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Abstract ZnO samples were prepared by sol-gel method ap-
plying a factorial design in order to improve the photocatalytic
properties of the semiconductor oxide in the NO photooxida-
tion reaction. The concentrations of zinc acetate and ammoni-
um hydroxide were selected as critical variables in the synthe-
sis of ZnO. Nine samples of ZnO were obtained as product of
the factorial design and were characterized by X-ray powder
diffraction, scanning electron microscopy, transmission elec-
tron microscopy, diffuse reflectance spectroscopy, and N2

adsorption-desorption isotherms. The photocatalytic activity
of ZnO samples was associated with the physical properties
developed by each sample according to its respective condi-
tions of synthesis. Some photocatalytic reaction parameters,
such as mass of photocatalyst, irradiance, and relative humid-
ity, were modified in order to evaluate its effect in the photo-
catalytic conversion of NO. As a relevant point, the relative
humidity played an important role in the increase of the selec-
tivity of the NO photooxidation reaction to innocuous nitrate
ions when ZnO was used as photocatalyst.
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Introduction

Nitrogen oxides (NOx) emitted from stationary and mobile
sources are the origin of various health and environmental
problems, such as irritated eyes, headache, pulmonary emphy-
sema, acid rain, acidification of aquatic systems, ozone deple-
tion, and photochemical smog (Bloh et al. 2014). Due to high
NOx concentration usually observed in big cities, efficient
techniques for NOx removal from the ambient environment
are required. In this sense, heterogeneous photocatalysis is a
clean and efficient technology to eliminate pollutants from the
air (Lasek et al. 2013; Lyu et al. 2014; Verbruggen 2015).

So far, the titanium oxide TiO2 has been widely studied as
photocatalyst (Toma et al. 2004; Takeuchi et al. 2009; Nakata
and Fujishima 2012); but in recent years, ZnO has attracted
the attention due to its excellent optical and electrical proper-
ties. Zinc oxide (ZnO) is a semiconductor material of direct
transition with a wide energy band gap (Eg > 3.1 eV). This
property as well as its high bond energy (226 KJ∙mol−1) and
high thermal and mechanical stability at room temperature
make it attractive for its use in electronic devices, optoelec-
tronics, and laser technology (Bacaksiz et al. 2009; García
Núñez et al. 2014). On the other hand, ZnO oxide exhibits
the crystalline structure of wurtzite at room temperature with
useful electric properties (Baruah and Dutta 2009). Therefore,
this oxide is widely used in mechanical actuators, piezoelec-
tric sensors, and solar cells with high efficiency (Zhang et al.
2014; Hu et al. 2016).

The most common method to prepare powders of ZnO is
by the precipitation of organic or inorganic salts in basic me-
dium. Other processes have been successfully used in order to
produce ZnO powders such as mechanochemical synthesis,
emulsions, microemulsions, and thermal decomposition
(Radzimska and Jesionowsky 2014; Moezzi et al. 2014;
Kontopoulou et al. 2016). But beyond the simplicity of the
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precipitation method to prepare ZnO, some negative aspects
should be taken into account. For example, the synthesis by
precipitation in basic medium of ZnO must be accompanied
by a thermal treatment to remove reaction impurities, leading
to the agglomeration of the particles during the formation of
the oxide. As an interesting alternative, the synthesis of ZnO
by sol-gel method is of special interest because the oxide is
formed at lower temperatures than the traditional methods,
avoiding the agglomeration of particles promoted by the use
of high temperatures of synthesis. In addition, during the
course of the sol-gel reaction, some experimental variables
can be modified to obtain ZnO powders with physical prop-
erties that promote a higher photocatalytic activity, such as
low particle size, high surface area, and a specific
morphology.

