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bstract

A detailed kinetic model was developed for the degradation of p-nitroaniline (PNA) by Fenton oxidation. Batch experiments were carried out
o investigate the role of pH, hydrogen peroxide and Fe2+ levels, PNA concentration and the temperature. The kinetic rate constants, kap, for PNA
egradation at different reaction conditions were determined. The test results show that the decomposition of PNA proceeded rapidly only at

2+
H value of 3.0. Increasing the dosage of H2O2 and Fe enhanced the kap of PNA degradation. However, higher levels of H2O2 also inhibited
he reaction kinetics. The kap of PNA degradation decreased with the increase of initial PNA concentration, but increased with the increase of
emperature. Based on the rate constants obtained at different temperatures, the empirical Arrhenius expression of PNA degradation was derived.
he derived activation energy for PNA degradation by Fenton oxidation is 53.96 kJ mol−1.
2007 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, the so-called advanced oxidation processes
AOPs) have been identified as an attractive option for water
reatment, particularly in cases where the contaminant species
re difficult to remove using the usual biological or physico-
hemical processes. The processes involve the generation of
ighly reactive hydroxyl radical (•OH), which can oxidize and
ineralize almost all the organic molecules owing to its high oxi-

ation potential (Eo = +2.8 V) [1–3]. Among the most promising
OPs for water contaminated by organic molecules, application

f the Fenton’s reagent (an aqueous mixture of Fe2+ and H2O2
hat produces hydroxyl radicals) stands out due to its high oxida-
ion power, rapid oxidation kinetics, relatively cheap and easily
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perated and maintained [4], which has been employed to treat
variety of industrial wastewaters containing aromatic amines,
henols, dyes, pesticides, etc. toxic and biologically refractory
rganic substances [5–9].

p-Nitroaniline (PNA) is an important compound used as
n intermediate or precursor in the manufacture of organic
ynthesis, such as p-phenylenediamine, azo dyes, antioxidants,
uel additives, corrosion inhibitors, pesticides, antiseptic agents,
edicines for poultry, pharmaceutical synthesis, etc. Nowadays,
NA has been listed as a priority pollutant by many countries
ue to its toxicity, potential carcinogenic and mutagenic effects.
ecause the presence of a nitro group in the aromatic ring
nhances the stability to resist chemical and biological oxi-
ation degradation, while the anaerobic degradation produces
itroso and hydroxylamines compounds which are known
s carcinogenic [10,11]. So the purification of wastewater

olluted with PNA is a very difficult task. AOPs have been
nvestigated for the treatment of wastewater polluted with PNA
ver the last several years. Gautam et al. [12] investigated the
egradation of PNA by photocatalysis. Spacek et al. [13]
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dx.doi.org/10.1016/j.jhazmat.2007.02.022
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ompared the degradation of PNA by photocatalysis and photo-
enton process and showed that the degradation efficiency by
hoto-Fenton reaction was higher than that by photocatalysis.
owever, the information regarding the kinetic study on the
egradation of PNA by Fenton oxidation is still limited. There-
ore, the principal objective of this work was to propose a detail
inetic modeling, by which to clearly understand the degradation
echanisms and kinetics of PNA by Fenton oxidation process.

. Materials and methods

.1. Reagents

p-Nitroaniline was obtained from Beijing Chemical Reagents
o. (Beijing, China). Hydrogen peroxide (30%, w/w), ferrous

ulfate (FeSO4·7H2O), sulfuric acid and sodium hydroxide were
ll obtained from Shanghai Chemical Reagents Co. (Shanghai,
hina). All chemicals used were of analytical grade and without
ny further purification. Deionized water was used throughout
his study.

.2. Experimental procedures

All the PNA degradation tests were conducted in a 200 mL
ouble glass cylindrical jacket reactor, allowing cycle water to
aintain the temperature of the reactors. Temperature control
as realized through a thermostat. A magnetic stirrer was used

o stir reaction solutions, and the stirring rate was 280 rpm. To
tart each test, appropriate volumes of stock PAN and ferrous sul-
ate solutions were placed into the reactor and then diluted with
eionized water to 100 mL. The pH of each reaction solution was
djusted to the desired level by using the prepared 1.0 M sulfu-
ic acid or 1.0 M sodium hydroxide solution, and was measured
ith a model PHS-3C pH meter. The reactions were initiated
y adding predetermined amounts of hydrogen peroxide to the
eactor. Samples were taken out from the reactor periodically
sing a pipette and were analyzed immediately.

