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bstract

p-Nitrotoluene (PNT) is a nitroaromatic compound that is hazardous to humans and is a suspected hormone disrupter. The degradation of
NT in aqueous solution by ozonation (O3) combined with sonolysis (US) was investigated in laboratory-scale experiments in which pH, initial
oncentration of PNT, O3 dose and temperature were varied. The degradation of PNT followed pseudo-first-order kinetics, and degradation
roducts were monitored during the process. The maximum degradation was observed at pH 10.0. As the initial concentration of PNT decreased,
he degradation rate increased. Both temperature and ozone dose had a positive effect on the degradation of PNT. Of the total organic carbon
TOC) reduction, 8, 68, and 85% were observed with US, O3, and a combination of US and O3 after reaction for 90 min, respectively, proving that

zonation combined with sonolysis for removal of TOC is more efficient than ozonation alone or ultrasonic irradiation alone. Major by-products,
ncluding p-cresol, 4-hydroxybenzaldehyde, 4-hydroxybenzoic acid, 4-(oxomethylene) cyclohexa-2,5-dien-1-one, but-2-enedioic acid, and acetic
cid were detected by gas chromatography coupled with mass spectrometry.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Nitroaromatic compounds are used in many industrial pro-
esses, including the preparation of pesticides, explosives,
extiles and paper. Therefore, these compounds are often
etected as water pollutants as a result of their release in indus-
rial effluents [1,2]. If these effluents are discharged into water
ithout proper treatment, they are hazardous to humans and

he environment. Among these nitroaromatic compounds, p-
itrotoluene (PNT) is a common pollutant. It is an intermediate
ormed during the production of trinitrotoluene (TNT), and stud-
es have demonstrated that it is a suspected hormone disrupter
3,4].

The combination of ozonation and sonolysis (US/O3) is an

dvanced oxidation process. Compared with ozonation or sonol-
sis alone, it appears to be more effective and uses less energy,
nd it has the advantages of being non-selective, leading to no

∗ Corresponding author. Tel.: +86 571 88320726; fax: +86 571 88320276.
E-mail address: jchen@zjut.edu.cn (J. Chen).
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econdary pollution, and being particularly effective in remov-
ng persistent and biorefractory pollutants from water [5]. Thus,
S/O3 oxidation has become a focus of intense investigation.
zone is decomposed to generate very reactive free radicals,

uch as the hydroxyl radical (•OH), which is important in the
egradation of PNT. In the US/O3 process, the mass transfer and
ecomposition of O3 can be enhanced by ultrasound to increase
he production of free radicals for better degradation [6,7]. The
ole of ozonation with US and the related oxidation process with
everal aromatic compounds have been examined by different
uthors [5,6,8–10].

The degradation of PNT has been studied by many
esearchers, including photocatalytic degradation [11], bio-
ransformation [12], and UV-catalyzed Fenton oxidation [13].
owever, most of these studies paid little attention to the
egradation of PNT by US/O3. In this study, we performed
xperiments in which we varied conditions, including pH, ini-

ial concentration of PNT, O3 dose and temperature, to examine
he influence of these factors on the extent and rate of degra-
ation, and the mechanism of PNT degradation by US/O3 is
roposed.

mailto:jchen@zjut.edu.cn
dx.doi.org/10.1016/j.jhazmat.2006.10.067
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. Experimental

.1. Reagents

p-Nitrotoluene (crystalline form, molecular mass
37.14 g/mol) as obtained from Jiangsu Huaihe Chemi-
als Co. Ltd. is over 99.5% pure and was used without further
urification.

.2. Apparatus

As shown earlier [14], the experimental apparatus consisted
f a cylindrical Pyrex glass reactor (diameter 80 mm, height
20 mm) coupled with an ultrasonic processor (YIY-UL04-B,
hanghai Yiyuan Ultrasonic Equipment Co. Ltd.), an O3 supply
ystem (CHYF-3A, Hangzhou Rongxin Electronic Equipment
o. Ltd.) and an exhaust treatment system. The ultrasonic pro-
essor (400 W output, variable power control) was equipped with
20-kHz converter (diameter 106 mm, height 225 mm) and a

ure titanium probe (tip diameter16 mm, height 164 mm), with
processing capability of 100–1000 mL. The glass cylinder was
lugged with a polyethylene cap during operation. The probe
as partially immersed in the liquid fixed at the center of the
olyethylene cap. The oxygen flow-rate to the generator was
onitored with a rotameter incorporated into the ozone gener-

tor. In this experiment, the ozone doses in the feed were kept
t 1.8–3.8 g/h. Surplus ozone was passed into gas absorption
ottles containing 2% (w/v) KI solution. The experiments were
arried out in a temperature-controlled bath.