In the field of heterogeneous photocatalysis in gaseous
phase and specifically in the photooxidation reaction of NOx,
there are only few studies performedwith ZnO (see Table 1). In
general, the nitric oxide conversion degree by using ZnO as
photocatalyst prepared by precipitation method in the presence
of structuring agents has not reached more than 70 % (Huang
et al. 2013;Wei et al. 2013; Kowsari and Bazri 2014; Luévano-
Hipólito and Martínez-de la Cruz 2016). For example, Huang
et al. have studied the activity of ZnO with different morphol-
ogies in the removal of NOx gases. They found that ZnOwith a
sunflower morphology showed a higher photocatalytic activity
under UV light irradiation when compared with the commer-
cial TiO2 P-25 Degussa, despite having a smaller value of
surface area. The high photocatalytic activity of ZnO was as-
sociated with its hyperbranched nature and a larger number of
oxygen vacancies on its surface. Wei et al. have also investi-
gated the photocatalytic activity of ZnO spheres in the NO
photooxidation reaction with visible radiation at 510 nm. The
activation of ZnO with visible light was justified due to the
presence of impurities of residual carbon in the sample. On the
other hand, Kowsari et al. have found a maximum degree of
NO conversion of 23 % using ZnO particles with flower-like
morphology (Kowsari and Bazri 2014). As a common feature
of these works, the synthesis of ZnO was assisted with com-
plex organic compounds with the difficulty that it implies. On
the other hand, Pei and Leung have studied the photocatalytic
activity of the composite TiO2–ZnO synthesized by sol-gel
assisted with electrospinning method reaching an NO conver-
sion degree of 80 % (Pei and Leung 2014). They have attrib-
uted their good results to a decreasing in the value of band gap
of TiO2 by the introduction of ZnO, which promotes the gen-
eration of electron hole pair and the generation of oxygen
vacancies. However, the above results are difficult to compare
because different operational conditions were used in all of
them, i.e., inlet NO concentration, residence time, type of irra-
diation, and others.

Undoubtedly, the method employed to prepare ZnO in-
duces the development of specific physicochemical properties T
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in the material to carry out successfully the photocatalytic
oxidation of nitric oxide. From the works described in the
Table 1, a specific morphology of particles of ZnO and the
generation of oxygen vacancies were the important factors to
reach a relatively high photocatalytic activity.

In a previous work, we found that the sol-gel method pro-
vides the optimal physical properties in ZnO to obtain the
highest NO conversion degree compared with hydrothermal
and precipitation methods (Luévano-Hipólito and Martínez-
de la Cruz 2016). In the present work, the synthesis of ZnO
was carried out by sol-gel method, but the concentrations of
zinc acetate and ammonium hydroxide were modified in order
to check its effect in the physical properties of the material,
and consequently, in its photocatalytic activity. The samples
were tested as photocatalysts in the NO photooxidation reac-
tion and their activities were associatedwith the physicochem-
ical properties developed during the sol-gel synthesis. Beyond
the assessment of the photocatalytic activity of ZnO samples
for the photooxidation reaction of NO, the selectivity of the
ZnO to produce innocuous NO3

− ions as final product of re-
action was revised.

Experimental

Synthesis of ZnO

ZnO samples were synthesized by sol-gel method using a
factorial design of the type 3n (n = 2) to study the effect of
two experimental variables in the final physical properties of
the oxide. The reagents employed in the synthesis were zinc
acetate (Zn(CH3COO)2.2H2O, DEQ, 99 %), ammonium hy-
droxide (NH4OH, DEQ, 26 %), anhydrous ethanol
(CH3CH2OH, DEQ, 99 %), and deionized water (H2O). In a

typical experiment, two solutions were prepared. In the first
one, different amounts of zinc acetate were dissolved in 50mL
of ethanol under magnetic stirring for 30 min. For the second
solution, NH4OHwas dissolved in deionized water. After that,
the ammonia solution was added dropwise into the zinc ace-
tate solution under vigorous stirring for 1 h and then it was
aged for 24 h at room temperature. The obtained gel in each
case was dried at 70 °C for 24 h to promote the evaporation of
the solvent and the formation of a solid white, which was used
as precursor of ZnO. This material was heated in air at 300 °C
for 24 h to remove the reaction of by-products and to induce
the formation of ZnOwith the crystalline structure of wurtzite.
For the factorial design, the software Minitab™ was used,
which provides a randomized order to make the synthesis of
nine samples derived from the 3n design. Table 2 shows the
experimental conditions to synthesize the ZnO samples mod-
ifying the concentrations of Zn acetate and ammonium
hydroxide.

