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Abstract Photocatalytic degradation of phenol and benzoic acid in aqueous solution was studied
using zinc oxide (ZnO) powder synthesized by sol-gel process. Synthesized catalyst was character-
ized by X-ray diffraction and transmission electron microscopy. The Brunauer—-Emmett-Teller sur-
face area, pHpzc, and the band gap of the catalyst samples were also measured. The influence of
various key parameters such as amount of photocatalyst, initial solution pH, and the initial concen-
tration of phenol and benzoic acid was investigated.

© 2013 Production and hosting by Elsevier B.V. on behalf of Faculty of Engineering, Alexandria

University.

1. Introduction

Aromatic pollutants, in particular phenolic derivatives, consti-
tute a group of organic pollutants that are often encountered
in the environment as a result of their numerous applications.
Phenolic derivatives are the products of many industrial pro-
cesses, and they may be found in trace quantities in industrial
wastewater. These compounds are considered as priority pollu-
tants since they are harmful to organisms, and many of them
have been classified as hazardous pollutants because of their
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potential to harm human health [1]. In recent years, many
studies have been focused on the photocatalytic degradation
of organic compounds by semiconductor particles acting as
photocatalysts [2—4].

Heterogeneous photocatalytic reactions were studied for
more than fifty years. If few publications have been published
before, the mostly cited one is the one of Honda and Fujishima
in 1972 [5]. The heterogeneous photocatalytic process is initi-
ated when a photon with energy equal or greater than the band
gap energy (Ep,) of the photocatalyst reaches its surface,
resulting in the generation of mobile electrons in the higher
energy conduction band (E,) and positive holes in the lower
energy valence band (E,) of the catalyst. The photocatalytic
reaction proceeds via a series of chemical events, through the
utilization of both the electron-hole h™ for oxidation pro-
cesses and eventually to the capture of the e electron for
reduction processes, as well as potential formation of super
oxide anions and hydrogen peroxide from oxygen. These facts
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allow both mineralization of organic species and removal of
inorganic cations [6].

The photocatalytic activity of ZnO is almost similar to that
of Titania, i.e., ZnO is found to be as reactive as TiO, under
concentrated sunlight (as the band gap energy of ZnO is same
as that of TiO,, i.e., 3.2 eV). But in some cases, the photocat-
alytic activity of ZnO is considered to be less than that of TiO,,
due to photocorrosion tendency of ZnO. In aqueous solution,
ZnO shows photocorrosion tendency with the illumination of
UV light [7.8]

However, the photocatalytic activity of ZnO is limited to
irradiation wavelengths in the UV region because ZnO semi-
conductor has a wide band gap of about 3.2 eV and can only
absorb UV light with wavelengths below 387 nm [9]. It is par-
ticularly interesting to synthesize ZnO by the sol-gel process
because sol-gel chemistry is an efficient tool for controlling
morphology and reactivity of solids. In recent decades, it has
permitted the development of new highly dispersed materials,
presenting both good homogeneity and purity [10-12]. The
efficiency of photocatalytic processes has been shown to de-
pend on several different characteristics of the semiconductor
particles, such as their surface properties, the position of their
band gap potentials, and the mobility and recombination rate
of the charge carriers generated by UV light absorption. More-
over, a relevant role is also played by the chemical and adsorp-
tion properties of the degradation substrate, depending also on
experimental conditions, such as pH and the substrate to pho-
tocatalyst concentration ratio [13].

In this work, ZnO powder was synthesized by sol-gel meth-
od using zinc acetate dihydrate as a precursor and characterized
by using techniques such as nitrogen adsorption isotherms, X-
ray diffraction (XRD), scanning electron microscopy (SEM),
and UV-Vis spectroscopy. Photocatalytic activity of catalyst
was evaluated by measuring the photodegradation of phenol
and benzoic acid. The effect of different operating conditions,
such as catalyst loading, initial pH, and pollutant concentra-
tions, was also studied.