.3. Analytical methods

The UV–vis spectra of PNA were recorded from 200 to
00 nm using a UV–vis spectrophotometer (Lambda 17, Perkin-
lmer) with a spectrometric quartz cell (1cm path length).
he maximum absorbance wavelength (λmax) of PNA can be

ound at 380 nm from the spectra. Therefore, the concentra-
ion of the PNA in the reaction mixture at different reaction
imes were determined by measuring the absorption intensity at
max = 380 nm and from a calibration curve.

All the Graphics and statistical data analysis were carried out
y Origin 6.0 software (Microcal).

. Results and discussion
.1. Kinetic modeling

In classic Fenton’s chemistry, it is generally considered that
he reactions between hydrogen peroxide and Fe2+ in acidic

c
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queous medium (≈3.00) involved the following steps (Eqs.
1)–(7)) [4,14,15]. The rate constants are reported in M−1 s−1

or a second order reaction rate.

Fe2+ + H2O2 → Fe3+ + •OH + OH−

k1 = 76 M−1 s−1 (1)

Fe3+ + H2O2 → Fe2+ + •OOH + H+,

k2 = 0.01–0.02 M−1 s−1 (2)

Fe3+ + •OOH → Fe2+ + H+ + O2,

k3 = 3.1 × 105 M−1 s−1 (3)

•OH + H2O2 → •OOH + H2O,

k4 = (1.2–4.5) × 107 M−1 s−1 (4)

OH + Fe2+ → Fe3+ + OH−, k5 = 4.3 × 108 M−1 s−1

(5)

OH + •OH → H2O2, k6 = 5.3 × 109 M−1 s−1 (6)

OH + •OOH → O2 + H2O, k7 = 1 × 1010 M−1 s−1

(7)

Although the degradation of an organic compound by Fen-
on’s reagent is complex, several researchers have offered
vidence of the formation of the •OH radical as the principle
ctive oxidant in the Fenton system by many techniques, such as
lectron paramagnetic resonance (EPR) spin-tapping technique.
he •OH radical can attack and initiate the oxidation of organic
ollutants molecule (R) by several degradation mechanisms as
hown below (Eqs. (8)–(10)) [4,16]:

OH + R–H → H2O + R•, k8 ≈ 107 to 1010 M−1 s−1

(8)

• + Fe3+ → Fe2+ + R+ (9)

• + H2O2 → ROH + •OH (10)

Therefore, the following simplified mechanism may interpret
he degradation of PNA by Fenton oxidation process:

NA + •OH
ki−→P ′ (11)

j + •OH
kj−→S′

j (12)

here Sj is the scavenger species such as intermediates, excess
f H2O2, Fe2+, •OH radical, •OOH radical, etc.; ki and kj are
he global rate coefficients of reactions (11) and (12).

•
The corresponding kinetic equation for PNA and OH radical
an be expressed as follows:

d[PNA]

dt
= −ki[PNA][•OH] (13)
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d[•OH]

dt
=k1[H2O2][Fe2+]−ki[PNA][•OH]−

∑
j

kj[Sj][•OH]

(14)

Generally, the pseudo steady state assumption was used when
oncerning the concentrations of reactive radicals in the kinetics
tudies. Based on the pseudo steady state assumption, at a certain
ime, the concentration of reactive •OH radical will not vary with
eaction time, i.e.,

d[•OH]

dt
= 0 (15)

Thus, the following equation (Eq. (16)) derived from Eqs.
14) and (15) can be obtained,

•OH] = k1[H2O2][Fe2+]

ki[PNA] +∑jkj[Sj]
(16)

Then Eq. (13) can be rewritten as that,

d[PNA]

dt
= − kik1[H2O2][Fe2+]

ki[PNA] +∑jkj[Sj]
[PNA] (17)

If the concentration of PNA is high, i.e., the condition of
nsufficient •OH radical because of insufficient hydrogen per-
xide, so ki[PNA] >>

∑
jkj[Sj], and the Eq. (17) can be

implified to a zero order reaction rate with respect to PNA as
ollows:

d[PNA]

dt
= −k1[H2O2][Fe2+] (18)

According to Eq. (18), a plot of [PNA] versus reaction time
will yield a straight line. In this case, the PNA could not be
egraded effectively.

