO powders. The XRD char-
acteristic peaks were similar to those of the as-synthesized ones.
The calculated particle sizes of annealed ZnO were in the range of
52.6–103.5 nm indicating that annealing of the flame-made ZnO
particles (47 nm) at relatively high temperature between 750 and
900 ◦C resulted in further crystal growth of ZnO. The relationship
between synthesis conditions and corresponding ZnO particle sizes
are summarized and illustrated in Table 1 and Fig. 2, respectively.

The TEM micrographs with selected area electron diffraction
(SAED) patterns and particle size distribution of the as-synthesized
and the annealed ZnO with various particle sizes are shown in Fig. 3.
Frequency (%) was obtained by counting 50–100 ZnO particles from
TEM images. All the samples consisted of polyhedral primary par-
ticles, typically seen in flame-made powders [23], with spheroidal
Fig. 6. Relationship between for the percentage of MB degradation after 1 h and the
particle size of ZnO photocatalysts prepared by FSP method.
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(Oi) [36,37]. The blue emission at ∼425 nm and weak blue at
∼445 nm most likely occurs from the donor level of Zn intersti-
tial (Zni) to acceptor energy level of Zn vacancy (ZnO) [38]. The
blue–green band around 470 nm was probably caused by radiative
ig. 7. The catalytic performances for photodegradation of methylene blue using F
or comparison (P25 and JRC titania) (dashed lines).

nsets. The diffraction patterns of all the powders illustrate spot
atterns of the hexagonal structure of ZnO, indicating that the ZnO
anoparticles are single crystalline. As also shown in Table 1, BET
urface areas of the as-synthesized ZnO particles decreased from
3.1 to 15.1 m2/g as the precursor concentration increased from 0.3
o 1 M and the feed rate increased from 3 to 8 ml/min. The result was
onsistent with previous studies of the flame-synthesized metal
xides such as TiO2 [25], SiO2 [26], CeO2 [27], Pt/Al2O3 [28], and
g/ZnO [29]. Typically, increasing of precursor feed flow rate and/or
recursor concentration while keeping the oxygen flow rate con-
tant results in higher enthalpy of flame, longer residence times
nd hotter flames [24,25]. This phenomenon is due to the fact that
he combustion of the precursor is an exothermic reaction, con-
ributing to overall increase in energy dissipation within the flame.
dditionally, as the precursor feed flow rate and precursor concen-

ration increased, Zn concentration within the flame also increased.
his, coupled with the increased enthalpy content, residence time
nd higher flame temperature, resulted in increased coalescence
nd sintering of the particles. After high-temperature annealing
750–900 ◦C), the BET surface areas decreased further from 15.1 to
.8 m2/g indicating that ZnO particles sintered by heat treatment.

Room temperature PL spectra of all the ZnO powders are shown
n Fig. 4. The spectra mainly consisted of two emission bands. The
rst band is the UV near-band-edge emission (NBE) at ∼385 nm
30,31]. Sharp NBE emission peak results from recombination of
xcitons and its position and structure is an indication of crys-
al quality [32,33]. The NBE emission intensities in the PL spectra
ncreased as the particle size of as-synthesized ZnO increased. The
ighest value was found for the FSP-made ZnO with the crystal-

ite size of 47 nm. Improvement of the crystal quality of ZnO can
e attributed to the increase of flame enthalpy and Zn atomic con-

entration in gas phase that contributed typically to longer and
otter flames, which as a consequence, produced larger and more
rystalline particles. However, the excitonic peak intensity for the
nnealed samples was remained constant and slightly decreased
s the annealing temperature was raised higher than 835 ◦C. More-
ade ZnO catalysts with various particle sizes (bold lines) and commercial catalysts

over, the shift to the lower wavelength was also found in the
FSP-made ZnO with the crystallite size of 8.8 nm. This result would
be attributed to the quantum confinement effect of ZnO nanopar-
ticles [34,35]. Madler et al. [35] prepared the ZnO quantum dots
by spray combustion of Zn/Si precursors. These crystallites exhibit
a quantum size effect due to the preventing of the growth and
stabilized the ZnO crystals. The blue shift of the ultraviolet–vis
absorption edge increased with decreasing ZnO crystal size. The
other band observed in PL spectra was the visible emission that
usually associates with the deep level emission (DLE) in ZnO. Most
researchers believe that the DLE come from oxygen vacancies (VO),
zinc vacancies (Zn ), interstitial zinc (Zn ), or interstitial oxygen
Fig. 8. Relationship between percentage of conversion of MB after 1 h of UV irradi-
ation and PL intensity of the ZnO particles.
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Fig. 9. Pseudo first-order rate constants for ZnO catalysts with

ransition of electron from shallow donor levels, created by the oxy-
en vacancy to valence band [39]. The green emission at ∼530 is
ommonly observed for ZnO, and was attributed to the singly ion-
zed oxygen vacancy in ZnO [40]. This emission results from the
ecombination of a photo-generated hole with the singly ionized
harge state of the specific defect [41]. The peak intensity of the blue
nd weak blue peak light emission increased with increasing of ZnO
rystallite size from 8.8 to 47.0 nm and then was found remained
nchanged. The weak blue–green band and green band emission
eaks intensity slightly increased with increasing crystallite size
rom 8.8 to 103.5 nm.