2. Experimental section

2.1. Photocatalyst preparation

ZnO powder was prepared by sol-gel method from zinc ace-
tate dihydrate, oxalic acid using ethanol as solvent. ZnO gel
was obtained by dissolving 50.1 mmole of zinc acetate
(CH5C00),Zn-2H,0 in 300 ml ethanol (C,HO) and refluxing
at 60 °C under vigorous stirring for 30 min. 140 mmole of oxa-
lic acid (H,C,0,4) was mixed with 200 ml of ethanol and added
to the previous solution slowly. The final mixture was refluxed
at 50 °C for 60 min before left cool down to room temperature.
Finally, the ZnO gel was dried at 80 °C for 20 h (Xerogel), and
the powder calcined under flowing air (0.1 mmol s~") for 4 h at
650 °C.

2.2. Photocatalyst characterization

Nitrogen adsorption—desorption isotherms were measured at
—196 °C on a Fisons Sorptomatic 1990 after out gassing for
24 h at ambient temperature.

ZnO particles sizes were examined by SEM on a Jeol JSM-
840 under high vacuum, at an acceleration voltage of 20 kV.

The samples were deposited onto carbon tape and coated with
gold in a Balzers plasma sputterer (30 s at 30 mA).

XRD was used to determine the nature and the size of crys-
talline phases of ZnO. Patterns were obtained with hand-
pressed samples mounted on a Philips PW 1830 goniometer
using the Cu Ka line (4 = 0.15458 nm).

Diffuse reflectance measurements in the UV/Vis region
(250-800 nm) were performed on a Varian Cary 5000 UV/
Vis/NIR spectrophotometer, equipped with a Varian External
DRA-2500 integrating sphere, using BaSO, as the reference.
Spectra were recorded in diffuse reflectance mode (R = reflec-
tion intensity) and were transformed into the absorbance
coefficient (F(R)) by the Kubelka—Munk function,
F(R) = (1 — R*/2R [14]. ZnO band gap value, Eg, was ob-
tained from the plot of the Kubelka—Munk function (F(R)
E)'? vs. the energy of the absorbed light, E [14,15].

By definition, pHpzc is the pH of the solution in contact
with solid at which the net surface charge on the surface of
an adsorbent particle is zero. The pHpzc of the zinc oxide
was measured by the pH drift method [16]. The determination
of pHpzc was done by adjusting the pH of 0.01 M NaCl
(50 cm®) to values between 1 and 10 obtained by adding either
0.1 M HCI or NaOH. About 0.05 g of zinc oxide was added
into each solution at room temperature and then shaken for
48 h. The final pH was measured and plotted against the initial
pH. The pH at which the plotted curve intersects the line of pH
(final) = pH (initial) was taken as the pHpzc of the zinc oxide
surface.

2.3. Photocatalytic experiments

To determine the photocatalytic activity of the synthesized
material, the study of the degradation of phenol (Riedel-de
Haén, 99.5%) and benzoic acid (Aldrich; Purity >99.5%) un-
der UV irradiation was realized.

The phenol and benzoic acid degradation was carried out at
20 °C using a water-cooled cylindrical 200 mL glass reactor
(Fig. 1), with external lamp (125 W UV lamps, Black light
Mercury HgV). In a first time, the amount of catalyst powder,
[ZnO], was kept at 0.1 g L™, the initial concentration of pollu-
tant, Co, was 0.2 g L', and the pH of the solution was fixed to
6.5. In a second time, photocatalytic experiments were realized
with varying operating variables: three different pH values
(2.5, 6.5, and 12.5) adjusted with aqueous solutions of HCI
and NaOH (2mol L™!), ten photocatalyst concentrations
[ZnO] (from 0.5 to 2.5g L™"), and five initial concentrations
of pollutant, C, (from 0.05 to 0.25 g L™").
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Figure 1 Reactor used in the photocatalytic experiments.
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Before each photocatalytic test, the mixture was kept in the
dark for 1 h to ensure that the adsorption—desorption equilib-
rium was reached before illumination. The sample was then ta-
ken out at the end of the dark adsorption period, just before
the light was turned on, in order to determine the phenol and ben-
zoic acid concentration in solution, Cj,. In all cases, the difference
between Cy and C;, was found to be negligible when compared to
the error of the method. When the lamp was turned on, the exper-
iment started. After a given irradiation time, the sample was ta-
ken out from reactor; then, the catalyst [ZnO] was removed by
centrifugation and the remaining phenol, and benzoic acid con-
centration in the solution was measured with the photocoulomet-
ric method of 4-amino-antipirine [17], analyzed with a 1201
Shimadzu spectrophotometer.

