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ABSTRACT

Both transient photolysis and steady-state photo-degradation experiments were performed to gain
insight into the kinetics and mechanisms of degradation of p-nitroaniline (p-NA) in acetonitrile (MeCN)
solutions. Complete degradation of p-NA was observed at diverse irradiation conditions under 254 nm UV
light. Once H,0, was added into the experimental system, degradation of p-NA was enhanced remark-
ably. The removal rate increased rapidly with increment of the irradiation time and reached 90% at 30 min.
p-NA could be totally removed after 90 min in UV/H, 0, process. In the presence of O, and H, 0, removal
rate increased linearly with increment of the irradiation time and reached 90% at 10 min. p-NA could be
totally removed after 20 min in UV/(O, +H,0,) process. For transient photolysis, excited states of p-NA
were observed after 355 and 266 nm laser flash photolysis (LFP). The transient absorption spectra were
recorded and bimolecular rate constant of 6.89 x 10° M~' s~ was calculated for the self-quenching of 3p-
NA’. Production of 3p-NA" in MeCN and H,0 mixed solution was also studied. LFP of p-NA with addition

UV/H20, of H,0, was investigated for the first time.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

p-Nitroaniline (p-NA) is an important compound either manu-
factured or used as an intermediate such as in the synthesis of dyes,
antioxidants, pharmaceuticals, gum inhibitors, poultry medicines,
pesticides, etc. As a consequence, a plethora of p-NA is leaked out
with industrial wastewater into the environment. Unfortunately,
p-NA has been found to be harmful to aquatic organisms and may
cause long-term damage to the environment. It is highly toxic with
a TLV (threshold limit value) of 0.001 kg m~3, which is lower than
that of aniline (0.002 kg m~3). The presence of a nitro group in the
aromatic ring enhances its stability to resist chemical and biological
oxidation degradation, while the anaerobic degradation produces
nitroso and hydroxylamines compounds which are known as car-
cinogenic [1-3]. Nowadays, p-NA has been considered as one kind
of persistent organic pollutants (POPs) due to its toxicity, poten-
tial carcinogenic and mutagenic effects, and treatments of p-NA
containing wastewater have attracted world-wide attention [3-5].

In recent years, advanced oxidation processes (AOPs) have been
identified as an attractive option for wastewater purification, par-
ticularly in cases where the contaminant species are difficult to
be removed using biological or physicochemical processes. The
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processes involve the generation of highly reactive hydroxyl rad-
ical (*OH), which can oxidize and mineralize almost all organic
molecules owing to its high oxidation potential (E°=+2.8V) [6-8].
UV light or sunlight has been used in the direct photo-degradation
of contaminants in aqueous environments, but neither is consid-
ered as an efficient method. Since the late 1960s, many studies have
indicated that the UV/H,0, process is able to oxidize a wide vari-
ety of organic pollutants in aqueous solutions [9-11]. Generally, the
effectiveness of homogeneous light-driven oxidation processes is
associated with *OH radicals generated in the reaction mixture by
the direct photolysis of an added component (e.g., H,0,) under UV
irradiation.

H,0,-"2°0H (1)

The success of direct photolysis is highly dependent on the
photo-reactivity of the organic compounds. Hence, the properties
of the pollutants and the photo-degradation mechanism should be
investigated beforehand because the degradation mechanism of
organic substances is often complex, especially in diverse reaction
conditions. Consequently, individual degradation systems must be
designed to study the properties of target pollutants. Besides, some
reactive intermediates might undergo further reactions and be
present at undetectable concentrations. Hence, their transient exis-
tence can only be inferred from the kinetic data and/or other means.
Laser flash photolysis (LFP) and pulse radiolysis techniques have
been used to study the mechanism involved. The intersystem cross-
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ing (ISC), internal conversion, and vibrational relaxation of p-NA
in water and 1,4-dioxane have been studied using ultrafast tran-
sient absorption spectroscopy. The data reveal that relaxation on
the excited singlet state surface, followed by internal conversion to
the ground-state and intersystem crossing to the triplet state [1]. In
this paper, excited states of p-NA were studied in MeCN solution,
whose polarity is higher than 1,4-dioxane and lower than water.
Transient photolysis of p-NA in MeCN was investigated using 355
and 266 nm LFP. And photochemical properties of p-NA were stud-
ied. Furthermore, LFP of p-NA with H,0, was investigated for the
first time. Early in the year 1977, Van Der Linde had determined
the reaction rate constant of p-NA with *OH using pulse radiol-
ysis [12]. However, the data have never been used to associate
with any practical degradation research. Although some researches
such as photo-catalytic degradation has been done to understand
the degradation mechanism [5], to the authors’ knowledge, there
is little information available in the literature about the detailed
degradation mechanism of p-NA in MeCN solution, especially the
cooperation of *OH with O,. In this study, both steady-state photo-
degradation and transient photolysis experiments of p-NA were
performed to gain insight into the kinetics and mechanisms of
photo-induced degradation of p-NA in MeCN. The main objec-
tives of the present work are to elucidate the mechanisms of
photo-induced degradation of p-NA and consequently to pro-
vide kinetic insight into utilization for remediation of p-NA-laden
wastewaters.