Characterization

The structural characterization of ZnO samples was carried
out by X-ray powder diffraction using a Bruker D8 Advance
diffractometer with Cu Kα radiation (40 kV, 30mA). A typical
run was made with a 0.05° of step size and a dwell time of
0.5 s. The half-width of the strongest line in the diffraction
patterns was measured to estimate the crystal size of the ZnO
samples with spherical shape. Taking this data, the size of
crystallite was calculated using the Scherrer equation. The
morphology of the samples was analyzed by scanning elec-
tron microscopy and transmission electron microscopy using
a FEI Nova NanoSEM 200 and an FEI Titan G2 80-300 mi-
croscopes with an accelerating voltage of 30 and 300 kV, re-
spectively. The UV–Vis diffuse reflectance absorption spectra

Table 2 Physical properties of ZnO samples prepared by the sol-gel method

ZnO sample NH4OH (M) Zinc precursor (M) Crystal size (nm) Particle size1 (nm) Band gap (eV) Surface area (m2.g−1)

E-1 8.2 0.20 – L = 180, D = 36 3.28 13.1

E-2 2.0 0.20 – L = 130, D = 42 3.29 16.0

E-3 0.8 0.02 42 35 3.26 26.9

E-4 8.2 0.02 41 32 3.25 27.3

E-5 2.0 0.10 69 45.5 3.26 14.2

E-6 8.2 0.10 – L = 191, D = 38 3.27 13.1

E-7 0.8 0.10 – L = 200, D = 37 3.27 9.0

E-8 0.8 0.20 – D = 342, L = 166, D = 393 3.27 16.7

E-9 2.0 0.02 26 47 3.26 29.8

ZnO-com – – 104 260 3.10 4.5

1Average value
2 Semispherical particles
3 Bars
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of the samples were taken in an Agilent Technologies UV–
Vis–NIR spectrophotometer model Cary 5000 series equipped
with an integrating sphere. The BET surface area measure-
ments were carried out by N2 adsorption-desorption isotherms
bymeans of a Bel-JapanMinisorp II surface area and pore size
analyzer. The isotherms were evaluated at −196 °C after a
pretreatment of the samples at 100 °C for 24 h.

Photocatalytic experiments

The photocatalytic activity of ZnO samples was tested in the
photooxidation reaction of NO under UV irradiation, using a
continuous flow reactor designed according with the ISO
22197-1. The photocatalytic reactor was made of stainless
steel with a volume of 0.8 L and was equipped with an inte-
grated window in its superior part to allow the pass of UV
radiation. The photocatalyst was deposited over an area of
0.08m2 of a glass substrate with the help of a brush to disperse
50 mg of the photocatalyst in 5 mL of ethanol. With inlet gas,
a stable mixture of 3 ppm of NO in N2 was utilized. The
concentration of inlet gas was adjusted to 1 ppm in NO by
using synthetic air (20.5 vol% O2 and 79.5 vol% N2) and the
flow rate of gas was adjusted to 1 L.min−1. The source of UV
irradiation were two fluorescent black lamps (TecnoLite) of
20W, each one emittingmainly between 365 and 400 nm. The
UV intensity in the center of the photocatalytic reactor was
8.2 W∙m−2, and it was measured with a UV light radiometer
290–390 nm (MANNIX 340 nm). The concentration of nitric
oxide was continuously measured with a chemiluminescent
NO analyzer (EcoPhysics CLD88p) with a sampling rate of

0.5 L.min−1. The amount of nitrate and nitrite ions produced
was followed by the analysis of 50 mL of deionized water
used in the washed of the photocatalyst after the photocatalyt-
ic reaction. For this purpose, powders of the photocatalyst
were sonicated in water for 30 min in order to desorb nitrates
and nitrites and then it was centrifuged to obtain a crystalline
solution. The concentration of nitrates ions in solution was
measure in a Hach colorimeter trough the reduction of nitrate
to nitrite ions by using cadmium as catalyst, while the nitrite
ions concentration was determined by the diazotization
method.

