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Abstract

Nano-TiO, particles prepared by the sol-gel method were used as catalyst for the degradation of nitrobenzene by ozone. Catalyst samples were
characterized by measuring the specific area (Sggr), transmission electron microscopy (TEM), and X-ray diffraction (XRD). Removal efficiency
of nitrobenzene (NB) was significantly promoted in the presence of catalyst compared with ozone alone. TiO, calcined at 500 °C showed the best
activity. Different experimental conditions like catalyst dose, ozone dosage, initial nitrobenzene and pH have been examined. The mechanism of
catalytic ozonation was also discussed. Both ozonation and catalytic ozonation were significantly influenced by carbonate and tert-butyl alcohol,
which confirmed that TiO,-catalyzed ozonation follows aradical-type mechanism. And hydroxyl radicals were truly identified by spin-trapping/EPR

technique.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Ozone has been applied to various aspects of water treatments
because of its high reactivity with organic compounds. How-
ever, it has been reported that in conventional ozonation process
most of the organic compounds are not degraded completely by
ozone alone and sometimes toxic intermediates are produced.
In this case, the oxidation can be improved by employing ozone
together with HyO, and/or UV, or in particular, with a solid
phase metal oxide catalysts. For example, it was reported that
[1] TiO»-catalyzed ozonation was more efficient for the degrada-
tion of humic acid and oxalic acid than ozone alone, furthermore,
the increase of the oxidant power of catalytic ozone resulted
in low chlorine demand and a reduction of THM formation
potential. Subsequent studies were conducted [2] with a solid
catalyst prepared by supporting TiO; on alumina in the ozona-
tion of drinking water. In this work, high extent of degradation
of organic matter was achieved without dissolution of titanium
in the water. Consequently, the potentially harmful chlorination
by-products are reduced.
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During the last decade, significant advances have been
achieved in the synthesis of nanoparticles. The term of nanoparti-
cles is generally used to indicate particles with diameters smaller
than 100 nm and materials with at least one dimension in the
nanometer scale. Such ultrafine particles fall into transition states
between molecular and bulk-sized particles and exhibit unusual
physical and chemical properties [3]. Nano-TiO, shows high
surface area per unit volume, which causes an increase of activ-
ity as a catalyst. In the present paper the investigations have
been extended to the ozonation of nitrobenzene with nano-TiO»
as catalyst. This compound was selected as the refractory model
pollutant because of its high abundance in industrial wastewater
as well as its considerably low reactivity towards biochemical
and chemical oxidation.

2. Experimental methods
2.1. Preparation and characterization of catalyst

Nano-TiO; used in this study was prepared by the sol-gel
method. The yellowish titanium dioxide sol was prepared by
mixing tetrabutylorthotitanate and absolute ethanol with a volu-
metric ratio of 1:4 at room temperature. The sol turned into ivory
gel after ageing. Then, the samples were dried and calcined at
various temperatures.


mailto:yangyixin@hit.edu.cn
mailto:yyx-yy@163.com
mailto:majun@hit.edu.cn
mailto:majun_hit@163.com
dx.doi.org/10.1016/j.molcata.2006.09.010

42 Y. Yang et al. / Journal of Molecular Catalysis A: Chemical 267 (2007) 41-48

XRD studies of catalyst were performed by means of a
D/max-r B diffractometer, at 40kV, 30 mA (1200 W) and using
nickel-filtered Cu ka radiation to determine crystal phase and
estimate crystallite size. SggT was measured on a ST-2000 nitro-
gen adsorption equipment (China). TEM was characterized in a
JEM-1200 electron microscope (Japan). Zeta potential measure-
ments of TiO; were carried out by a Zeta-Meter System JS94G™*
(China).

2.2. Ozonation procedure

Ozonation tests were conducted in a bench scale system,
which consists of a XFZ-581 ozone generator (China), a
1000 mL reactor, and a magnetic stirrer worked with the gas dif-
fuser to achieve a sufficient recirculation of the mixture. Ozone
was produced from pure oxygen and fed into the reactor through
aporous glass diffuser located at the bottom of the reactor to pro-
duce fine bubbles. The residual ozone in the off-gas was adsorbed
by KI solution. Concentration of dissolved ozone in water was
measured by the Indigo method [4].