An aqueous solution (500 mL) of PNT at different concen-
rations was used. PNT was degraded with the chosen O3 dose
nd/or US energy density. Samples were taken with a glass
yringe at various time-points and passed through a membrane
lter (0.45 �m pore size) and analyzed for solutes.

.3. Analytical methods

The analysis of PNT was performed by high-pressure liq-
id chromatography (HPLC) using an Agilent instrument (1100
eries, Agilent, USA) by comparison with the retention time
f the standard compound. Aliquots of 25 �L were injected
o determine the concentration of PNT, running with a mobile
hase of ammonium formate (the pH was adjusted to 3.8 with
ormic acid)/isopropyl alcohol (60:40, v/v). The separation was
erformed using an Agilent ZORBAX Eclipse XDB-Phenyl col-
mn (250 mm × 4.6 mm i.d.) at a flow-rate of 0.8 mL/min and a
olumn temperature of 40 ◦C. A UV detector was used with the
avelength set at 280 nm.
Intermediate products were detected by gas chromatogra-

hy coupled with mass spectrometry (GC/MS) (GC, Varian
p3800 system; MS, Varian Saturn 2000 mass spectrometer).
he gas chromatograph was equipped with a WCOT fused sil-

ca series column (30 m × 0.25 mm i.d., film thickness 0.25 �m)

nd interfaced directly to the mass spectrometer. The GC col-
mn was operated at a temperature of 80 ◦C for 2 min and then
ncreased to 250 ◦C at the rate of 15 ◦C/min. The other experi-

ental conditions were: EI impact ionization 70 eV; helium as

3

w
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he carrier gas; injection temperature 280 ◦C; source temperature
0 ◦C.

Total organic carbon (TOC) was determined with a TOC-
CPH total organic carbon analyzer. The pH value was measured
ith a PHS-25 instrument (Rex Analytical Instrument Co. Ltd.,
hanghai, China). The US power dissipated into the reactor
as adjusted and estimated by calorimetry in order to ensure

omparable US conditions [15]. The O3 concentrations were
etermined by an iodimetric method [16].

.4. Procedures

Phosphate buffers were prepared in deionized water by the
eaction of calculated amounts of sodium hydroxide solution and
hosphoric acid solution, to yield an ionic strength of 0.0667 M.
100 mg/L aqueous stock solution was prepared by dissolving

00 mg of PNT in 1000 mL of phosphate buffer, and stored at
◦C. Dye solutions of various strengths were made from the

tock by the appropriate dilution with phosphate buffer.
For the preparation of GC/MS samples, 100 mg of PNT was

issolved in 1000 mL of phosphate buffer (pH 10.0). Samples of
0 mL were removed from the reactor at 5, 15, 30, and 45 min.
fter the pH value of the samples was adjusted to 2.0 with
Cl, intermediate products were detected by GC/MS without
egassing the samples.

. Results and discussion

.1. Effect of pH

The degradation experiment of the effect of pH was repeated
ver the range of 4.0–12.0. As shown in Fig. 1a, the PNT degra-
ation kinetics obtained during US/O3 fitted a first-order curve.
seudo-first-order rate constants at various pH values are given

n Table 1. The rate constants were 0.094, 0.11, 0.15, 0.19, 0.20
nd 0.090 min−1 when pH values were 4.0, 5.8, 7.0, 8.0, 10.0
nd 12.0, respectively. The degradation rate increased as the pH
ncreased from 4.0 to 10.0, and then decreased at pH values
igher than 10.0.

In general, the O3 molecule itself was one of the main reac-
ive species under acidic conditions, so the degradation of PNT
xhibited low efficiency [17]. As the solution became more
asic, the rate of O3 decomposition to secondary oxidants, such
s hydroxyl radicals, increased [18]. However, the rate of degra-
ation decreased at pH values higher than 10.0, which might be
ttributed to two factors. First, a high pH creates more free radi-
al scavengers (i.e. CO3

2−, HCO3
−, etc.), resulting in a decrease

n the concentration of •OH [19,20]. Second, the rate of reaction
f •OH with the various phosphate species added to the solution
s pH buffers in our experiments would be expected to be slow-
st in the pH range 2.8–4.5 [21]. The optimal pH during these
xperiments was 10.0.
.2. Effect of initial concentration of PNT

The effect of the initial concentration on degradation of PNT
as studied for various initial concentrations and the results are
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ig. 1. Effect of process variables on the degradation of PNT. (a) Effect of in
0 ◦C. (b) Effect of initial concentration: pH 10.0; O3 dose 3.8 g/h; US energy
S energy density 0.3 W/mL; temperature 20 ◦C. (d) Effect of temperature: C0
hown in Fig. 1b and Table 1. As can be seen, a higher initial con-
entration led to a slower degradation rate, i.e. 1.2, 0.98, 0.77,
.43 and 0.20 min−1 pseudo-first-order rate constants when the
nitial concentration of PNT was 20, 40, 60, 80 and 100 mg/L,

r
n
o
e

able 1
seudo-first-order rate coefficients of various operation parameters during degradatio

peration parameters

H Initial concentration,
C0 (mg/L)