Repetition tests were made to ensure the reproducibility of
results. So, all the photocatalytic results presented in this work
are the mean of three replicates.

3. Results and discussion

3.1. Characterization of crystallized pure ZnO powder by the
sol—gel process

Fig. 2 shows the XRD patterns of ZnO nanocrystalline pow-
der. The sharp intense peaks of ZnO confirms the good crystal-
line nature of ZnO and the peaks originated from (100), (002),
(101),(102), (110), (103), (200), (112), and (201) can be in-
dexed as a hexagonal wurtzite ZnO structure which are consis-
tent with the values in the standard card (JCPDS 36-145)[18].
No diffraction patterns from any other impurities were de-
tected, which confirms that the synthesized powder was pure
ZnO hexagonal. Crystallite size “D”’ was obtained by measure-
ments of the broadening of diffraction lines and applying the
Debye—Scherrer formula [19].

D =095/Bcos0 (I)

where A is the wavelength of Cu Ka radiations (1.54 A), b the
full width at half-maximum of the peak corresponding to the
plane (101), and 6 the angle obtained from 26 value corre-
sponding to maximum intensity peak in XRD pattern. The
diameter of crystallite size of synthesized ZnO powder was
20 nm.

By SEM analysis, it is observed in Fig. 3 that the calcined
ZnO powder is composed of aggregates of ZnO particles. All
of the particles are uniform, spherically shaped.
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Figure 2 XRD pattern of the calcined ZnO powder.
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Figure 3 SEM micrograph of the calcined ZnO powder.

A nitrogen adsorption—desorption isotherm was carried out
to analyze the textural properties of the calcined ZnO powder,
and it is presented in Fig. 4. This isotherm displays a slight in-
crease in the adsorbed volume at very small p/p, values, which
is characteristic of the presence of micropores (<2 nm) inside
ZnO particles [20]. Furthermore, the isotherm shows a
hysteresis at p/py from 0.4 to 1, due to capillary condensation
in mesopores (2-30 nm) corresponding in the voids between
the 20-30 nm ZnO powder particles [20].

Finally, the specific surface area obtained by the BET meth-
od of the calcined ZnO powder is equal to 10.52758 m? g~ !,
characteristic of a material with low porosity, or a crystallized
material [14,15].

UV-Vis spectroscopy is an effective tool to investigate the
light absorbing behavior of solid powders [21]. Fig. 5 shows
the UV-Vis diffuse reflectance spectra of the calcined ZnO
powder. Using the method reported by Provenzano et al.
[22], the absorption edge value was calculated to be 380 nm.
The absorption is at <400 nm that indicates the absorption
edge active at ultra violet (UV) region.

A band gap (Eg) of ZnO powder was calculated [23] from
the equation:

Eg = he/i = 1240/J (11)

where £ is plank constant = 6.626 X 1073 7Js, ¢ is speed of
light = 2.998 x 10® ms~", 1 is cutoff wavelength at 380 nm cor-
responding to the band gap of 3.263 eV.

Because one of the aims of this work is to determine the
influence of pH on the photocatalytic activity of photocatalyst,
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Figure 4 Nitrogen adsorption—desorption isotherm of the cal-
cined ZnO powder.
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Figure 5 UV-Vis spectra of calcined ZnO powder.

it is very important to know the pHpzc of the calcined ZnO
powder. The pHpzc of the calcined ZnO powder is shown in
Fig. 6. The pHpzc is the point where the curve of pHgpa vs.
PHinitar intersects the line pHjuiiar = pPHeina, With the value
for the calcined ZnO powder being 8.6.