2. Experimental
2.1. Chemical reagents

p-Nitroaniline, tert-butanol (t-BuOH) and 30% H,0, were of
analytical grade purchased commercially. Acetonitrile (MeCN) was
chromatographic purity grade. O, and N, gases were of high purity
(99.99%). Other reagents were used directly without further purifi-
cation. All solutions were fresh prepared using water from a Milli-Q
purification system just before experiment.

2.2. Laser flash photolysis experiments

LFP experiments were performed with a ND:YAG laser which
provided 266 and 355nm pulses with a duration of 5ns. The
maximum laser power was 50 and 80 m]/pulse, respectively. The
samples for photolysis experiments were all bubbled with high-
purity (99.99%) N, or N, O in quartz cuvettes for 20 min before use.
The time-resolved experiments were all carried out at 15+ 2 °C. The
detailed description of the facility and experimental conditions can
be found elsewhere [13,14].

2.3. Photo-degradation procedures and analysis

The irradiation source is hexagonal in cross section of 9 cm side
length. Six low-pressure Hg lamps (8 W), which emit 253.7 nm
UV light, are arranged on each side of the device made of
stainless steel and coated by aluminum foil for light reflec-
tion. Samples in quartz cuvettes were located in the center of
the lamps. Details of the device can be referred to a Chinese
Patent [15].

Concentrations of p-NA were determined by gas chro-
matography (Varian CP 3800) with a column (VF-5MS,
30m x 0.25mm x 0.25 pm). The column temperature was ini-
tially held at 50°C for 2 min and then programmed up to 300°C
at 20°Cmin~!. UV-vis absorption spectra were measured by a
Hitachi UV-3010 spectrophotometer. All experiments were carried
out at ambient temperatures (2542 °C).
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Fig. 1. Removal rates of 1 mM p-NA in MeCN solutions at different conditions: (a) N,
saturated; (b) N, saturated with H,O; (c) N saturated with H,0;; (d) N, saturated
with H,0, and H,0; (e) O, saturated with H,0,; (f) O, saturated with H,0, and
H,0; (g) O, saturated; (h) with H,0; in dark.

3. Results and discussion
3.1. Remove of p-NA in MeCN under 254 nm UV light

3.1.1. Direct remove of p-NA in MeCN

Series of p-NA MeCN solutions were irradiated at 254 nm UV
light; and the removal rate is shown in Fig. 1. In N, saturated
experimental system, removal rate increased slowly along with
increment of the irradiation time and reached 50% after 120 min
(Fig. 1a). When p-NA solution was saturated with O,, removal rate
was reduced slightly at the beginning of the irradiation but also
reached 50% after 120 min (Fig. 1g). With the progress of photolysis
the color of the solution became brownish gradually and precipi-
tates were obtained.

The following content will expound that p-NA can be photo-
excited directly to produce its excited states in N, saturated MeCN
solution. Then excited states of p-NA interact with its ground-state
spontaneously to form dimers, trimers (Egs. (2)-(4)), and eventu-
ally resultin higher oligomers and polymers of low solubility, which
can be easily separated from the solution. In O, saturated experi-
mental system, excited states of p-NA can be quenched by O, to
produce singlet oxygen (105") (Eq. (5)). Accordingly, the yield of
triplet states of p-NA (3p-NA") will be reduced. Hence, the removal
rate was alittle lower than that of N, saturated experimental system
at the very beginning of the irradiation. However, 10" is also one of
the most oxidizing and reactive species. It is extensively involved in
the degradation of organic pollutants as the result of its high oxida-
tive activation (E°=+2.2V). Obviously, both N, and O, experience
the increase in color intensity and form precipitates during reac-
tion, and they are both oxidation processes, which lead removal of
p-NA in MeCN solution with lower rate.