However, in the practical application of Fenton process,
n order to degrade the pollutants effectively, the dosage of
ydrogen peroxide should be sufficient in order to provide
ufficient •OH radical, but at the same time, multi scavenger
pecies are also generated. Indeed, a great deal of •OH radical
as consumed by multi scavenger species in reaction process,
hich resulted in the dosage of hydrogen peroxide used is

ommonly much more than the concentrations of pollutants.
he same results were also observed in the present study, the
oncentration of PNA is lower than that of hydrogen perox-
de ([H2O2]/[PNA] ≈ 55:1), herein, it can be concluded that
i[PNA] is much smaller than

∑
jkj[Sj], thus

i[PNA] +
∑

j

kj[Sj] ≈
∑

j

kj[Sj] (19)

hen Eq. (17) can be simplified as

d[PNA]

dt
= −kik1[H2O2][Fe2+]∑

jkj[Sj]
[PNA] (20)
r

d[PNA]

dt
= −kap[PNA] (21)

F
i
p
w

ig. 1. Plot of ln([PNA]0/[PNA])–t at different initial pH values
[PNA]0 = 0.181 mM; [H2O2]0 = 10 mM, [Fe2+]0 = 0.05 mM, tempera-
ure = 20 ± 1 ◦C).

here kap represents (kik1[H2O2][Fe2+])/
∑

jkj[Sj]. kap is the
seudo-first-order reaction rate with respect to PNA. Obviously,
ap is related to [Fe2+], [H2O2] and [Sj]. The integrated form of
q. (21) is

n

(
[PNA]0

[PNA]

)
= kapt (22)

Therefore, if the relationship between ln([PNA]0/[PNA]) ver-
us reaction time t is linear then the degradation of PNA will
ollow a pseudo-first-order reaction and the values of kap at
iven test conditions can be obtained from the slopes of plots of
n([PNA]0/[PNA])–t.

.2. Kinetic studies

The kinetics of PNA degradation by Fenton oxidation process
nder various reaction conditions has been investigated. The
est range of each factor was chosen according to the reality of
enton process application and the needs of kinetic studies in

his research. The effects of pH, initial concentrations of H2O2,
e2+ and PNA, and temperature on the kinetic rate constants,
ap, for PNA degradation will be separately discussed in the
ollowing sections.

.2.1. The role of pH
The effect of pH on the kinetic rate constants, kap,

or PNA degradation was studied in the range of 2.0–6.0
t the experiment condition of [PNA]0 = 0.181 mM,
H2O2]0 = 10 mM, [Fe2+]0 = 0.05 mM and T = 20 ± 1 ◦C.
he plots of ln([PNA]0/[PNA])–t at different pH values were
hown in Fig. 1. It is obvious that the line is quite linear at pH
.0 (R > 0.99). Therefore, it can be deduced that the PNA degra-
ation fits the pseudo-first-order kinetic model. The results in

ig. 2 showed that the kap of PNA degradation was significantly

nfluenced by the pH value of solutions and the optimal solution
H was observed at pH 3.0. The values of kap quickly increase
hen pH increases from 2.0 to 3.0, suddenly decrease when pH
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ig. 2. Effect of the initial pH value on the degradation rate constant of
NA ([PNA]0 = 0.181 mM; [H2O2]0 = 10 mM, [Fe2+]0 = 0.05 mM, tempera-

ure = 20 ± 1 ◦C).

s raised from 3.0 to 4.0, and then gradually and slightly drop off
ith the increase of pH in the range of 4.0–6.0. The contributing

actors for the low kap in lower pH range (<3.0) include the
ormation of oxonium ion (i. e. H3O2

+) due to the strong proton
olvating ability of H2O2, complex species [Fe(H2O)6]2+ and
Fe(H2O)6]3+ [17] and enhanced •OH scavenging by H+ [18]
n low pH range. The poor degradation of PNA at a high pH
alues (>4.0) was caused by the formation of ferrous and ferric
ydroxide complexes with much lower catalytic capability
han Fe2+.

