Available online at www.sciencedirect.com
ScienceDirect

Journal of Hazardous Materials 148 (2007) 172-177

Journal of
Hazardous

Materials

www.elsevier.com/locate/jhazmat

A kinetic study on the degradation of p-nitroaniline
by Fenton oxidation process

Jian-Hui Sun ®9* Sheng-Peng Sun?, Mao-Hong Fan ¢, Hui-Qin Guo?,
Li-Ping Qiao?, Rui-Xia Sun?

4 College of Chemistry and Environmental Sciences, Henan Normal University, Henan Key Laboratory for Environmental Pollution Control,
Xinxiang, Henan 453007, PR China
b State Key Laboratory of Organic Geochemistry, Guangzhou Institute of Geochemistry, The Chinese Academic of Sciences,
Guangzhou, Guangdong 510640, PR China
¢ School of Materials Science and Engineering, Georgia Institute of Technology, Atlanta, GA 30332, USA

Received 11 September 2006; received in revised form 7 February 2007; accepted 7 February 2007
Available online 15 February 2007

Abstract

A detailed kinetic model was developed for the degradation of p-nitroaniline (PNA) by Fenton oxidation. Batch experiments were carried out
to investigate the role of pH, hydrogen peroxide and Fe** levels, PNA concentration and the temperature. The kinetic rate constants, k,,, for PNA
degradation at different reaction conditions were determined. The test results show that the decomposition of PNA proceeded rapidly only at
pH value of 3.0. Increasing the dosage of H,O, and Fe?* enhanced the k,, of PNA degradation. However, higher levels of H,O, also inhibited
the reaction kinetics. The k,, of PNA degradation decreased with the increase of initial PNA concentration, but increased with the increase of

temperature. Based on the rate constants obtained at different temperatures, the empirical Arrhenius expression of PNA degradation was derived.

The derived activation energy for PNA degradation by Fenton oxidation is 53.96 kI mol .

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, the so-called advanced oxidation processes
(AOPs) have been identified as an attractive option for water
treatment, particularly in cases where the contaminant species
are difficult to remove using the usual biological or physico-
chemical processes. The processes involve the generation of
highly reactive hydroxyl radical (*OH), which can oxidize and
mineralize almost all the organic molecules owing to its high oxi-
dation potential (E° =+2.8 V) [1-3]. Among the most promising
AOPs for water contaminated by organic molecules, application
of the Fenton’s reagent (an aqueous mixture of Fe?* and H,0,
that produces hydroxyl radicals) stands out due to its high oxida-
tion power, rapid oxidation kinetics, relatively cheap and easily

* Corresponding author at: College of Chemistry and Environmental Sciences,
Henan Normal University, Henan Key Laboratory for Environmental Pollution
Control, Xinxiang, Henan 453007, PR China. Tel.: +86 373 3326335,
fax: +86 373 3326336.

E-mail address: sunsp_hj@yahoo.com.cn (J.H. Sun).

0304-3894/$ — see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhazmat.2007.02.022

operated and maintained [4], which has been employed to treat
a variety of industrial wastewaters containing aromatic amines,
phenols, dyes, pesticides, etc. toxic and biologically refractory
organic substances [5-9].

p-Nitroaniline (PNA) is an important compound used as
an intermediate or precursor in the manufacture of organic
synthesis, such as p-phenylenediamine, azo dyes, antioxidants,
fuel additives, corrosion inhibitors, pesticides, antiseptic agents,
medicines for poultry, pharmaceutical synthesis, etc. Nowadays,
PNA has been listed as a priority pollutant by many countries
due to its toxicity, potential carcinogenic and mutagenic effects.
Because the presence of a nitro group in the aromatic ring
enhances the stability to resist chemical and biological oxi-
dation degradation, while the anaerobic degradation produces
nitroso and hydroxylamines compounds which are known
as carcinogenic [10,11]. So the purification of wastewater
polluted with PNA is a very difficult task. AOPs have been
investigated for the treatment of wastewater polluted with PNA
over the last several years. Gautam et al. [12] investigated the
degradation of PNA by photocatalysis. Spacek et al. [13]
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compared the degradation of PNA by photocatalysis and photo-
Fenton process and showed that the degradation efficiency by
photo-Fenton reaction was higher than that by photocatalysis.
However, the information regarding the kinetic study on the
degradation of PNA by Fenton oxidation is still limited. There-
fore, the principal objective of this work was to propose a detail
kinetic modeling, by which to clearly understand the degradation
mechanisms and kinetics of PNA by Fenton oxidation process.

