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Abstract: To better understand the formation of H, O, in the ozonation of nitrobenzene and its role for the oxida-

tion, a batch reactor of nitrobenzene ozonation was set up. The variables such as pH value, ozone dosage, and the

presence of hydroxyl radical scavenger were investigated. The results showed that high accumulations of H, O,

were generally formed at low pH values and low ozone dosages. Moreover, H, O, mainly formed after nitrobenzene

was oxidized by hydroxyl radical during ozonation of the intermediates, such as p-nitrophenol, which reacted with

ozone quickly in water. A small amount of additional H, O, enhanced the nitrobenzene removal slightly. The kinet-

ic study showed that nitrobenzene degradation fitted with pseudo-second-order kinetics well in the experiment. The

kinetic constant values correlated linearly with the concentrations of H, O, added. Thus, it is expected that the

H, O, formed in oxidation of nitrobenzene may initiate ozone decomposition to form hydroxyl radical and finally en-

hance the degradation of aromatic compounds to a certain extent.
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1 Introduction

The products of organic compounds oxidation
by ozone have been studied extensively in drink-
ing water treatment for many years. H,0, is
commonly generated during ozone decay and aro-
matic ring or carbon double-bond cleavage by
ozone, which has been previously verified as an
important trace intermediate in aqueous ozone de-
cay [, Parts of H,O, will dissociate into HO,
and then react with ozone to produce < O, and
* O, radicals, which thus act as a further chain
carrier and finally generate hydroxyl radical
(OH), the species of a known powerful oxidant
(E°=2.8 V) that reacts with organics in an unse-
lective way in water "*/, Previous studies showed
that H, O, was also formed during the ozonation
of nitrobenzene (NB), which is a relative persis-
tent aromatic compound used in the manufacture
of dyes, plastic, pesticides, explosives, and phar-

[9-12]

maceuticals Kinetic studies of ozone and
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0O,/H,0, reacting with NB were presented in
Refs. [13, 14].

It is pointed that the intermediate products in
NB ozonation such as nitrophenols, which react
with ozone quickly, would generate H, O, during
subsequent reactions /. The effect of humic
acids on NB oxidation by O,;/UV processes was
investigated in which a certain concentration of
humic acids was added and avoids any further
degradation on NB. It was expected that an accu-
mulation of H, O, in solutions might induce chain
promoting reactions to produce hydroxyl radical
Additionally, the

decay rates of aqueous ozone increased in the

during the NB oxidation M,

presence of aromatic organic solutes as H,O,

[5]

formed during the ozonation An interesting

observation is that the amount of hydroxyl radical

was enhanced during ozonation of 3-chlorophenol

and phenol *

1160 Since chlorine and nitro groups

are electron withdrawing, the chemistry charac-
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teristics of 3-chlorophenol are similar to nitrophe-
nols. It can be assumed that the formation of hy-
droxyl radical is also enhanced during ozonation of
nitrophenols. However, little attention has been
paid to quantitatively describe the practical role of
H, O, on aromatic compounds ozonation so far, as
H, O, formed in oxidizing aromatic compounds by
ozone,

Therefore, the objective of present work is
to investigate the formation of H, O, under differ-
ent conditions during NB degradation by ozone.
Influencing parameters such as pH, ozone dos-
age, and hydroxyl radical scavengers are evalua-
ted to characterize the formation of H,0,. Ef-
forts are also made to reveal the initiating reac-
tions of H, O, during NB oxidation by ozone and
to provide general information on the fate of

H,O,.

2 Materials and Methods

2.1 Materials and experimental methods

NB was purchased from Tianjin Third Facto-
ry, China (Analytical grade) without further pur-
ification. And it was dissolved in ultrapure water
at a concentration of 9. 76 X 10™* mol « L™ for
storage. H, O, with the purity of 30% was used.
Ozonation experiments were carried out in a 200
mL all-glass batch reactor, shielded from labora-
tory lights with aluminum foil to prevent the de-
composition of H, O, and ozone. A 100 mL aque-
ous solution of NB was put into the glass and
stirred using a Teflon coated magnetic bar to pro-
vide a homogeneous mixture. Before ozonation,
oxygen was continuously purged into reactor until
it was saturated. It was found that no NB was
lost. Ozone, generated from high purity of oxy-
gen (>>99.99%) by ozone generator, was fed in-
to the reactor at a rate of 1, 3X10 " mol » min™'
or 1.6 X 10" mol * min ! through a porous col-
umn at the bottom just above the magnetic bar.
The gas flow rate was 1.7 L * min~'. After a
specific time intervals, the whole reaction solu-
tion was stopped. Samples were withdrawn and
analyzed for NB and H, O, concentration. The pH
was adjusted with phosphate buffer solution with