Results and Discussion

Characterization

The ZnO samples synthesized by sol-gel method were char-
acterized structurally by X-ray powder diffraction and their
diffractograms are shown in Fig. 1. It can be seen that all
diffraction lines were in agreement with the corresponding
lines of ZnO wurtzite according with the database JCPDS
Card No. 36-1451, indicating that the samples were obtained
in pure form at the level of resolution of the X-ray diffraction
technique. From the analysis of the X-ray powder diffraction
(XRD) patterns, differences were observed in all the samples
in the crystallinity and in the crystallite size obtained by the
Scherrer equation. This calculation was only carried out for
the samples E-3, E-4, and E-9 because the coefficient K = 0.9
from the Scherrer equation must only be applied for

Fig. 1 X-ray powder diffraction
patterns of ZnO samples prepared
by the sol-gel method
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crystallites with spherical shapes (see Table 2). According to
the profile of the XRD patterns, a low concentration of zinc
acetate (0.02M) promoted the formation of crystals with small
sizes (E-3, E-4, and E-9). In this sense, the driving force for
nucleation and growth of ZnO crystals was the supersaturation
of the aqueous medium. A low concentration of zinc acetate
produces a decrease in the supersaturation of the medium, and
consequently, promotes an increasing in the critical radius
value of ZnO particles (r*). This radius determines the maxi-
mum value to dissolve the particles and represents also the
size at which the growth of the particles is favorable. This
relation is expressed by equation (1), where S is the supersat-
uration of the medium, γ is the free energy required to gener-
ate one unit of surface area, kB is the Boltzmann constant, T is
the temperature, and Ω is the volume occupied by a formula
unit in the particle nucleus (Cademartiri and Ozin 2010).

r* ¼ 2Ωγ
kBT ln S

ð1Þ

As the zinc acetate is consumed during the crystal growth,
S causes an increase in r*. The increasing in r* implies a low
growth rate, and therefore, the formation of particles with
small size (Peng et al. 1998).

Diffuse reflectance spectra of ZnO samples were analyzed
by UV–Vis spectroscopy in the range of 200 to 800 nm. All
the samples absorbed below 400 nm, indicating that the acti-
vation was given by the absorption of UV radiation of the
electromagnetic spectrum, as can be seen in Supplementary
Fig. S1. From the emission spectrum of the UV lamp used, it
can be seen that it provides the required energy to excite the
solid semiconductor and thus produce the electron hole pair
necessary to start the oxidation of the NO molecule. The en-
ergy band gap values obtained for the ZnO samples were
similar between them, whose values ranged from 3.25 to
3.29 eV (see Table 2).

The N2 adsorption-desorption isotherms of the nine ZnO
samples showed a similar behavior as is shown in
Supplementary Fig. S2. The profile of the adsorption-
desorption curves corresponds with the type II according with
the isotherm classification, which is associated with a weak
interaction between the sample surface and adsorbate (N2).
This behavior is typical of a material nonporous (Condon
2006). The specific surface area values obtained for ZnO sam-
ples are shown in Table 2. These values vary between 9 and
30 m2.g−1. In general, the samples prepared with the lowest
concentration of zinc acetate developed the highest surface
area values (>26 m2 g−1), which is in accord with the small
crystallite size calculated for these samples (E-3, E-4, and
E-9). On the other hand, the relationship between surface area
and NH4OH concentration was not as evident as the relation-
ship found with the zinc acetate.