The model water was prepared by spiking nitrobenzene in dis-
tilled water. The initial concentration of nitrobenzene was about
60 wg L~!. Nano-TiO, powders were dispersed in the solution
as soon as the ozone gas contacted the nitrobenzene solution.
Samples were withdrawn at different intervals to determine the
residual concentration of nitrobenzene. The oxidation reaction
was quenched by the addition of a small amount of sodium thio-
sulphate. Before measurement, suspensions were filtered with
0.2 wm microfilters to collect the filtrate.

2.3. Analysis

The nitrobenzene concentration was analyzed by using a
SP-502 gas chromatograph equipped with an electron cap-
ture detector (China). The chromagraphy conditions were as
follows: column temperature: 160 °C; detector temperature:
200 °C; injector temperature: 200 °C; carrier gas: nitrogen.

2.4. Determination of hydroxyl radicals by EPR

EPR experiments were conducted for the determination of
hydroxyl radicals generated in solution. A nitron spin-trapping
reagent DMPO (5,5-dimethyl-1-pyrolin-N-oxide), which was
purchased from Fluka, was used in the process. DMPO, TiO;
suspensions were mixed with 500 wL of ozone solution, which
was prepared by continued bubbling to water with ozone to
obtain an ozone stock solution of 14mgL~! at 4°C. Imme-
diately after mixing, the sample solution was transferred into a
100 L capillary tube which was then fixed in the cavity of the
EPR spectrometer. In succession, the EPR spectrum was mea-
sured at room temperature with an EPR spectrometer (Bruker
EMX-8/2.7 ESR spectrometer with ER 4102ST cavity) under the
following experimental conditions: X-field sweep; center field
3480.00 G; sweep width 100.00 G; static field 3490.00 G; fre-
quency 9.751000 GHz; power 4.00 mW. Samples were scanned
and accumulated 10 times for 20.972 x 10s.

Table 1
XRD results of TiO; calcined at different temperatures

Temperature Amorphous Anatase Rutile Crystallinity
O (%) %) %) size (nm)
0 100 0 0 5
300 0 100 0 6
400 0 73 27 7
500 0 35 65 20
600 0 6 94 25
700 0 0 100 30

3. Results and discussion
3.1. Effect of calcination temperature

TiO; crystallizes in three major different structures: rutile,
anatase and brookite. However, only rutile and anatase play
important role in the applications of TiO; and are of any inter-
est here. Calcination is a common treatment method used to
improve the crystallinity of TiO, powders. Table 1 shows the
XRD results of TiO; as synthesized and subsequently calcined
at different temperatures from 300 to 700 °C. TiO, without calci-
nation is largely amorphous. When TiO, powders were calcined
at 300 °C, amorphous transformed to anatase completely. As
the calcination temperature continued to increase above 400 °C,
small rutile peaks in XRD measurement were found, indicating
the transformation of anatase to rutile. Finally, the anatase-rutile
transformation was complete at the temperature of 700 °C. The
approximate crystallite size was estimated by the Scherrer for-
mula, which is generally an accepted method to estimate the
mean crystallite size [5].

TEM micrographs of the TiO, samples are shown in Fig. 1.
The particle size is slightly larger than that formulated by the
diffracting angle and line width of corresponding X-ray diffrac-
tion peaks. But the TEM results show good consistency with
that of XRD. TiO, calcined at higher temperature tended to
conglomeration in the formation process. Hence, the parti-
cle size increased with the increasing calcination temperature,
which is contrary to BET surface area, as can be seen in
Table 2.