a total phosphate concentration (Cr) of 1X10°°

mol « L', All ozonation experiments were per-
formed at 201 “C. All solutions were prepared
with Millipore Milli-Q 18 MQ water. Other

chemical compounds were of analytical grade.
2.2 Analytical methods

NB was extracted by hexane by 1:1 of vol-
ume and was measured by a SP-580 gas chroma-
tograph with electron capture detector. The chro-
matographic conditions were set as follows: col-
umn temperature 160 °C, detector temperature
220 °C, injector temperature 200 °C, and the car-
rier gas was nitrogen.

The concentration of H,O, was determined
by photometric method "1, The dissolved ozone
was determined by indigo method *. Before
analysis of H, O, , the residual ozone was removed
by continuously purging the solution with oxygen
for 5 min. After 5 min of purging, no ozone was
detected in the solution, and no significant H, O,

loss was found.

3 Results and Discussion
3.1 Formation of H,O0,

H, O, formation and NB evolution of remai-
ning concentrations in dimensionless with time
during the course of NB ozonation at pH 6. 0 are
shown in Fig. 1 (oxygen-saturated, (O;) , dosage
is 1. 3 X 107" mol « min™', gas flow rate is
1.7 L/min,pH=6.0, C;=1X10 ° mol « L7,
and T=20+1 °C). Small amounts of H, 0, (0. 83
X107% mol »+ L") were formed rapidly within
1 min and the percentage of NB degradation was
about 48%. After reaction for 2 min, the concen-
tration of H, O, did not increase noticeably while
the percentage removal of NB reached 86%. In
particular, within 6 min, when ozone gas was
bubbled into the reactor continuously alone, the
accumulation of H, O, was at undetectable level in
comparison to the ozonation of NB. Moreover,
H, O, formation in NB ozonation had also been i-

[12]

dentified by other researchers''”’. The mechanism

of H, O, formation was similar to the ozonation of
phenol in water ',

degradation of NB was about 92%, and the con-

Within 5 min, the percentage

centration of H,Q, increased slowly to 1. 01 X

107° mol « L™'. However, the formation rate of
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Fig. 1 NB degradation v. s. time at concentration of
9.76X10"% mol « L™ ! (Inset: H,O, formation

during NB ozonation)

H, O, within 5 min was not rigorously proportion-
al to the NB degradation rate during NB ozona-
tion.

As nitro-group is electron withdrawing which
diminishes the electron density of the aromatic
ring, it can be deduced that direct reactions with
ozone contribute little to the ozonation rate. The
reaction rate constant for the oxidation of NB by
molecular ozone is 0. 09 L« mol ' « s "M On
the other hand, the rate constant for the reaction
of hydroxyl radical with NB is 2. 9 X 10° L -

10 After 1 min reaction, the concen-

mol™ !+ s
tration of ozone dissolved in solution increased,
which could enhance the formation of hydroxyl
radical. Then, NB was mainly degraded by hy-
could be

formed during oxidation intermediates which acts

droxyl radical oxidation, and <« O,

as a further chain carrier "', H, 0O, formed in
ozonation of NB can react with ozonation interme-

(201 glyoxal and

diates, such as organic radicals
glyoxylic acid ', or dissociate into HO; to initi-
ate O for producing hydroxyl radical in the fol-

L6-82L1 * which can decrease the con-

low minutes
centration of H,O,. To get more information a-
bout the formation of H,O, in the ozonation of
NB, a series of experiments was performed under
different conditions.