The morphology of ZnO samples was analyzed by scan-
ning electron microscopy (SEM). In general, a morphology of
bars was developed in the samples identified as E-1, E-2, E-6,
E-7, and E-8. In the samples E-3, E-4, E-5, E-8, and E-9,
agglomerates of semi-spherical and flake-like particles were
observed as well as the bars (see Fig. 2). At higher concentra-
tions of zinc acetate (≥0.1 M), the morphology of particles
takes the shape of bars with the exception of sample 8, which
had the two types of morphologies. This situation could be
associated with a transition point between the two types of
morphologies. As the concentration of the zinc acetate de-
creased, the formation of agglomerates of particles with dif-
ferent morphology prevailed. In this sense, the samples E-3
and E-4 developed agglomerates of semi-spherical particles
with a notable compaction, unlike the sample E-9 where a
smaller grain boundary was observed. These results are con-
sistent with those reported by Pacholski et al. who proposed a
preferential growth through the z axis of the wurtzite crystal-
line structure of ZnO. They reported the formation of particles
with the bar shape of ZnO when the concentration of zinc
acetate was higher than 0.1 M (Pacholski et al. 2002).
Likewise, an increase in the concentration of zinc acetate,
and consequently of organic ligand, prevents the contact be-
tween the crystal planes of the hexagonal structure of ZnO,
promoting the anisotropic growth through z axis. Further, in-
creasing the concentration of the zinc acetate leads to increase
the saturation (S) of the medium, which causes a decrease in
the value of critical radius (r*) required for that developed
nuclei begin to grow. Under this condition, the particle growth
is energetically favored due to that the formation of larger
crystals that decrease their surface energy. In contrast, by
using the lowest concentration of the zinc acetate (0.02 M),
the formation of smaller particles is favored due to an increase
in the critical radius as was mentioned.

Once the morphology of each ZnO sample was analyzed,
the average particle size was calculated. For this purpose, 100
ZnO particles of each sample were measured and the average
particle size was obtained. With regard to the morphology of
bar shape, the lowest particle size corresponded with the sam-
ple E-2, which presented an average length in their bars of
130 nm. On the contrary, the sample E-7 developed the longer
bars of about of 200 nm.

Photocatalytic activity

The photocatalytic activity of the ZnO samples synthesized
according to the factorial design was evaluated in the photo-
oxidation reaction of nitric oxide in air. A typical experiment
was performed with a mass of 50 mg of photocatalyst dis-
persed in an area of 0.08 m2 and using an initial NO concen-
tration of 1 ppm with a content of H2O vapor minor than
0.4 ppm. Figure 3 shows the NO conversion degree (%)
reached after 2 h of UV irradiation using as photocatalyst the

Environ Sci Pollut Res (2017) 24:6361–6371 6365



nine ZnO samples obtained from the factorial design. For all
the cases, the stationary state was reached in at least 30 min. A

strong influence of the experimental conditions of synthesis
over the NO conversion degree was observed due to the phys-
ical properties developed in each ZnO sample. As an indica-
tive of the importance of experimental conditions of synthesis
in the NO conversion degree, it was observed that these values
ranged from 75 (E-9) to 20 % (E-5). In general, no morphol-
ogy was considerably better than the other to determine a high
photocatalytic activity in ZnO. Although the samples showed
similar values of specific surface area in the series of samples
with spherical morphology, the sample E-9 showed a notably
high activity. On the other hand, when were tested samples of
ZnOwith morphology of bars as photocatalysts, these showed
a higher activity as the length of its particles was smaller. In
this case, a short length from the site of the generation of the
electron hole pair to the ZnO surface allows an easy transfer of
the charges. Based on the analysis of the photocatalytic activ-
ity of the nine ZnO samples and its relation with the morphol-
ogy and surface area, it seems to be clear that another param-
eter should act in an important way to improve the
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Fig. 3 NO conversion using the ZnO samples as photocatalyst after 2 h
of irradiation (m = 50 mg, Q = 1 L·min−1, I = 8.2 W·m−2)

Fig. 2 SEM images of ZnO samples prepared by the sol-gel method
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photocatalytic activity of the samples. This situation will be
discussed later.

Figure 4 shows the profile of the evolution of the NO con-
version degree since the beginning of the photocatalytic reac-
tion until the system has reached the stationary state, for the
samples with the highest (E-9) and lowest photocatalytic ac-
tivity (E-5). The difference between the two photocatalytic
activities may be associated with several factors, but due to
the amount of sample used in both experiments (50 mg in
0.08 m2), the adsorption was an important factor in the NO
conversion degree. In this sense, the adsorption of more NO
molecules was favored in the sample E-9, which has twice the
surface area than the sample E-5. Then, a higher surface area
favors the adsorption of the NO molecule in the active sites of
photocatalyst and increases the efficiency of the photocatalyt-
ic process.