3.2. Photocatalytic activity of the calcined ZnO powder

Photodegradation experiments were carried out under the fol-
lowing conditions: (i) irradiation of phenol and benzoic acid
solutions (0.1 g L™ ') under UV light in the absence of ZnO
(it) irradiation of phenol and benzoic acid solutions (0.1 g L
~1y with ZnO ([ZnO] = 1.0 g L™") in dark, and (iii) irradiation
of phenol and benzoic acid solutions (0.1 g L™') under UV
light in the presence of ZnO ([ZnO = 1.0 g L™']). The results
of the studies as given in Figs. 7a and 7b show that direct pho-
tolysis did not cause any significant degradation under UV
irradiation. In the presence of ZnO without irradiation, slight
loss was observed due to the adsorption of phenol and benzoic
acid on the surface of ZnO. The irradiation under UV light in
the presence of catalyst caused 69.75% degradation of phenol
and 67.98% degradation of benzoic acid in 120 min.

3.3. Effect of initial pH

The pH values of the different wastewaters are different, and
they influence the photocatalytic reactions for removal of the
pollutants [24]. Figs. 8a and 8b is shown the photodegradation
of phenol and benzoic acid in contact with the calcined ZnO
powder as a function of time with following operating vari-
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Figure 6 PZC determination of the calcined ZnO powder.
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Figure 7a  Removal efficiency of phenol at:
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Figure 7b Removal efficiency of benzoic acid at: [benzoic

acid] = 0.1 g L[ZnO] = 1.0gL~".

ables: three different pH values for the phenolic solution
(2.5, 6.5, and 12.5), [ZnO] = 1gL™" and Cy=0.1gL™"
The degradation rate of both substrates is maximum at acidic
pH and decreased with increasing pH. The observed trends are
clearly correlated with the electrostatic interactions between
the substrate and the photocatalyst surface, depending on
the pH of the suspension [25]. This phenomenon was caused
by the surface properties of photocatalyst. The point of zero
charge (pHy,.) of ZnO powder is about pH 8.60. Above this
pH value, the surfaces of ZnO particles are negatively charged,
while below this pH value, they are positively charged [26].
Some ionic compounds such as phenolate and benzoate having
negative charges could be adsorbed on the surfaces of ZnO

u pH=6,5 A pH=12,5

*pH=2,5

0,8
0,6
=3
Q
S
0,4
0,2 4
0 T T T T T d
0 20 40 60 80 100 120
Time (mn)
Figure 8a  Effect of pH on photocatalytic degradation of phenol.

[ZnO] = 1.0 g L™, [phenol]y = 0.1 gL~
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Figure 8b  Effect of pH on photocatalytic degradation of phenol.
[ZnO] = 1.0 g L™, [benzoic acid], = 0.1 gL~".

particles easily below its pH,,., while phenolate and benzoate
anions are repelled from the negatively charged photocatalyst
surface at pH above the pHzpc of ZnO, according to a simple
surface charge model [13].

3.4. Effect of the amount of ZnO

In order to avoid an ineffective excess of catalyst and to ensure
a total absorption of efficient photons, the optimum mass of
the calcined ZnO powder photocatalyst needs to be found.
Experiments were carried out taking different amounts of
ZnO, keeping the dye concentration constant (mgL ™).
Fig. 9 illustrates the effect of different amounts (0.5—
2.5g L") of calcined ZnO powder on the decomposition of
the phenol and benzoic acid molecules. It is clear from Fig. 9
that the degradation rate of both substrates increases with
an increase in the mass of catalyst up to an amount of
1.5g L~". An increase in the degradation rate is due to an in-
crease in the number of active sites on ZnO available for the
reaction, which in turn increases the rate of radical formation.
The reduction in the rate constant may be due to the reduction
in the penetration of light with surplus amount of ZnO. The
surplus addition of the catalyst makes the solution more turbid
and light penetration is retarded. The addition of surplus cat-
alyst also results in the deactivation of activated molecules by
collision with ground state molecules [27].
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Figure 9 Effect of ZnO concentration. pH = 6.50, [phe-
nol]y = [benzoic acid], = 0.1 gL~".