3.1.1

Hydroxyl ion is known as a strong initiator

Effect of pH on H, O, formation

of ozone decomposition, which also has consider-
able influences on H,0, dissociation (pKa =
11.6), and will generate HO, quickly at high pH

values and finally react with ozone to form hy-

droxyl radical. The initial reactions of OH  are

as follows

0O; +OH —— HO; + 0,

kog =70« L« mol™ « 5! (D
Thus, pH value will be an important factor in
this study. Oxidation of NB by ozone and the for-
mation of H, O, at different pH values are shown
in Fig. 2 (oxygen-saturated, (Oj;) , dosage is
1.3X 107" mol *» min™!', Ct=1X 107* mol -
L', T=20+1 C, and [NB], =9.76 X 10°°
mol «+ L™'). At a given time, the conversion of
NB increased with the increase of pH. Other-
wises the formation of H, O, decreased with the
increase of pH from 6 to 8. At pH 6.0, the maxi-
mum formation of H,O, concentration did not
reach within 8 minutes. When pH is 8.0, a high
formation point of H, O, concentration (0. 67 X
107° mol « L.™') was observed at 2 min, but NB

was undetectable. Then the concentration of

H, O, slightly decreased further. At pH 8.0, the
dissociation of H,O, into HO, was faster than
the case of pH=6.0. The HO,; was consumed by
ozone in initial reactions, which decreased the
concentration of H,O,. As NB is a non-dissocia-
ting compound and cannot be influenced by pH
04 the effect of pH on NB degradation may be
attributed to the function of free radicals. The pH
effects on the formation of H, O, formation can be
explained that H, O, dissociated into HO, at high
pH, and then the formed HO; promoted chain
reactions to form hydroxyl radical, and finally de-

creased the H, O, amount.
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Fig. 2 Degradation of NB at different pH (Inset: H, O,
formation during ozonation of NB at different

pHD
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3.1.2 Effect of ozone dosage on H, O, formation

The remaining concentration of NB in the di-
mensionless with time corresponding to two
ozone feed rates at pH 6. 0 is shown in Fig. 3 (ox-
ygen-saturated, pH=6.0, C; =1X10 * mol
L', T=204+1 °C, and [NB],=09.76 X 10°°
mol »+ L™"). At a given time, the high ozone dos-
age leads to high NB conversion and ozonation
rate. The increase of ozone dosage mainly in-
creased the driving force of ozone dissolution,
which will increase the ozone decomposition rate
to form hydroxyl radical, and enhance the conver-
sion of NB at a given time.

1.0

- 1.2
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Q
0.8 g 08 ‘T/'/.
= S 06
2 061 = o4 " .
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Fig. 3 Degradation of NB at two ozone dosages (Inset:
H,0O, formation during NB ozonation at two

ozone dosages)

The formation of H,O, with time is also
shown in Fig. 3. It can be deduced that the high
NB conversion at a given time should lead to high

formation of H,O,. But the amounts of H,O, at

1 1

an ozone dosage of 1. 6 X 10 " mol » min ' was
lower than that of 1. 3X 10" mol * min ' within
3 min, while the conversion of NB was higher
than that of 1. 3X10"* mol * min'.

investigated that the dissociation of H,0, with

It has been

ozone is slow at pH 6. 0. Therefore, the forma-
tion of H, O, will accumulate at high ozone dosage
at pH 6.0. On the other hand, the concentration
of H,O, was lower than the products of NB oxi-
dation by ozone at pH 6. 0. Hydroxyl radical en-
hanced in high ozone dosage will react mostly
with the products of NB.

3.1. 3 Effect of hydroxyl radical scavengers on
H. O, formation

Formation of H, 0O, during ozonation of NB

and nitrophenol was carried out in the presence of

tert-butyl alcohol (tB), a kind of hydroxyl radical
scavengers which reacts very slowly with ozone
(0.03 L » mol™" « s7!) and quickly with hydroxyl
radical to terminate the free radical chain reac-
tions (5 X 10° L « mol ! « s ') ¥ Ozone is a
very selective oxidant compared to hydroxyl radi-
cal, which reacts quickly with activated aromatic

double bonds
amine **1. p-nitrophenol (pK = 7. 2) had been

compounds, and deprotonated
proved to be one of the intermediate products dur-
ing the oxidation of NB by ozone in water. The
reaction rates of phenolate ion with ozone and free
hydroxyl radical were 165X 10% L » mol ! » 5!
and 7.6X10° L » mol ' « s SR
The effect of tB on the formation of H,O, is