Based on the obtained results with the nine samples of
ZnO, the software provided a mathematical model consider-
ing the NO conversion degree as response (equation 2).

NO conversion %ð Þ ¼ 41:6þ 1:27Aþ 78B−16:8AB ð2Þ

Where A represents the concentration of NH4OH (M) and B
corresponds to the concentration of zinc acetate (M).
Considering the mathematical model, the equation (2) deter-
mines as optimal values of synthesis when A = 0.8 M and
B = 0.2 M (sample E-8) to obtain the best photocatalyst.
However, when this combination was used in experimental
values to prepare ZnO, the NO conversion degree reached
was only 60 %. The difference between the values obtained
experimentally and by the equation (2) was about 30 % (see
Fig. 5). This difference can be due to several factors. The first
one is that the number of experiments could be low. In the same
way, there is an experimental error associated with the disper-
sion degree of the photocatalysts on the glass substrate.
Additionally, the model does not take into account the

transition in morphology of ZnO samples. To check this point,
the ZnO samples with the lowest (E-5) and highest (E-9) pho-
tocatalytic activity were analyzed by transmission electron mi-
croscopy (TEM) and high resolution transmission electron mi-
croscopy (HRTEM) in order to correlate their respective activ-
ities with its morphology and the preferential orientation of the
crystalline planes. Figure 6a shows the morphology of the sam-
ple E-5, which consisted of amixture of particles with shapes of
polyhedral and bars, not observed previously by the SEM anal-
ysis. The average particle size calculated from TEM analysis,
61 nm, was very similar to that obtained from Scherrer equa-
tion. Moreover, as is shown in Fig. 6b, the sample E-9 formed
by bean-like particles with an average size of 14 nm had a value
significantly less than the calculated from the SEM images and
Scherrer equation for the sample. The difference between the
particle size values obtained by TEM and SEM lies in the
difficulty of measuring particles smaller than 20 nm due to their
agglomeration. Some images were taken at HRTEM to identify
crystal planes in E-5 and E-9. Figure 6c, d shows the crystal-
lographic planes (100), (002), and (101) in the sample E-5. In a
recurrent way, the crystalline plane (100) appeared in different
zones of the sample. On the other hand, an analysis in several
ZnO particles of sample E-9 revealed a preferential orientation
of the crystalline plane (002; Fig. 6e, f). Thus, the difference of
photocatalytic activity between the samples E-5 and E-9 may
be too associated with the crystallographic orientation of the
planes exposed in the surface. The sample E-9 developed a
preferential orientation of its particles in the plane (002), which
according to the literature has the highest photocatalytic activity
in the ZnO hexagonal structure (Li et al. 2008). The crystalline
plane (002) is formed in one side of zinc atoms which promotes
the adsorption of OH− ions due to the positive charge of the
zinc, which gives polarity in the sample E-9. In this context, the
polarity of the sample can be corroborated by the relationship
between the intensities of planes (002) and (100) from the
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difractogram. The relation of these intensities for the samples
E-5 and E-9 were 1.0 and 1.2, respectively. A higher value of
the relation (002)/(100) favored the formation of OH• radicals,
which participate in the oxidation reaction of nitric oxide.

Effect of the mass of photocatalyst in the NO conversion

According to the experimental results, the sample E-9 was
selected for subsequent experiments due to its highest NO
conversion degree (75 %) when used as photocatalyst. In or-
der to determine the effect of the mass of photocatalyst in the
NO conversion degree, two additional experiments were per-
formed with 100 and 200 mg of photocatalyst. Figure 7a
shows that the highest NO conversion degree (94 %) was

reached using a mass of 200 mg after 2 h. When 100 mg of
photocatalyst was employed, it reached a conversion degree of
85%, and when the mass of photocatalyst decreased to 50mg,
the conversion decreased to 75 %. A commercial ZnO (ZnO-
com) was also evaluated for comparative purposes with the
sample E-9. As is shown in Fig. 7b, a higher NO conversion
degree was reached when 100 and 200 mg (>95 %) were used
with respect to the values observed in E-9. However, when
50 mg of ZnO-com was used, it was observed that there was
an evident deactivation of the oxide during the course of the
reaction.