3.1.2. Effect of *OH and cooperation with O, in photo-degradation
of p-NA

Once H,0, was added into the experimental system, removal
rates of p-NA were enhanced remarkably. In N, saturated solu-
tion with addition of 0.147 M H,0,, removal rate increased rapidly
along with increment of the irradiation time and reached almost
90% in 30 min. p-NA could be totally degraded after 90 min (Fig. 1¢
and d). In order to rule out direct oxidative of H,O, in the photo-
degradation process, p-NA solution with addition of 0.147 M H,0,
was kept in dark. And p-NA could not be degraded (Fig. 1h). This
means that *OH generated from H,0, by 254 nm UV light-induced
photo-degradation of p-NA in MeCN. The mechanism of *OH-
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Fig. 2. UV-vis spectrum of 0.1 mM p-NA in MeCN solution.

induced degradation of p-NA has been discussed in earlier study,
which suggested that *OH was very efficient in the degradation of
p-NA [12].

0, saturated solution with addition of H,0, resulted in the
most efficient degradation of p-NA. Removal rate increased lin-
early along with increment of the irradiation time in 2.5 min and
reached almost 90% in 10 min and p-NA could be totally degraded
after 20 min (Fig. 1e and f). This means O, played a crucial role
in the degradation of p-NA when it cooperated with *OH. It had
been concluded in the literature about the mechanism. Peroxide is
formed when O, adds to the nitro substituted hydroxylcyclohexadi-
enyl radicals, which gives birth to the final ring cleavages [16,17]. In
comparison with the following results, 10% of H,O was added into
the MeCN solution and no distinct difference was observed (Fig. 1b,
d and f). This means the differences between photo-excitation
and photo-ionization of p-NA in the degradation process can be
ignored.

3.2. Photolysis of p-NA in MeCN with 355 nm LFP

3.2.1. Studies of excited states of p-NA with 355 nm LFP

UV-vis spectrum of 0.1 mM p-NA in MeCN solution shows p-
NA has strong absorption in the wavelength region of 330-400 nm
(Fig. 2). This means 355 nm light can be well absorbed by p-NA.
In order to get better transient spectra, the photolysis of p-NA was
firstly performed in MeCN solutions with 355 nm LFP. Fig. 3 depicts
the transient absorption spectra obtained from 355 nm LFP of N,
saturated 0.05 mM p-NA MeCN solution. The spectra recorded at
0.05 and 1.5 s after laser pulse were characterized by absorption
bands with a maximum at 400 nm and a weaker one at 520 nm.
The transient species with absorption at 400 and 520 nm decayed
completely in less than 2 ps. When the experimental system was
saturated with O, the transient species at 400 and 520 nm were
quenched (inset of Fig. 3). Hence, these two absorption bands might
be assigned to 3p-NA". It has been found that the decay of 3p-NA"
at 400 nm increased with the increment of p-NA concentration in
the range of 0.005-0.1 mM in N, saturated solutions. This result
indicated that 3p-NA" underwent self-quenching and the decay
of absorption at 400 nm followed a mono-exponential Kinetics.
From a plot of the pseudo-first-order rate constant of the triplet
decay versus the ground-state concentration (Fig. 4), bimolecular
rate constant of 6.89 x 109 M~1s~1 was calculated for the self-
quenching (ksq). From the intercept, monomolecular rate constant
(ko) 0f 2.28 x 108 s~ represented self-decaying rate constant of 3p-
NA". The same rate constant for the self-quenching obtained at
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Fig. 3. Transient absorption spectra obtained from 355nm LFP of N, saturated
0.05mM p-NA MeCN solution recorded at (M) 0.05 ws; (O) 0.5 us; (A) 5 s after
laser pulse. Insert: formation and decay traces of the transient absorption at 400 nm
(m) N, saturated; (A) O, saturated and 520 nm (O) N, saturated; (v) O, saturated
from 355 nm LFP of N, saturated 0.05 mM p-NA MeCN solution.