Ozone dose (g/h)

4.0 100 3.8
5.8 100 3.8
7.0 100 3.8
8.0 100 3.8
0.0 100 3.8
2.0 100 3.8
0.0 80 3.8
0.0 60 3.8
0.0 40 3.8
0.0 20 3.8
0.0 100 3.3
0.0 100 1.8
0.0 100 3.8
0.0 100 3.8
0.0 100 3.8
H: C0 100 mg/L; O3 dose 3.8 g/h; US energy density 0.3 W/mL; temperature
y 0.3 W/mL; temperature 20 ◦C. (c) Effect of O3 dose: C0 100 mg/L; pH 10.0;
g/L; pH 10.0; O3 dose 3.8 g/h; US energy density 0.3 W/mL.
espectively. The overall degradation rate of PNT depends on the
umber of hydroxyl radicals generated and on the rate of release
f hydroxyl radicals into the surrounding medium [22]. Our
xperiments were performed under the same operating condi-

n

Pseudo-first-order (k) (min−1)

Temperature (◦C)

20 9.4 × 10−2 ± 1.1 × 10−2

20 1.1 × 10−1 ± 7.2 × 10−3

20 1.5 × 10−1 ± 2.2 × 10−2

20 1.9 × 10−1 ± 2.6 × 10−2

20 2.0 × 10−1 ± 2.2 × 10−2

20 9.0 × 10−2 ± 1.3 × 10−2

20 4.3 × 10−1 ± 5.2 × 10−2

20 7.7 × 10−1 ± 9.8 × 10−2

20 9.8 × 10−1 ± 1.4 × 10−1

20 1.2 ± 1.1 × 10−1

20 1.7 × 10−1 ± 1.6 × 10−2

20 1.2 × 10−1 ± 1.9 × 10−2

30 2.3 × 10−1 ± 2.5 × 10−2

40 3.2 × 10−1 ± 2.4 × 10−2

50 3.6 × 10−1 ± 3.1 × 10−2
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ions, which indicated that the rate of release of hydroxyl radicals
as almost constant. Therefore, the cavities and •OH radicals

n the solution approached a steady state. Additionally, the com-
etition between the intermediate products and PNT for •OH
ecame intense owing to the non-selective reactivity of •OH.
hese two factors lead to a decreasing rate of degradation with
n increase of initial concentration. The effect of the initial con-
entration has been investigated by other researchers [23,24],
ho have reported results that agree with ours.

.3. Effect of O3 dose

In order to evaluate the effect of O3 dose on the degradation
f PNT with US/O3, increasing O3 dose was applied at pH 10.0
s shown in Fig. 1c and Table 1. The pseudo-first-order rate
onstant increased from 0.12 min−1 with an O3 dose of 1.8 g/h
o 0.20 min−1 with an O3 dose of 3.8 g/h. The results indicated
hat O3 had a positive effect on the degradation rate of US/O3.

As the ozone dose increased, the area of the gas–liquid
nterface increased, which resulted in an increase of ozone con-
entrations in the solution and an increase of the formation
f the free radicals with a consequent increase in the rate of
NT degradation. However, as the concentration of ozone in

he liquid phase approached its maximum value, the process
ecame increasingly controlled by the rate of chemical reaction.
ny further improvement in ozone mass transfer would have
diminished effect on the observed reaction rate [25]. There-

ore, optimization of O3 dose is necessary to minimize energy
onsumption and the amount of exhaust O3 gas.

The actual optimum dose of O3 can be determined by
he O3/PNT ratio required for complete degradation, which is
elated to the concentration of PNT and the consumption of PNT
y degradation, which can be obtained by further experiments
or individual treatment systems.

.4. Effect of temperature

Effect of temperature on the degradation of PNT by US/O3
as examined in the range 20–50 ◦C. Fig. 1d and Table 1 show

hat the degradation rate of PNT increased gradually as the
emperature increased (rate constants of 0.20, 0.23, 0.32 and
.36 min−1 were obtained at temperatures of 20, 30, 40 and
0 ◦C, respectively). The same results were obtained by Weavers
nd Hoffmann [7]. Due to its reduced solubility as the temper-
ture increased, the concentration of O3 in aqueous solution
ecreased. On the other hand, during US, the increase of the
emperature caused greater decomposition of ozone, so the rate
f mass transfer during ozone dissolution was enhanced [26]. As
result, ozone decomposes faster to give reactive intermediates
t higher temperatures despite the lower solubility of ozone at
igher temperatures.