The catalytic efficiency of TiO, is strongly related to the
crystal structure and the surface morphology. It has been
reported that anatase is more active in many photocatalytic
processes [6—8]. But not any report has been found about
the catalytic ozonation process. Fig. 2 represents the rela-
tionship between the calcination temperature and catalytic

Table 2

BET of TiO; calcined at different temperatures

Temperature (°C) BET (m?/ 2)
0 224.43

300 113.81

400 81.79

500 40.13

600 11.59

700 3.04
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Fig. 1. TEM micrographs of TiO; calcined at different temperatures: (a) without calcinations; (b) calcined at 300 °C; (c) calcined at 400 °C; (d) calcined at 500 °C;

(e) calcined at 600 °C; (f) calcined at 700 °C.

activity of the prepared TiO,. Amorphous TiO, catalyzed
ozonation caused significant nitrobenzene abatement, but the
processes of calcination at 300400 °C induced a decrease of the
removal efficiency of nitrobenzene, and the calcination of TiO»
at 500-700°C achieved some elevation of catalytic activity.
Rutile is the main component of TiO; calcined at 500-700 °C.
That is to say, differing from photocatalysis, amorphous and

rutile are more competent for catalytic ozonation than anatase.
Because TiO, calcined at 500°C showed the best catalytic
activity, it was adopted for the latter research. In the pres-
ence of TiO, calcined at 500 °C, about 55% of nitrobenzene
in the solution could be ozonated. It is evident that nano-
TiO; catalyzed ozonation presents a high potential to destroy
nitrobenzene.
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Fig. 2. Variation of the catalytic activity as a function of calcination temperature
of TiO, (ozone applied 0.367 £0.02mgL~!, TiO, 0.1gL~!, NB 60 pgL~",
reaction time 20 min, temperature 20 °C).

3.2. Effect of catalyst dose

Effect of catalyst dose on the degradation of nitrobenzene is
shown in Fig. 3. It is observed that ozonation of nitrobenzene
was rather limited at ambient temperature in the absence of TiO,
catalyst. Since the direct reaction of nitrobenzene with ozone is
very slow (k=0.09 £0.02L mol~! s71)[9] then it seems reason-
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Fig. 3. Catalytic ozonation of nitrobenzene with different catalyst mass (ozone
applied 0.367 £0.02mgL~!, NB 60 wg L™!, temperature 20 °C): (a) effect of
catalyst dose and (b) kinetic study of different catalyst dose.

able to admit that the poor conversion of nitrobenzene achieved
in the non-catalytic ozonation process was due to the action of
free radicals generated from self-decomposition of ozone. It is
well known that ozonation of blank water also results in the pro-
duction of hydroxyl radicals through ozone decomposition [10].
The reaction rate constant of hydroxyl radicals with nitroben-
zene can reach 3.9 x 10° Lmol~!s~! [9]. These radicals are
supposed to be responsible for the degradation of nitrobenzene
in the process of ozonation alone, which was verified in the later
EPR experiments.

The removal efficiency of nitrobenzene was significantly
improved at the presence of both ozone and catalyst. A unique
property of nanoparticles is their extremely high surface area.
As can be found from experiments, adsorption of nitrobenzene
on TiO; can cause approximate 30% disappearance of this com-
pound at a catalyst loading of 0.1 g L~!. Thus, the nitrobenzene
removal rate of the simultaneous application of ozone and TiO»
was higher than the sum of the individual contributions of sin-
gle ozonation and single adsorption. It is evident that removal
of nitrobenzene was due to the action of some ozone absorbed
species or free radicals generated probably on the catalyst sur-
face or in the aqueous bulk.

Catalyst dose exerted a positive influence on nitrobenzene
conversion in catalytic ozonation process. But the increase of
catalyst dose did not yield any significant increase of the oxida-
tion rate as illustrated in Fig. 3a. Nitrobenzene in water degraded
rapidly within the first 5 min, and then the reaction rate became
slower. Since ozone gas was discontinuously generated in the
experimental system, a slightly higher ozone concentration will
be present in the reactor for the first few minutes, which results in
a faster initial reaction rate. It is shown in Fig. 3b that conversion
of nitrobenzene followed pseudo-first-order kinetic equation
after the first 5 min during ozonation and catalytic ozonation.