520nm (6.57 x 109 M~! s~1) confirmed that the species with max-
imum at 520 nm also belong to 3p-NA".

So the mechanism of 355nm LFP of p-NA can be illustrated
as following: p-NA can be photo-excited directly by 355 nm LFP
in MeCN solution to produce its excited singlet states (!p-NA")
which then converts to its excited triplet states (3p-NA") following
intersystem crossing process (Eq. (2)). 3p-NA" can be quenched by
ground-state of p-NA at the rate 0of 6.89 x 109 M~ s~ to form stable
products such as dimers, trimers, and eventually result in higher
oligomers and polymers (Eq. (4)). These oligomers and polymers
induce intensity color and precipitates in the degradation process.
Besides, 3p-NA" can be quenched by O, to produce singlet oxygen
(02") (Eq. (5)). The rate constants of 3p-NA" quenched by O, (kq)
were determined to be 9.8 x 10° M~!s~!. Nevertheless, '0," may
induce the oxidation of p-NA further [18,19].

355nm hvq
— p-

p-NA NA* 2535 NA* 2)
ko= 2.28 x 106571

(3)

3p-NA* - p-NA + hv(phosphorescence),

3p-NA* +p-NA — p-NA-p-NA,  kgq= 6.89x10°M s (4)

3p-NA*+0, — p-NA+'0,%,  kq=9.8x10°M!s7! (5)
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Fig. 4. The self-quenching rate constant for 3p-NA" observed at 400 from 355nm
LFP was determined as 6.89 x 10° M~ s~1.
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Fig. 5. Transient absorption spectra obtained from 355nm LFP of N, saturated
0.05mM p-NA MeCN solution containing 0.02mM [-carotene recorded at (M)
0.05 ws; (O) 0.5 ws; (A) 5 ws after laser pulse. Insert: formation and decay traces of
the transient absorption from 355 nm LFP of N, saturated 0.05 mM p-NA MeCN solu-
tion at 520 nm (M) with B-carotene; (O) without B-carotene (A)3B-C’ by subtracting
the absorbance of 3p-NA".

3.2.2. Energy transfer from 3p-NA" to B-carotene (5-C)

To further identify 3p-NA’, the energy transfer between 3p-NA"
and [3-carotene was investigated. Photolysis of 0.02 mM [3-carotene
in MeCN solution by 355 nm LFP showed no transient absorption.
Fig. 5 shows the transient absorption spectra recorded after the
355 nm LFP of N, saturated 0.05 mM p-NA MeCN solution contain-
ing 0.02 mM [3-carotene. At 0.5 ps after the pulse, accompanying
the decay of the absorption band in the wavelength region of
380-420 nm, a new absorption peak at 520 nm grew up. As shown
in the inset of Fig. 5, an obvious formation process at 520 nm was
observed by subtracting the absorbance of 3p-NA" at 400 nm. Here,
the transient species with absorption peak at 520 nm could be
assigned to 3B-carotene’ according to the energy transfer from
3p-NA’ (Eq. (6)) [20].

3p-NA* + B-C — p-NA+3B-C* (6)

3.2.3. Studies of photo-ionization of p-NA with 355 nm LFP

The transient absorption spectra observed from 355nm LFP
of N saturated 0.05mM p-NA MeCN solution also exhibited an
absorption peak at 300 nm (Fig. 3). When the experimental sys-
tem was saturated with O, intensity of the absorbance at 300 nm
did not decrease. Hence, the peak at 300nm might be radical
cation (p-NA**) or neutral radical (p-NA*) or both of them from
photo-ionization of p-NA. This indicated that p-NA could be not
only photo-excited to produce its excited states but also be photo-
ionized by 355 nm LFP in MeCN solution. Photo-ionization of p-NA
would give birth to e;;;~ and p-NA** (Eq. (7)). Hence, the peak at
300 nm was p-NA** or p-NA* via deprotonation (Eq. (8)) or both of
them. Two neutral radicals can also interact spontaneously to form
dimmers. This could be another reason why the color of the solution
became brownish and precipitates were obtained. The transient
species with maximum absorption over 680 nm, which could be
assigned as es, ~, were not observed as ey, ~ was eliminated by
MecCN (Eq. (9)).