.2.2. The role of H2O2

The effect of initial hydrogen peroxide concentration on the
inetic rate constants, kap, for PNA degradation was performed

y varying the [H2O2]0 from 2.5 to 40 mM and at the experi-
ent condition of [PNA]0 = 0.181 mM, [Fe2+]0 = 0.05 mM, pH

.0 and T = 20 ± 1 ◦C, and the results are shown in Fig. 3. It
an be seen the pseudo-first-order kinetic model is applicable

ig. 3. Plot of ln([PNA]0/[PNA])–t at different initial hydrogen peroxide
oncentrations ([PNA]0 = 0.181 mM, [Fe2+]0 = 0.05 mM, pH 3.00, tempera-
ure = 20 ± 1 ◦C).
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onstant of PNA ([PNA]0 = 0.181 mM, [Fe2+]0 = 0.05 mM, pH 3.00, tempera-
ure = 20 ± 1 ◦C).

o the PNA degradation quite well under the given test con-
itions (R > 0.99). It can be observed from Fig. 4 that the kap
f PNA degradation increased with the increase [H2O2]0 in
he range of 2.5–10 mM. However, with continuous increase
f [H2O2]0 in the range of 10–40 mM, the increasing of
H2O2]0 leads to the decline of kap especially when [H2O2]0
s higher than 20 mM. The phenomena could be explained from
he perspective of so-called critical concentration of hydrogen
eroxide. Generally, under the critical concentrations, the degra-
ation rates of different organic compounds, e.g., PNA in this
esearch, increase with increasing of [H2O2]0 due to the incre-
ent of •OH radical produced through the decomposition of

ncreasing hydrogen peroxide. Beyond the critical concentra-
ions, the degradation rate of organic compounds decreased
ith increasing of [H2O2]0 due to scavenging of •OH by
2O2 and incremental generation of •OOH also consumed •OH

15,18].

.2.3. The role of Fe2+

The effect of Fe2+ concentration on the kinetic rate con-
tants, kap, for PNA degradation was studied by varying
Fe2+]0 from 0.025 to 0.1 mM and at the experiment condi-
ion of [PNA]0 = 0.181 mM, [H2O2]0 = 10 mM, pH = 3.0 and
= 20 ± 1 ◦C and the results are presented in Fig. 5. It indicates

he pseudo-first-order kinetic model also fit the PNA degrada-
ion at the given test condition. In addition, it can be seen from
ig. 6 that the kap of PNA degradation was almost increased with

he increasing of Fe2+ concentration by linear (R > 0.98). This is
ue to Fe2+ plays a very important role in initiating the decom-
osition of H2O2 to generate the very reactive •OH in Fenton

xidation process. However, it is not a good idea to use too high
oncentration of Fe2+. Otherwise a large quantity of ferric based
ludge would be generated, which complicates the PNA degra-
ation due to the requirement of separation and disposal of the
ludge.
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Fig. 7. Plot of ln([PNA]0/[PNA])–t at different initial PNA concentrations
([H2O2]0 = 10 mM; [Fe2+]0 = 0.05 mM; pH 3.00 and temperature = 20 ± 1 ◦C).
ig. 5. Plot of ln([PNA]0/[PNA])–t at different initial Fe2+ concentrations
[PNA]0 = 0.181 mM, [H2O2]0 = 10 mM, pH 3.00, temperature = 20 ± 1 ◦C).

.2.4. The role of initial PNA concentration
The effect of initial PNA concentration on the kinetic rate

onstants, kap, for PNA degradation was studied by varying the
PNA]0 from 72 × 10−3 to 217 × 10−3 mM and at the experi-
ent condition of 10 mM [H2O2]0, 0.05 mM [Fe2+]0, pH 3.0

nd temperature = 20 ± 1 ◦C, and the results are shown in Fig. 7.
t can be seen that the PNA degradation kinetics at the given test
ondition was also fitted the pseudo-first-order kinetic model
ell. The results from Fig. 8 showed that the relationship
etween the kap of PNA degradation and the initial PNA con-
entration was in a good linear (R > 0.98).