Additional experiments were performed using the commer-
cial oxide TiO2 (Degussa, P-25). When 100 and 200 mg of the
TiO2 P-25 were used as a photocatalyst, a high NO conversion

Fig. 6 TEM images of
representatives ZnO samples: a 5
and b 9. HRTEM images of the
samples: c, d E-5 and e, f E-9
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was observed (>97 %). However, for 50 mg of TiO2 P-25, the
tendency of the evolution of NO conversion was similar to the
ZnO commercial. The NO conversion in steady state using
TiO2 P-25 as photocatalyst was 65 %, which is 12 % higher
than the observed commercial ZnO. Nevertheless, the sample
ZnO E-9 showed a higher photocatalytic activity in compari-
son with the commercial ZnO and TiO2 photocatalysts when a
low mass (50 mg) of photocatalyst was applied. This implies
that under drastic operating conditions of the photocatalyst,
such as a high NO concentration or long exposure, the sample
E-9 has a better performance than the commercial oxides. The
origin of the difference of photocatalytic activity between the
samples may be associated with its physical properties (see
Table 2).

Effect of the relative humidity in the NO conversion
degree

The relative humidity (RH) is a factor that can influence in a
reaction carried out in gaseous phase. Until this point, the
experiments were performed only in the presence of residual
H2O vapor in the air used as carry gas. Although this value is

minor than 0.4 ppm, it is significantly taken into account that it
is of the same order with the initial concentration of NO in a
typical experiment (1 ppm). Therefore, some experiments
were done to analyze the effect of the relative humidity in
the NO conversion degree. Figure 8 shows the evolution of
the NO conversion degree using ZnO E-9 as photocatalyst in
an experiment with 70%RH. It can be seen that an increase in
the relative humidity decrease the photocatalytic activity of
the ZnO sample. In the first 20 min of irradiation, the conver-
sion was higher compared with the experiment performed
with <0.4 ppm of H2O. However, the deactivation of the
photocatalyst was evident at longer reaction times when the
reaction was carried out with 70 % RH. This can be explained
from the fact that the ZnO surface is hydrophobic at first, but
its illumination tends to be hydrophilic as a consequence of
the interaction of the adsorbed oxygen and electrons in the
conduction band of ZnO. This situation promotes the H2O
adsorption and increases the competition for the adsorption
sites between NO and H2O molecules. This phenomenon is
directly proportional with the amount of radiation over the
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surface of ZnO (Sun et al. 2001). Despite that there is a higher
amount of H2O molecules adsorbed on the ZnO surface, this
apparently does not contribute to the photocatalytic process by
the generation of a larger amount of OH• radicals. This may
indicate that the mechanism of the NO photooxidation in the
presence of ZnO is preferably carried out by a direct oxidation
of NO by the holes generated during the photocatalytic pro-
cess or by the participation of the superoxide radical generated
in the conduction band of the photocatalyst. However, this
situation should be reviewed in more detail.

Analysis of reaction products

The ZnO powders used as photocatalyst were washed and
sonicated in 50 mL of deionized water to identify and quantify
the nitrate ions (NO3

−) and nitrite ions (NO2
−) formed as a

product of the advanced oxidation of NO. The formation of
nitrate and nitrite ions was quantified in some photocatalytic
experiments that were carried out under the conditions of
Q = 1 L∙min−1, 1 ppm of NO, <0.4 ppm H2O, and 70 %
RH, and with an irradiance of 8.2, 8.5, and 10.1 W∙m−2.