, respectively

shown in Fig. 4 (oxygen-saturated, (O;) , dosage
is 1.6 X10 " mol *» min' ', pH=8.0, C;=1X
10 * mol « ™', and T=20%1 °C). It can be ob-
served that tB significantly inhibits the H, O, for-
mation during NB ozonation since NB was mainly
degraded by hydroxyl radical. Contrarily, tB did
not affect the H, O, formation compared with NB
ozonation during the ozonation of p-nitrophenol,
and the amounts of H,0, increased straightly in
the presence of tB within 3 min. At pH 8. 0,
H, O, did not initiate ozone to produce hydroxyl
radical in the presence of tB, and finally H, O, ac-
cumulated during the ozonation of p-nitrophenol.
According to the mechanism of degradation of
phenol by ozone, a similar series of consecutive
reactions will happen in the ozonation of nitrophe-
nol ", Hence, H,O, was mainly produced dur-

ing ozone reaction with the intermediates of NB.

22 —— [NB]=9.76 X 10™° mol/L, [tB]=0 mol/L
207 . [NBJ=9.76 X 10 mol/L

1.8+ [tB]=2.7X 10" mol/L

16k—= [p-nitrophenol]=9.76 X 10 mol/L

g [tB]=0 mol/L =
S 14§ —a [p-nitrophenol]=9.76 X 10 mol/L
«.»E 12+ [tB]=2.7X 10" mol/L
(=)
< 10f
% 0.8}
= 06 l%‘/‘——A
O—0o
04t
02F X
0.0l p b

X "
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Fig. 4 Formation of H, O, in the presence and absence

of tB during ozonation of NB and p-nitrophenol
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3.2 Role of H,0,

It had been investigated that H,O, would
form during the ozonation of NB. Since H, O, is a
strong initiator of ozone decomposition, it will
produce hydroxyl radical quickly, thus accelera-
ting the degradation of organic compounds. To
investigate whether the intermediate product of
H, O, could enhance the degradation of NB, dif-
ferent amounts of H, O, were added to the reactor
at pH 6. 0. The results are shown in Fig. 5,
where dash lines denote the expected concentra-
tions of H, O, , by assuming no reaction with add-
ed H,O, (oxygen-saturated, (0O;) , dosage is
1.6X10 " mol *» min ', pH=6.0, C;y=1X10"*
mol+ L', T=20+1 °C, and [NB],=09. 76 X
107° mol » L™'). On the basis of previous work,
at pH values above 5, H, O, strongly accelerated
the decomposition of ozone [, In Fig. 5, after
H,0, is added, NB conversion is slightly im-
proved at a given time compared to the case with-
out the addition of H,O,. The amount of H,0,
formed is increased smoothly. It is expected that
an efficient and clean source of hydroxyl radial
was provided by the mixture of ozone and H,O,
in water, and the high powerful and unselective
« OH will react with many intermediates in addi-
tion to NB ). On the other hand, after 0. 63 X
107° mol « L7' of H,O, was added, which was
supposed not to react with any agents in water,
the accumulation of H, O, was slightly lower than
H,O, With the

amount of H, O, dose increased, the accumulation

those presumably formed.
of H,O, was lower and the value of H,O, was
lower than that presumably formed. The impact
of H,0O, addition was explained by the fact that
H. O, will dissociate into HO, which behaves like
OH™ in water, and subsequently reacts with
ozone to provide an efficient, clean source of hy-
droxyl radical in water. In Fig. 5, the percentage
degradation of NB was also increased with the in-
crease of added H,O,. Hydroxyl radical was pro-
duced right after H, O, addition, which enhanced
the NB degradation.

1.2

Se [H,0,]70 —= [H,0,]=0.63X 10 mol/L
- [H,0,]=1.32X 10° mol/L

— [H,0,]=2.67X 10" mol/L

4.0
35F g
3.0 _H—'—‘“”"/—'
25F

20F  a-bedn”
1.5 pha—
1.0 | ge== g
0.5 ;”"/:// o

0.0

1.09

0.8

0.6

[H,0,1/(10° mol/L)

[NB] / [NB],

0.4

02t Time / min

L

00 05 10 15 20 25 30 35

0.0 L
Time / min
Fig.5 Degradation of NB at different initial H, O, con-

centrations (Insert; Accumulation of H,O,)

The efficiency of OH™ and HO; on ozone
decomposition rate can be compared by koy and
ko, . At pH 6. 0, if koww [OH ] =
ko, [HO; ], the decomposition rate of ozone by
HO, can take place with the magnitude as same
as OH™. The concentration of H,O, calculated
was 0. 13 X10°° mol « L™!'. However, the con-
centration of H, O, formed at 0. 25 min on oxida-
tion of NB with initial concentration of 9. 76 X
107° mol « L™! at pH 6. 0 was 0.35>X107° mol -
L', It was assumed that the amounts of H, O, at
0. 25 min may initiate the decomposition of ozone
to form hydroxyl radical.