3.5. Effect of initial concentration of phenol and benzoic acid

It is well known that the initial concentration of reactant plays
an important role on the photodegradation of organic com-
pounds [28]. The degradation rate decreases with increasing
initial concentration. Similar results are shown on the photo-
catalytic degradation of various organic compounds [29]

The initial phenol and benzoic acid concentrations, Co,
were varied from 0.05 to 0.25gL™" at pH = 2.5 and with
[ZnO] = 1.0 g L~'. Figs. 10a and 10b show, respectively, the
effect of initial concentration of phenol and benzoic acid on
their photocatalytic degradation. It is observed that (C/
Co)120 slightly decreases when C increases from 0.05 to
0.20 g L~'. This behavior can be due to an increment of ad-
sorbed compounds on the photocatalyst surface, which is fol-
lowed by their degradation. We note that (C/Cy)2o begins to
increase when C, is increased to 0.25 g L™'. This observation
is in agreement with previous studies [30-32], as phenol and
benzoic acid concentration increases, more reaction intermedi-
ates are adsorbed on the surface of the photocatalyst. There-
fore, these by-products compete with phenol and benzoic
acid for adsorption sites on the surface of ZnO, and the degra-
dation of both substrates is slowed down.

3.6. Kinetic studies of phenol and benzoic acid degradation in
ZnO|UV process

The photocatalytic oxidation kinetics of many organic com-
pounds has often been modeled with the Langmuir-Hinshel-
wood equation, which also covers the adsorption properties
of the substrate on the photocatalyst surface [33]. This model,
developed by [34,35], is expressed by the equation:

dc
r=-= KippC (111)
where r is the degradation rate (mg/L min), K,;,, the apparent
constant of degradation (1/min), C is the concentration of the
organic substrate at any time ¢ (mg/L).
The integration of this equation (with limitation: C = C,
for ¢ = 0) leads to the following equation:

Co
Ln— = Kyppt (Iv)
C
12 <
SOmg/L = 100mg/L A 150mg/L
®200mg/L * 250mg/L
1
0.8
=3 -
3 06
4
S
0.4
0.2
0 . . . . . .
0 20 40 60 80 100 120
Time (mn)
Figure 10a  Effect of initial concentration of phenol on the

photocatalytic degradation under UV light illumination.
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Figure 11b  Kinetic fit for the degradation of benzoic acid with

ZnO. [ZnO] = 1.0gL~"; pH = 6.5.

A plot of Ln%ﬂ vs. time represents a straight line, the slope of
which upon linear regression equals the apparent first-order
rate constant Ky,

The kinetics of disappearance of phenol and benzoic acid at
different concentrations is respectively illustrated in Figs. 11a
and 11b. The results show that the photocatalytic degradation
of both compounds can be described by the first-order kinetic
model. The plots of the concentration data gave a straight line.
The correlation constant for the fitted line and the rate con-
stants are calculated and their values are grouped in Table 1.

Table 1 Rate constants for catalytic photodegradation of
phenol and benzoic acid.

Phenol Benzoic acid

C; (mg/L) R Kapp C; R Kapp
50 0.971 0.015 50 0.958 0.011
100 0.996 0.01 100 0.984 0.010
150 0.990 0.008 150 0.983 0.009
200 0.990 0.007 200 0.973 0.008
250 0.992 0.005 250 0.947 0.006

4. Conclusions

The sol-gel process used in this work allowed producing a
crystalline pure ZnO powder after a calcinations step. This cal-
cined ZnO powder was very active for the degradation of phe-
nol and benzoic acid under UV irradiation.

The photocatalytic degradation of various toxic organic
compounds has been proposed as a viable process to detoxify
aquatic solutions.

The photocatalytic process was influenced by several oper-
ating variables such as pH of the solution, catalyst loading and
initial phenol and benzoic acid concentrations. In this work, it
was established that the use of a pH = 2.5 for the medium, a
ZnO concentration = 1.5 g L~! and initial phenol concentra-
tion = 0.20 g L' allowed the degradation of about 60% of
phenol after 120 min.

These first results being interesting, the degradation of phe-
nol and benzoic acid by-products, such as catechol and hydro-
quinone, are actually studied on ZnO photocatalyst
synthesized by the sol—gel process. In parallel, the sensitization
of ZnO under visible light is developed by doping with alkaline
elements such as Li, Na, and K.
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