355nm hv

p-NAT— "p-NA*T + e, ~ (7)
(p-NA-H)** — p-NA°® + H™ (8)
MeCN + ego” — MeCN*~ 9)

At wavelengths shorter than 380 nm the transient absorption
spectra exhibited a strong initial absorption bleaching (Fig. 3)
reflecting that pump-induced ground-state depletion dominated
the observed dynamics. As the concentration of bleached p-NA
equals to the concentration of formed transient species, individ-
ual LFP system can be designed to study the proportion between
photo-excitation and photo-ionization by comparing the transient
absorption ODg (optical density value recorded at O time after laser
pulse).

ODO(A =350N,) = S(Cphoto—excitation + Cphoto—ionization) L=-0.2998
(10)

ODg(3=3500,) = &(Cphoto-ionization) L = —0.1968 (11)

where ODg(;_3s0n,) and ODg;_3500,) are ODg values recorded
at 350nm in N, and O, saturated system, respectively (Fig. 6).
Cphoto—excitation and Cphoto—ionization are the depletion of p-NA by
photo-excitation and photo-ionization, respectively. In N, satu-
rated system, ODg at 350 nm was larger than that of O, saturated
system. As a result, photo-ionization had a proportion of 65.64%
and photo-excitation of 34.35% by 355 nm LFP in MeCN solution.
This indicates that photo-ionization lead a dominant position in
photolysis of p-NA.

Comparing the transient absorbance ODy after laser pulse and
at 350, 400 and 520 nm, molar extinction coefficients & - 400 nm)
£(A=520nm) of 3p-NA" can be deduced via the following equalities as
the concentration of bleached p-NA equals to the concentration of
formed 3p-NA".

OD; —350nm = €3 =350nm €1 =350nmL (12)
ODAX = 8AxCAxL (13)
(12)/(13) €1 =350nm OD)\X=S)\.X ODA=350nm (]4)

ODg(1350N,) — ODo(s=3500,) = —0.2998 — (~0.1968) = —0.103
ODyg(x —400) = 0.36276

ODg(;. _s520) = 0.17463

where ¢) _350n,m and OD; _350,m are the molar extinction coeffi-
cient and the OD value of transient species recorded at wavelength
of 350nm after the pulse, and ¢;,, OD,, at the certain wave-
length. The &, ~350nm Of p-NA is determined as 12,870 M~ cm~! in
MeCN solution. Hence, the molar extinction coefficients € - 400 nm
and &, -530nm Of 3p-NA" can be obtained to be 45,327 and
21,820M~1' cm1, respectively.

3.3. Studies of excited states of p-NA in MeCN and H,0 mixed
solution with 355 nm LFP

H,0 will come along inevitably with 30% H,0, added in the
steady-state photo-degradation experiments. Hence, photolysis of
p-NA in MeCN and H;0 mixed solution with 355 nm LFP was also
performed by ultrafast transient absorption spectroscopy. The for-
mation and decay traces of 3p-NA" recorded at 400 nm in diverse
systems were investigated. ODy values at 400 nm decreased with
the increase of amount of H,O added into the solution. And life-
time of 3p-NA" recorded at 400 nm was shortened distinctly. When
the amount of H,0 exceeded 10%, even no 3p-NA" was observed.
Synchronously, with the addition of water, in a very short time at
0.05 s after the pulse a strong absorption appeared in a broad
wave-length region of 480-800nm. The strong, broad range of
580-800 nm disappeared when system was saturated with N,O
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Table 1
Proportions of photo-excitation and photo-ionization in MeCN/H, O mixed solution.
Ratio of H,O ODg(1.-400) Ratio of Ratio of
(v/v) (%) photo-excitation (%) photo-ionization (%)
0 0.34522 34.35 65.64
5 0.24818 24.96 75.04
10 0.00142 0.14 99.86
50 0 0 100
100 0 0 100

with the addition of t-BuOH. Hence, the transient species with
maximum absorption around 680nm could be assigned as eaq~.
This means p-NA was directly photo-ionized. Proportion of photo-
excitation in each system can be calculated likewise and the result
is shown in Table 1.