.5. Enhanced mineralization
The destruction of TOC is the ultimate goal of advanced
xidation processes [27]. As shown in Fig. 2, the total min-
ralization at 90 min in the US, O3 and US/O3 schemes was

a
t
b
l

ig. 2. Comparison of US, O3 and US/O3 for TOC removal: C0 100 mg/L; pH
0.0; O3 dose 3.8 g/h; US energy density 0.3 W/mL; temperature 20 ◦C.

, 68, and 85%, respectively. Ozonation alone was more effec-
ive than US for the removal of TOC, and the combination of
he two resulted in a synergetic increase in the overall rate of
egradation. It is likely that the following theories are respon-
ible for the increase of degradation efficiency. When used
lone, ozone transfers first from the gas phase into the liquid
hase, and then undergoes bulk solution reactions of the sub-
trate with ozone or radicals from O3 autodecomposition that
ccur in the absence of sonolysis. As for individual sonolysis
f the substrate, reactions include both direct pyrolysis of the
ubstrate and pyrolysis of H2O in a cavitation bubble produc-
ng •OH [8]. However, in the combined system, a myriad of
iny air bubbles are produced, due to the cavitation effect of
ltrasound, to enable most O3 to enter the liquid phase or react
n the gas–liquid interface. The increase of mass transfer and
ecomposition processes of O3 coupled with transient local high
emperature and ultra-high pressure upon the collapse of cavities
nhance the production of free radicals •OH for further oxida-
ion of organic pollutants, resulting in a higher reaction rate
10,24].

Hence, ozonation combined with sonolysis for the removal of
OC is more efficient than using ozonation alone or ultrasonic

rradiation alone.

.6. Intermediates and a possible reaction mechanism

On the basis of the intermediates (Table 2) detected in this
xperiment by GC/MS, a possible reaction pathway for the
ecomposition of PNT in the US/O3 process is proposed in
ig. 3. In general, •OH radicals are the primary oxidizing species

n the US/O3 process. The initial •OH attack can occur at the
–N bond of PNT, yielding p-cresol (D1) with release of NO3

−.
arallel with this degradation, the nitro group is lost from the
enzene ring by vapor phase pyrolysis due to the high temper-

tures that are achieved during bubble collapse conditions, and
he p-methyphenyl radical would be formed (S1), which would
e transformed easily into D1 by •OH. Further oxidation of D1
ed to 4-(oxomethylene) cyclohexa-2,5-dien-1-one (D4). Then
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Table 2
Intermediate compounds identified by GC/MS

Symbol Compounds Structural formula Sample time (min)

5 15 30 45

D1 p-Cresol
√

D2 4-Hydroxybenzaldehyde
√ √ √

D3 4-Hydroxybenzoic acid
√ √ √

D4 4-(Oxomethylene) cyclohexa-2,5-dien-1-one
√ √

D5 But-2-enedioic acid
√ √ √

D6 Acetic acid CH3COOH
√ √ √
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Fig. 3. The probable d

he aromatic ring of D4 may open to give carboxylic acids such
s but-2-enedioic acid (D5) and acetic acid (D6).

It should be emphasized that the existence and reaction of
ompound D4 need to be classified further. The compound D4
ould be detected by GC/MS, which may be attributed to the
resence of residual ozone (without degassing the samples).
lthough Tomazela et al. also reported the existence of com-
ound D4 [28], the physicochemical property was still unclear.
herefore, further experiments need to be done to ascertain
hether compound D4 could add water to an aqueous solution

o yield compound D3. In other words, there might be a mutual
ransformation between compounds D3 and D4.

. Conclusions
We determined PNT degradation in aqueous solution by US
ombined with O3. The experimental results indicate that the rate
f degradation is influenced by the initial concentration of PNT,

f
a
t
e

tion pathway of PNT.

emperature, O3 dose and pH. The efficiency of ozone treatment
as enhanced by the mechanical effects of US. The joint action
f US and O3 induced a synergetic effect on removal of TOC.
otal mineralization after 90 min with US, O3 and US/O3 was
, 68, and 85%, respectively. Intermediate products, including
-cresol, 4-hydroxybenzaldehyde, 4-hydroxybenzoic acid, 4-
oxomethylene) cyclohexa-2,5-dien-1-one, but-2-enedioic acid,
nd acetic acid were detected by GC/MS.

The results obtained by experiment confirm that US/O3
xidation is an effective technology for the removal of nitroaro-
atics, despite their high level of stability. The US/O3 oxidation

rocess may be applied as a new methodology for reducing the
evels of other endocrine-disrupting chemicals in aqueous solu-
ion. More work is needed to determine the precise mechanisms

or the sonolytic ozonation reported here, but the clear synergy
chieved by the use of combined techniques are worthy of fur-
her study and may form the basis of important techniques for
nvironmental treatment.
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