Prior to the photocatalytic experiments, the photocatalyst
was washed several times in order to detect nitrates and nitrites
from the synthesis step. Figure 9 shows that in the first wash,
the sample E-9 had a significant amount of nitrate and nitrite
ions being 0.22 and 0.001 mg, respectively. The extracted
amount of the ions is considerably higher than the theoretical
amount according with conditions of the photocatalytic exper-
iment, where a 100 % of NO conversion to NO3

− would pro-
duce only 0.1 mg. This confirmed the presence of nitrate ions
as an impurity in high concentration in the material matrix and
revealed that an efficient washing was required in order to
eliminate interferences with the results from the photocatalytic
experiment. Figure 9 shows the accumulative mass extracted
of NO3

− and NO2
− ions in each case for six consecutive wash-

ings of photocatalyst. After the sixth wash, the accumulated
mass of NO3

− ions increased only at 3 %, so it was taken as a
reference point for considering the sample free of nitrate and
nitrites ions. Therefore, after six washing cycles of the sample
E-9 of ZnO, it was dried and was used as a photocatalyst in the
oxidation reaction of NO, and then the reaction products were

analyzed. According to the results, the accumulated mass of
nitrate and nitrite ions increased in the seventh wash. This was
associated with the presence of oxidation products of the NO
molecule under the conditions described previously. Here, the
conversion of NO to NO3

− and NO2
− ions was 52 and 1 %,

respectively. The results are listed in Table 3.
Additionally, two photocatalytic experiments were carried

out increasing the average irradiance of the reactor at 8.5 and
10.1 W∙m−2. The nitrate ion analysis of these experiments
revealed an increase in the selectivity of the photooxidation
of NO to NO3

− when the photocatalyst was irradiated with
10.1 W∙m−2. From the results in Table 3, it can be concluded
that at the same level of humidity (<0.4 ppm H2O), the selec-
tivity of the conversion reaction of NO to NO3

− increases as
the irradiance increases. Under 10.1 W∙m−2 of irradiance, the
selective conversion of NO3

− was 63 %. Meanwhile, at a
constant value of irradiance, I = 8.2 W∙m−2, the selectivity in
the conversion of NO to NO3

− increased significantly when
the reaction was performed with 70 % RH. Under this condi-
tion, the conversion of NO to NO2

−was 5% and up to 86% in
a conversion to NO3

−. In general, the results indicate that
while an increase in the relative humidity leads to a slight
decrease in the NO conversion, it promotes a high selectivity
towards nitrate ion formation.

Conclusions

ZnO samples were prepared successfully by sol-gel applying a
factorial design of the type 3n (n = 2). As a direct consequence
of modifying two experimental variables of synthesis, the
physical properties of ZnO samples were strongly influenced
and they led to the formation of samples with different photo-
catalytic activity. In particular, the concentration of zinc ace-
tate played the most important role to obtain materials with
higher surface area, and consequently, higher photocatalytic
activity for the photooxidation reaction of NO. In addition, the
sample with the highest photocatalytic activity showed also a
preferential orientation in the crystalline plane (002), which is
associated with a high activity due to the adsorption of large
amounts of hydroxyl ions. Although a good correlation was

Table 3 Experiments of NO
photooxidation Operating conditions NO conversion

(%)
Conversion
NO → NO3

− (%)
Conversion
NO → NO2

− (%)

1 ppm; 1 L.min−1; 8.2 W.m−2; <0.4 ppm H2O 81 52 1.1

1 ppm; 1 L.min−1; 8.5 W.m−2; <0.4 ppm H2O 87 52 2.7

1 ppm; 1 L.min−1; 10.1 W.m−2; <0.4 ppm H2O 93 63 0.1

1 ppm; 1 L.min−1; 8.2 W.m−2; 70 %RH 71 86 5.0
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observed between the values of NO conversion degree pre-
dicted by the mathematical model and the obtained experi-
mentally, some differences were observed. This situation
was associated with some physical properties not considered
in the mathematical model, i.e., the different morphologies
observed in the ZnO samples, and preferential orientation of
the crystalline planes exposed to the surface of photocatalyst.
The presence of reaction products was successfully con-
firmed. In general, an increase in the humidity and the irradi-
ance had a positive effect in the selective oxidation of NO to
NO3

− ions. Finally, according to the results, it was confirmed
that NO3

− ions was the main product of the NO photooxida-
tion reaction.
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