Time-resolved microwave conductivity measurements suggest
that the quantum yield for ISC of p-NA in benzene is close to 100%,
whereas a reduced quantum yield of about 50% is observed for
p-NA in the slightly more polar dioxane. This indicates that even
small changes in the solvent polarity have a big impact on the
quantum yield of 3p-NA". This suggests that dissolving p-NA in a
very polar solvent, such as water, may result in a very small quan-
tum yield [21]. With the addition of 0.147 M H,0, in steady-state
photo-degradation experiments, about 1.17% H,0 was added into
the system, both photo-excitation and photo-ionization took place
(Table 1). And the removal rate is shown in Fig. 1c and e. When 10%
of H,0 was added into the steady-state photo-degradation system,
no distinct difference was observed (Fig. 1d and f). In this condi-
tion, photo-ionization led a very dominant position in photolysis of
p-NA and photo-excitation could be ignored. This means in the *OH-
induced degradation process, different functions of excited states
and ionized states of p-NA might be ignored.

3.4. Photolysis of p-NA in MeCN with 266 nm LFP

3.4.1. Studies of excited states of p-NA in MeCN with 266 nm LFP

The studies of triplet states of p-NA were also performed in
MeCN solutions with 266 nm LFP in accord with the steady-state
photolysis experiments. The transient absorption spectra obtained
did not basically differ from that of 355 nm LFP except that bleach-
ing could not be observed as penetrability of light of 266 nm is
weaker than that of 355 nm (Fig. 3 and Fig. 7). The decay traces of
the transient absorption at 400 and 520 nm under 266 nm LFP were
consistent with that of 355 nm LFP. They decayed completely in less
than 2 s in N, saturated MeCN solution. When the experimental
system was saturated with O,, the transient species observed at 400
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Fig. 7. Transient absorption spectra obtained from 266nm LFP of N, saturated
0.1 mM p-NA MeCN solution at (W) 0.05 s; (O) 0.5 ws; (a) 5 us after 266 nm LFP.
(Bleachings in the range of 320-380nm were open marked as they cannot be
observed after 266 nm LFP in this experimental system.) Insert: formation and decay
traces of the transient absorption at 400 nm (M) N; saturated; (A) O, saturated and
520 nm (O) N3 saturated; (v) O, saturated from 266 nm LFP of N, saturated 0.1 mM
p-NA MeCN solution.

and 520 nm were quenched (insert Fig. 7). Hence, these two absorp-
tion bands could also be assigned as 3p-NA". This meant that p-NA
could also be photo-excited directly by 266 nm LFP in MeCN (Eq.
(15)). The absorption peak at 300 nm suggested that p-NA could be
directly photo-ionized by 266 nm lightin MeCN (Eq. (16)). However,
the proportion between photo-excitation and photo-ionization was
not obtained as bleaching could not be observed.

p-NA"®D M1 Na= 5 3p NAT (15)
p-NAZS M NAS* 4 ey~ (16)

3.4.2. Studies of excited states of p-NA with addition of H,0, in
MeCN under 266 nm LFP

H,0, is weakly absorbing compounds in the UV range, and the
absorption increases as the wavelength decreases. For example,
at A =254 and 266 nm, the molar absorption coefficients ¢ is 21.2
and 10.7M~1cm™1, respectively. For p-NA at A =254 and 266 nm,
& is 2670 and 860M~'cm™!, respectively. H,O, can absorb the
[10.7 x 22/(10.7 x 22 +860 x 0.1)] x 100% =73% of 266 nm photons
and p-NA can absorb 27% 266 nm photons. Hence, in dilute MeCN
solutions of 0.1 mM p-NA in the presence of 0.022M H;0,, both
H,0, and p-NA are principal absorber of UV light. The transient
absorption spectra recorded after the 266 nm LFP of N, saturated
0.1mM p-NA and 0.022M H,0, MeCN solutions are shown in
Fig. 8b. Meanwhile, equivalent amount of H,O was added in MeCN
solutions to make a comparison (Fig. 8a). The transient absorption
spectra were similar with each other at the first 0.5 ps. Transient
species with absorption at 400 nm could also be assigned as 3p-
NA". However, an absorption band with a maximum at 450 nm
was recorded at 5 s after laser pulse with the addition of H,0;
(Fig. 8b). The formation and decay traces of the transient absorption
at 450 nm in each system are shown in Fig. 9. The growth trace of
transient species in pure H, 0, system at 450 nm was obtained with
the method of subtraction [22]. The lifetime of this transient species
is about 10 s with a formation process in 2.5 ps. Kinetic analyses
showed that the growth trace followed the first order kinetics well.
These transient species probably belong to the reaction of p-NA
with *OH which came from the photo-decomposition of H,05.