3.3. Effect of initial concentration of nitrobenzene

Figs. 4 and 5 present the effect of initial concentration of
nitrobenzene on the adsorption and catalytic ozonation pro-
cesses, respectively. As shown in Fig. 4a, increasing uptake
on increasing nitrobenzene concentration is initially observed
but with the saturation of the extent of adsorption at higher
nitrobenzene concentrations. This adsorption data is adequately
described by a Langmuir isotherm expression:

_ KLNBSNB,max

SNB = 1
NB I+ KLng (D

where Lyg and Sng are the concentration of nitrobenzene in
solution and on the solid, respectively after 20 min contact
with the solid; K is the conditional equilibrium constant (for
formation of an adsorbed nitrobenzene species); and SNB,max
represents the maximum concentration of nitrobenzene that may
be adsorbed to the TiO; surface (within the 20 min equilibra-
tion time allowed). Linear transformation of Eq. (1) yields an
expression of the form:

LNB 1 1

L\ + (2)
KSNB‘max

SNB SNB,max
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Fig. 4. Adsorption curve of nitrobenzene on TiO, (TiO, 0.1 gL~!, adsorption
time 20 min, temperature 20 °C): (a) concentration of NB adsorbed as a function
of the solution concentration and (b) the rectangular hyperbola of best fit as
determined by linear transformation.

which, when fitted to the available data (Fig. 4b), pro-
vides an estimate for Snpmax Of 87.72 g at neutral pH.
Given that 0.1 gL~! TiO, has been used in these adsorp-
tion studies, this represents a maximum adsorption density
of 877.2g of nitrobenzene per gram of TiO, at neutral
pH.

Catalytic ozonation was accelerated by increasing the ini-
tial concentration of nitrobenzene as can be seen from Fig. 5.
And the degradation of nitrobenzene can also be divided
into two stages. There was a rapid initial reaction rate in
the initial 5min of contact time, and then the reaction fol-
lowed pseudo-first-order kinetic equation after the first 5 min.
Effect of initial nitrobenzene on initial reaction rate and
the second stage reaction rate are presented in Fig. 6. It
is concluded that the reaction rate of the first Smin was
in direct proportion to the initial nitrobenzene concentra-
tion. And the first-order reaction rate of the second stage
was also related to the initial concentration of nitroben-
zene.
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Fig. 5. Effect of initial nitrobenzene on catalytic ozonation (ozone applied
0.367+£0.02mgL~!, TiO, 0.1gL~!, temperature 20°C): (a) effect of
different initial NB concentration and (b) kinetic study of different initial NB
concentration.

3.4. Effect of pH

Since pH is a key parameter for both ozone stability and
catalyst surface properties in aqueous solution, it is important to
examine the influence of pH on catalytic ozonation. As shown in
Fig. 7, all processes seem to be pH sensitive in the range 2—10.

Adsorption of nitrobenzene on TiO, varies largely with the
pH of solution, a fact that can be assigned to the strong depen-
dence of catalyst surface phenomena on pH. It is well established
that upon hydration, the TiO, surface develops hydroxyl groups,
which can undergo a proton association or dissociation reaction:

= TiOH + H' & = TiOH,™; atpH < pHypc

= TiOH + OH™ & = TiO™ + H;0; atpH > pHyc

where =TiOH,", =TiOH and =TiO~ are positive, neutral
and negative hydrous TiO, surface functional groups, respec-
tively. In very simple terms, interactions with cationic electron
donors and electron acceptors will be favored for heterogeneous
chemisorption at high pH under conditions in which pH > pHg,
while anionic electron donors and acceptors will be favored at
low pH under conditions in which pH <pHgpc [11].

Since nitrobenzene is a kind of unionizable compound, the
adsorption density is consistent with the concentration of the
surface sites =TiOH that can support the adsorption of nitroben-
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Fig. 6. Effect of initial nitrobenzene concentration on reaction rate (ozone
applied 0.367 +0.02mgL~!, TiO; 0.1 gL', reaction time 20 min, tempera-
ture 20 °C): (a) effect of initial NB on the reaction rate in the first 5 min and (b)
effect of initial NB on the first-order reaction rate in the second stage.

zene. [timplies that nitrobenzene will be adsorbed by the greatest
extent on catalyst surface under conditions in which pH = pHzpc.
In determining the pHyp. (point of zero charge) of TiO, 0.1¢
of TiO, powder was dispersed in 1 L re-distilled water, the ini-
tial pH was measured and recorded. The solution pH was then
adjusted with HCI or NaOH to cover a range from pH 3 to 11.
Zeta potential measurements showed that the pHzp of TiO; is
6.4. Thus, the pH of maximum adsorption density is around 6.4,
which keep consistent with the experimental results.