A kinetic study was attempted to describe
the reaction model in batch reactor. The time-
concentration curves obtained from the oxidation
experiments of NB at different H, O, doses were
fitted to a potential kinetic equation. In the case
of NB, the oxidation rate can be described by
pseudo-second-order kinetics, provided that the
concentration of hydroxyl radical can be consid-
ered to be constant (Eq. 2) *). The pseudo-sec-
ond-order kinetic constants obtained from the
slope of these lines were listed in Table 1. It must
be emphasized that pseudo-second-order kinetic
model was selected only because it provided an ef-
fective representation of the observed trends. In
fact, a kinetic model for the oxidation of NB by o-

zone ozone and ozone plus H, O, in water was de-
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picted in detail in Ref. [14].

—y=kCC.on = kCs (2)
where » (mol « L' « s7') is the oxidation rate of
NB, £ (L? « mol™* « s7') the rate constant of NB
oxidation, Cyp (mol « L™') the concentration of
NB, C.oy(mol « L 1) the concentration of « OH
, and bk, (L » mol ! « s ') the rate constant of

pseudo-second-order kinetic.

Table 1 Kinetic constants of NB oxidation

Added amounts of K.,/ ,
H,0,/107* mol « L™ 10" L » mol™' « s ! R
0 1. 67 0.994 5
0.63 1.96 0.999 8
1.32 2.24 0.997 6
2.67 2.69 0.997 3

In Table 1, all plots of the reciprocal of con-
centration of residual NB versus time were linear.
All the correlation coefficients of lines were above
0. 99. The values obtained for the kinetic con-
stants at T=20 “C were increased slightly when
H, O, was added. Rate constants calculated at dif-
ferent H, O, doses fitted with linear regressions.
Moreover, the linear correlation coefficient be-
tween the amounts of added H, O, and the kinetic
constants was well correlated. With regard to the
correlation of ozone decay rate and H,O,, it had
been reported that there was a well-defined rela-
tionship between ozone decay rate and added
H, O, It suggested that low concentrations of
H, O, formed in NB ozonation could initial ozone
decomposition partially to produce hydroxyl radi-
cal, which will enhance the NB degradation.

It is shown that high H, O, concentration in-
hibits the NB oxidation. When the dissolved
ozone concentration is low, the initiation to pro-
duce hydroxyl radical by ozone is difficult ¥, In
this experiment, the amounts of the formed
H, O, were lower than the concentration of ozone
in the solution. The addition of H, O, can initiate
the decomposition of ozone. To better understand
the fate of H,O, during NB ozonation, the
scheme of hydroxyl radical produced by H,O,

chain reactions is shown in Fig. 6.

0, _NB Intermediates (1)
0.09L * mol " *s™
70L + mol" »s” |OH
Intermediates (2)
O,

3

HO, —— HO-

| [+ NB|2.9X10°L * mol™ * 5™

Hzoz O3 HO -

™~ HO -
Intermediates (3) ———— Products

Fig. 6 Pathway of « OH produced from the presence of

intermediate product of H, O,

4 Conclusions

Accumulation of H, O, during NB ozonation
was formed mainly at low pH values ranged from
pH 6—8., high NB concentration and low ozone
dosage. And H,O,; was quickly formed after NB
was oxidized by hydroxyl radical during ozonation
of intermediates, such as p-nitrophenol, which
react with ozone quickly in water. A little addi-
tion of H, O, can slightly enhance the NB oxida-
tion rate. Kinetic study showed that NB removal
rate was fitted to pseudo-second-order kinetics
well in the experiment. The oxidation rates in-
creased linearly with increasing H, O, addition. It
verified that the intermediate product of H,O,
during ozonation NB would initiate ozone decom-
position to form hydroxyl radical and finally en-

hance aromatic compounds removal.
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