Fig. 5 shows UV–vis absorbance spectra of the FSP-made ZnO
owders. It can be seen that the slope of UV–vis spectra of the FSP-
ade ZnO powder was steeper from the smallest size of 8.8 nm to

he size of 47 nm before reaching a plateau. A sharp UV–vis absorp-
ion curve (steep slope) indicates a high degree of crystalline quality
29]. The improved crystal structure for the larger size ZnO was in
ood agreement with the XRD and PL-measurements.

.2. Photocatalytic activity

The dependence of percent conversion of MB decomposition
fter 60 min on the particle size of ZnO powders is shown in Fig. 6.
rradiation in the absence of photocatalyst for 60 min revealed no
hange in the MB concentration, confirming that the MB cannot
e degraded by 365 nm irradiation alone. The percentages of MB
egradation increased from 30 to 70% when the particle size of
s-synthesized ZnO powders increased from 8.8 to 47 nm. The pho-
ocatalytic performances for MB degradation of the as-synthesized
nd annealed FSP-ZnO catalysts are also shown as the plots of
C/C0) versus time in Fig. 7 in which the results for commercial
hotocatalysts Degussa P25 (dXRD = 20.1 nm) and JRC-TiO-1 tita-
ia (dXRD = 15.5 nm) and irradiation in the absence of catalyst are

ncluded. The photocatalytic activity of the as-synthesized flame-
ade ZnO powders was superior to both P25 and JRC-TiO-1 titania
hen their particle sizes were larger than 30 nm with the as-syn

nO-47 nm showed the highest activity. The rate constant assum-
ng first-order kinetics of ZnO-47 nm was determined to be 1.7 and
.2 times higher than those of degussa P25 and JRC-TiO-1 titania,
espectively. For the larger particle sizes of ZnO powder obtained
y annealing post-treatment, the percentages of MB degradation
radually decreased from 70 to 55%. The lower photocatalytic effi-

iency can be ascribed by the decrease in BET surface area, which
owered the adsorption of dye molecules on the catalyst surface.

In general, photocatalysis can be considered to be dominated
y two linked mechanisms, namely photo phenomena or the inter-
ction of light with the material to form electron–hole pairs, and
us crystallite sizes on a mass (a) and SSA normalized (b) basis.

secondly surface catalytic effects [42]. The photo aspect is sensi-
tive to crystal defects while the surface catalytic effect is mainly
dominated by the specific surface area. In this study, the photocat-
alytic performance of FSP-ZnO nanoparticles was found to increase
with increasing crystalline quality of ZnO as illustrated by a lin-
ear relationship between the PL intensity of NBE bands and the
percent conversion of MB decomposition after 60 min (Fig. 8). It is
suggested that the photo phenomena (the interaction of light with
the material to form electron–hole pairs) played decisive role on
the photocatalytic performance of FSP-ZnO nanoparticles than the
surface area for the ZnO particle size range 8.8–47.0 nm. Fig. 9a
shows the corresponding rate constants (on a fixed mass basis)
as a function of ZnO crystallite size. The rate constant increased
from 0.33 to 1.36 h−1 as the crystallite size increased from 8.8 to
47.0 nm and then slightly dropped when the crystallite size was
further increased. On the other hand, when the rate constants are
presented on an SSA normalized basis (Fig. 9b), an increase of pho-
tocatalytic activity of ZnO nanoparticles increased with increasing
ZnO particle size from 8.8 to 67.1 nm and then remained relatively
constant. The ZnO-47 nm performs best on a mass basis due to
its optimum crystallinity and surface area while the ZnO-67.1 nm
performs better on a surface area normalized basis, as the crystal
quality within the ZnO particles was higher. For the flame-made
materials, the crystalline quality would be expected to improve
with increasing of the enthalpy density, flame height, and high-
temperature residence time. The effect of the crystal size of ZnO on
the photocatalytic activity has been reported by many researchers.
They also reported the optimum size for which the photocatalytic
activity of ZnO is maximized [19–23]. The optimum sizes of ZnO
reported in literatures were varied depending on the preparation
and pretreatment methods. The decrease of photocatalytic activity
of ZnO when the particle size of ZnO was larger than optimum size
was explained by the decrease of surface area.

4. Conclusions

The FSP-synthesized ZnO nanoparticles have shown to be bet-
ter photocatalysts for the degradation of methylene blue dye
under UV irradiation, compared to the Degussa P-25 and the
JRC-TiO2 commercial photocatalysts. The photocatalytic activities
of the FSP-ZnO nanoparticles were found to be correlated well
with their crystalline quality. For those prepared by one-step FSP

method with average particle size 8.8–47.0 nm, improved crystal
quality as well as higher photocatalytic activities were obtained
by increasing flame enthalpy density, flame height, and high-
temperature residence time during the FSP synthesis. However,
the larger ZnO particle sizes (52.6–103.5 nm) obtained by anneal-
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ng post-treatment of the FSP-ZnO at high temperature, showed a
escending trend of the photocatalytic activity due to the signif-

cant decrease of surface availability for reactant adsorption and
ight absorption of the annealed ZnO particles.
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