It is well known that ozone decomposes into hydroxyl
radicals more easily in basic solution than neutral or acid cir-

70

—&— Ozonation
—=&— Adsorption

—&— Catalytic ozonation

Removal rate, %

pH

Fig. 7. Influence of pH on the degradation of nitrobenzene (ozone applied
0.367 £0.02 mg L, TiO,0.1g L~ !, reaction time 20 min, temperature 20 °C).

cumstances because hydroxide ions may play a role of initiator
of the chain reaction [12]. Hence, more nitrobenzene molecules
can be oxidized in a basic pH solution since the concentration
of hydroxyl radicals is much higher than acid solution. From
Fig. 10, it can be seen that the removal rate of ozonation was
especially low at pH 2 and increased with the increase of pH
value. Significantly, the pH dependence of the nitrobenzene
removal rate of ozonation was approximately reflected by the
extent of removal rate of catalytic ozonation as a function of
pH. Hardly any increase of the removal rate was obtained for
catalytic ozonation compared to ozonation alone when pH was
above 10. This fact may be explained as that oxidation with
ozone was already strong under an alkaline environment.

It runs in a parallel relationship between pH and removal
efficiency for ozonation and catalytic ozonation. This indicates
that both ozonation and catalytic ozonation are likely to follow a
similar mechanism. However, it is probably the coupling of the
heterogeneous initiation followed by the homogeneous promo-
tion of the ozone decomposition reaction, which accounts for the
observed effects. It is assumed that the initiating chain reactions
happening in the solution are very important for the whole cat-
alytic ozonation process. That is to say, hydroxyl radicals stand a
great chance of generating mainly in the water phase rather than
on the catalyst surface. The confirmation to these assumptions
will need much further study to be fully elucidated and as such
is beyond the scope of this study.

3.5. Mechanism of TiO; catalyzed ozonation

One of proposed catalytic mechanisms assumes that the
catalyst performs double function. Its presence causes both
an increase of ozone dissolution and the initiation of ozone
decomposition reaction [13]. Because of the interferences of
suspending TiO, powders, dissolved ozone concentration could
not be determined instantly. Hence, we cannot directly figure out
how TiO, act in the radical chain reaction. Indirect evaluation
was made by examining the effect of radical scavengers.

Experiments were carried out in the presence of tert-butyl
alcohol and carbonate as radical scavengers. Species like
OOCH,COO and CO3?~ can also react with the hydroxyl
radicals produced. These reactions form secondary radicals,
which do not predominantly produce the HO,® and *O,~
radicals, then result in the termination of chain reactions.
tert-butyl alcohol is a relatively stronger radical scavenger
than carbonate due to its higher reaction rate constant
with hydroxyl radicals (Kiers-butyl alcohol =3 X 108 Lmol~!S~1,
Kcarbonate = 3.9 x 108 Lmol~! S~1) [14]. And the influence of
tert-butyl alcohol is highly greater than carbonate as illustrated
in Figs. 8 and 9.

It can be seen that the presence of fert-butyl alcohol signif-
icantly decreased the nitrobenzene removal rate of ozonation
and catalytic ozonation, which keep consistent with the free
radical characteristics. The presence of fert-butyl alcohol at a
concentration of 2mgL~! in water caused a reduction of 30%
in the removal rate of catalytic ozonation. There was still a
part of nitrobenzene removed from water, which can be con-
tributed to the adsorption effect of the catalyst. Neither ferz-butyl
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Fig. 8. Effect of tert-butyl alcohol on the degradation of nitrobenzene (ozone
applied 0.367 £0.02mg L~!, TiO, 0.1 gL~ reaction time 20 min, temperature
20°C).

alcohol nor carbonate caused any great influence on the adsorp-
tion of nitrobenzene on catalyst. However, the removal rate of
nitrobenzene did not decrease any more when keep on increas-
ing the concentration of tert-butyl alcohol. Carbonate had less
scavenging effect than fert-butyl alcohol. An interesting fact
was found that the efficiency of ozonation and catalytic ozona-
tion actually increased in the presence of a small amount of
carbonate (10 mgL™!). These results suggest that low concen-
tration of carbonate plays a role as promoter during ozone
decomposition. While at higher concentrations of carbonate, the
radical-scavenging effect can be observed, which proved the free
radical mechanism also.