The photolysis of H,O, in pure water has been studied exten-
sively by various groups of researchers in the 1950s [23-27] in
order to elucidate the reaction mechanism. The general consensus
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Fig. 8. Transient absorption spectra obtained from 266 nm LFP of N, saturated
0.1 mM p-NA MeCN solution with (a) 0.25% H,0 and (b) 0.022 M H, O, at (M) 0.05 ps;
(0) 0.5 ws; (A)5 ws; (v) 10 s after the 266 nm laser pulse.

of the reaction scheme below describes H, O, photo-decomposition
in pure water (Eqs. (17)-(20)):

H,0,2%%"T "70H (17)

*OH + Hy0; — HO2* + H20  kpyyo, =2.7 x 10’M~'s7! (18)

HO,* + *OH — H,0 + O, k= 6x10"M "5 (19)
HO,* + HOy* — Hp0,+0;  k=83x10°M's™! (20)
p-NA + *OH — p-NA-OH k= 1.0x10"0M!s"! (21)

Thus, photo-decomposition H,0, generates the very highly
oxidizing and reactive radical *OH. Transient reaction of p-
NA with *OH was studied using pulse radiolysis. The transient
absorption spectra after the pulse radiolysis of N;O satu-
rated p-NA aqueous solution were recorded and the reaction
rate constant were determined as 1.0 x 1019M-1s-1 (Eq. (21))
[12]. This indicated that °*OH could react with p-NA at a
rate near the diffusion-controlled limit. The mechanism of
*OH-induced degradation of p-NA has been discussed in earlier
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Fig. 9. Formation and decay traces of the transient absorption at 450 nm obtained
from 266 nm LFP of N, saturated 0.1 mM p-NA MeCN solution (®) with Hy03; (O)
with H,0; (A) H,0, subtract from H,O.

study, which suggested that *OH played the main role in the degra-
dation of p-NA. Generally, *OH radical is considered to be very
reactive, and the addition reactions of *OH are associated with very
low barriers, and essentially unselective reactivity [28]. When *OH
initially added to the aromatic ring of p-NA, series of *OH adducts
came into being, which resulted in the complete degradation of
p-NA (Fig. 1c and d). In the presence of O,, peroxide was formed
when O, added to the nitro substituted hydroxylcyclohexadienyl
radicals. Most of the ring cleavages came from these peroxide com-
pounds producing alcohols, aldehydes and acids [16,17,29-32]. That
is the reason why O, saturated with addition of H,O, exhibited the
highest removal rate in Fig. 1e and f.

4. Conclusions

LFP is an efficient technique to study the properties of the
pollutants and the photo-degradation mechanism involved. p-
NA can be photo-excited and photo-ionized by 355 and 266 nm
LFP in MeCN solution. Energy transfer between 3p-NA’ and
B-carotene was investigated to identify 3p-NA". The transient
absorption spectra were recorded and bimolecular rate constant
of 6.89 x 109 M~1 s~1 was calculated for the self-quenching of 3p-
NA’. Proportion between photo-excitation and photo-ionization
was obtained after 355 nm LFP. And photo-ionization leads a dom-
inant position in photolysis of p-NA. Production of 3p-NA" in MeCN
and H,0 mixed solution was also investigated. And the reaction
of p-NA with *OH which comes from the photo-decomposition of
H,0, was obtained from 266 nm LFP for the first time. For steady-
state photo-degradation, the removal rate of p-NA is in the order
of UV/(0, +H;0,)>UV/H,0, >UV. It means that radical reactions
played an important role in the photo-degradation process. The
removal of p-NA by *OH is much more efficient than direct oxida-
tion by 254 nm light. When O, cooperates with *OH, degradation
efficient was much more remarkable. Based on the results of the
above, it can be concluded that the sequential use of H;0, and
0O, has remarkable advantage in the treatment of p-NA-containing
wastewaters.
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