.2.5. The role of temperature
The effect of temperature on the kinetic rate constants, kap, for

NA degradation was studied at the temperatures of 10, 20, 30,
0 and 50 ◦C with other tests conditions at [PNA]0 = 0.181 mM,

2+
H2O2]0 = 10 mM, [Fe ]0 = 0.05 mM and pH 3.0. The obtained
esults shown in Fig. 9 with a clear indication that kap of PNA
egradation is significantly affected by reaction temperature and
ncreased with the raising of temperature.

ig. 6. Effect of initial Fe2+ concentration on the degradation rate
onstant of PNA ([PNA]0 = 0.181 mM, [H2O2]0 = 10 mM, pH 3.00, tempera-
ure = 20 ± 1 ◦C).

Fig. 8. Effect of initial PNA concentration on the degradation rate constant
of PNA ([H2O2]0 = 10 mM; [Fe2+]0 = 0.05 mM; pH 3.00 and tempera-
ture = 20 ± 1 ◦C).

Fig. 9. Plot of ln([PNA]0/[PNA])–t at different temperatures
([PNA]0 = 0.181 mM, [H2O2]0 = 10 mM, [Fe2+]0 = 0.05 mM, pH 3.00).



J.-H. Sun et al. / Journal of Hazardous

F
p

t
e

k

w
a
(
D
(
a
r

p
p
h
o
d
T
d

k

4

t
o
s
c
m
s
w
a
r
c
d

r
c
t
w
o
e
v
5

A

t
P

R

[

[

[

[

[

[

[

[

fenton reactions, J. Phys. Chem. A. 102 (1998) 5542–5550.
ig. 10. Plot of ln kap–(1/T) for the degradation of PNA by Fenton oxidation
rocess ([PNA]0 = 0.181 mM, [H2O2]0 = 10 mM, [Fe2+]0 = 0.05 mM, pH 3.00).

The Arrhenius expression, showing the relationship between
he reaction temperature and the specific reaction rate, k, is
xpressed as follows:

= A exp

(
− E

RT

)
(23)

here A is preexponetial (or frequency) factor; E is the
ctivation energy (J mol−1); R is the ideal gas constant
8.314 J mol−1 K−1); T is the reaction absolute temperature (K).
ue to the narrow temperature range employed in this study

i.e., 10–50 ◦C), variations of the preexponential factors and the
ctivation energies of the empirical Arrhenius expressions of the
eaction of the degradation of PNA may be neglected.

The relationships of ln(kap) derived from Fig. 9 versus 1/T are
lotted in Fig. 10. Good linear relationships exist between the
lots of ln(kap) and 1/T because the regression coefficient was
igher than 0.99. Based on the slope (−E/R) and intercepts (ln A)
f the plot in Fig. 10, E and A in Arrhenius form (Eq. (23)) are
etermined, i.e., E = 53.96 kJ mol−1 and A = 3.06 × 108 min−1.
herefore, the Arrhenius form of the PNA degradation can be
escribed as:

= 3.06 × 108 exp

(
−53.96 × 103

T (K−1)

)
(min−1) (24)

. Conclusions

A detail kinetic modeling has been developed to understand
he degradation mechanisms and kinetics of PNA by Fenton
xidation process. The test results showed that the pH value of
olutions, the initial H2O2 concentration, the initial Fe2+ con-
entration, initial PNA concentration and the temperature are the
ain factors that have strong influences on the kinetic rate con-

tants, kap, for PNA degradation. The kap of PNA degradation
as: (1) increased with the increase of pH in the range of 2.0–3.0
nd then decreased with the continuous increase of pH in the
ange of 3.0–6.0; (2) increased with the increase of initial con-
entration of H2O2 in the range of 2.5–10 mM and then slightly
ecreased with the further raising of H2O2 concentration in the

[
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ange of 10–40 mM; (3) increased with the increase of Fe2+ con-
entration in the range of 0.025–0.100 mM; (4) decreased with
he increase of initial PNA concentration; (5) also increased
ith the increase of temperature. Based on the rate constants
btained at different temperatures, the empirical Arrhenius
xpression of PNA degradation was derived. The derived acti-
ation energy for PNA degradation by Fenton oxidation is
3.96 kJ mol−1.
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