However, it is very important to directly identify whether
hydroxyl radicals is generated in TiO, catalyzed ozonation pro-
cess. Since hydroxyl radicals are a kind of short-lived species,
it is difficult to hold and then measure it like other stable sub-
stances. Electron spin resonance (EPR) enables the detection of
radicals, and the spin-trapping/EPR technique has been devel-
oped to detect unstable radicals [15]. Unstable free radicals are
converted to the corresponding stable spin-adducts by binding
spin-trapping reagents, and the spin-adducts are measured by
EPR spectroscopy. The pattern of the resulting EPR spectrum
is strongly changed by the free radicals bound, and then the
kind as well as the amount of free radicals can be determined
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Fig. 9. Effect of carbonate on the degradation of nitrobenzene (ozone applied
0.367 £0.02 mg L, TiO,0.1g L~!, reaction time 20 min, temperature 20 °C).
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Fig. 10. Comparison of the intensity of DMPO-OH adducts signals of ozonation
and catalytic ozonation (DMPO 100 mmol, O3 6mgL~", TiO; 600 mgL~").

from the EPR parameter and its signal intensity. This technique
has been applied to the investigation of hydroxyl radicals gener-
ated in water during ozonation (Utsumi H, 1994) and ultrasonic
irradiation process [16].

For the confirmation of mechanism mentioned above, spin
trapping/EPR technique was applied for measuring the hydroxyl
radicals generated in ozonation and TiO,-catalyzed ozonation.
Fig. 10 showed the typical EPR spectrum obtained during ozona-
tion and catalytic ozonation. The spectrum was composed of
quartet lines having a peak height ratio of 1:2:2:1 and the param-
eters were hyperfine constants an = 1.49 mT, oy =1.49 mT and
g-value =2.0055. These parameters coincided with those of the
DMPO-OH adduct as demonstrated previously [17]. It can be
found that the signals observed in catalytic ozonation were
stronger than that in ozonation alone. Namely, it is verified
that the presence of TiO, powders accelerated the generation
of hydroxyl radicals in the ozonation system.

As reported by Nawrocki [18], hydroxyl groups are present
on TiO; surface in water. It is supposed that these hydroxyl
groups react with dissolved ozone to generate unstable species,
which can act as the promoter of chain reactions to produce
hydroxyl radicals. Based on the analysis of experimental data,
hydroxyl radicals are generated mainly in solution. Although it
is short of fundamental study, great surface area possessed by
nanoparticles is considered as one reason of catalytic activity for
TiO,. Further research is now in progress and will be discussed
in another paper.

4. Conclusions

Use of nano-TiO, powder as catalyst for the ozonation of
nitrobenzene in water significantly improved the removal of
this compound compared with ozonation alone. Rutile showed
better catalytic activity than anatase. An increase of initial
nitrobenzene concentration caused the enhancement of nitroben-
zene removal by ozonation and catalytic ozonation. Whereas,
increasing the dose of catalyst showed negligible influence on
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nitrobenzene removal. The removal rate increased with increas-
ing pH of solution for catalytic ozonation. The presence of either
tert-butyl alcohol or carbonates had a negative effect on catalytic
ozonation. These experimental results confirmed the proposition
that the degradation of nitrobenzene by TiO,-catalyzed ozona-
tion followed a radical-type mechanism. Moreover, the EPR
experiments verified that the production of hydroxyl radicals
was accelerated by the addition of TiO,, which consequently
resulted in the enhancement of nitrobenzene removal rate.
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