2. Materials and methods
2.1. Reagents

p-Nitroaniline was obtained from Beijing Chemical Reagents
Co. (Beijing, China). Hydrogen peroxide (30%, w/w), ferrous
sulfate (FeSOy4-7H,0), sulfuric acid and sodium hydroxide were
all obtained from Shanghai Chemical Reagents Co. (Shanghai,
China). All chemicals used were of analytical grade and without
any further purification. Deionized water was used throughout
this study.

2.2. Experimental procedures

All the PNA degradation tests were conducted in a 200 mL
double glass cylindrical jacket reactor, allowing cycle water to
maintain the temperature of the reactors. Temperature control
was realized through a thermostat. A magnetic stirrer was used
to stir reaction solutions, and the stirring rate was 280 rpm. To
start each test, appropriate volumes of stock PAN and ferrous sul-
fate solutions were placed into the reactor and then diluted with
deionized water to 100 mL. The pH of each reaction solution was
adjusted to the desired level by using the prepared 1.0 M sulfu-
ric acid or 1.0 M sodium hydroxide solution, and was measured
with a model PHS-3C pH meter. The reactions were initiated
by adding predetermined amounts of hydrogen peroxide to the
reactor. Samples were taken out from the reactor periodically
using a pipette and were analyzed immediately.

2.3. Analytical methods

The UV-vis spectra of PNA were recorded from 200 to
800 nm using a UV-vis spectrophotometer (Lambda 17, Perkin-
Elmer) with a spectrometric quartz cell (lcm path length).
The maximum absorbance wavelength (Amax) of PNA can be
found at 380nm from the spectra. Therefore, the concentra-
tion of the PNA in the reaction mixture at different reaction
times were determined by measuring the absorption intensity at
Amax =380 nm and from a calibration curve.

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

3. Results and discussion
3.1. Kinetic modeling

In classic Fenton’s chemistry, it is generally considered that
the reactions between hydrogen peroxide and Fe?* in acidic

aqueous medium (&3.00) involved the following steps (Egs.
(1)—(7)) [4,14,15]. The rate constants are reported in M- lg!
for a second order reaction rate.

Fe?t + H,0, — Fe’t +°0OH + OH™
kj= 76 M !s7! )]

Fe’t + Hy0, — Fe’* +°*00H + HY,
ky= 0.01-0.02M ' s~! )
Fe3t +*00H — Fe2t +HT 4+ 0,,

k3= 3.1x100M's7! 3)

*OH + H,0, — *0O0H + H,O0,
ka= (1.2-45)x 10’ M~ s7! 4)

ks= 43 x 108M~ 17!
(5)

*OH + Fe?t — Fe’t +OH™,

*OH + *OH — H,0,, ke= 53x10°M~"'s71  (6)

k= 1x100M1s7!
@)

Although the degradation of an organic compound by Fen-
ton’s reagent is complex, several researchers have offered
evidence of the formation of the *OH radical as the principle
active oxidant in the Fenton system by many techniques, such as
electron paramagnetic resonance (EPR) spin-tapping technique.
The *OH radical can attack and initiate the oxidation of organic
pollutants molecule (R) by several degradation mechanisms as
shown below (Egs. (8)—(10)) [4,16]:

ks~ 107t010'9M 17!

*OH + *OOH — 0O; +H>O,

*OH + R-H — H,0 + R°,

(®
R® + Fe’t — Fe?t +RY )
R* + H,0, — ROH + *OH (10)

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

PNA + *OH- P/ (11)
. ki
S;+*OH—5§/ (12)

where §; is the scavenger species such as intermediates, excess
of H,Oy, Fez+, *OH radical, *OOH radical, etc.; k; and k; are
the global rate coefficients of reactions (11) and (12).

The corresponding kinetic equation for PNA and *OH radical
can be expressed as follows:

d[PNA]
dr

—k;[PNA][*OH] (13)
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d[*OH]
dr

=k [H,0][Fe* " |—k;[PNA][*OH] - > _k;[S,][*OH]
(14)

Generally, the pseudo steady state assumption was used when
concerning the concentrations of reactive radicals in the kinetics
studies. Based on the pseudo steady state assumption, at a certain
time, the concentration of reactive *OH radical will not vary with
reaction time, i.e.,

d.
[OH]:O
dr

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

15)

ki[H,0,][Fe?*]
°OH] = 16
ORI = L PNAT + 3 4151 (10

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

d[PNA] _ kik1[H20,][Fe?*]
dt KIPNA]+ kL]

[PNA] (17)

If the concentration of PNA is high, i.e., the condition of
insufficient *OH radical because of insufficient hydrogen per-
oxide, so k;[PNA] >> ijj[Sj], and the Eq. (17) can be
simplified to a zero order reaction rate with respect to PNA as
follows:

d[PNA]
dr

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

However, in the practical application of Fenton process,
in order to degrade the pollutants effectively, the dosage of
hydrogen peroxide should be sufficient in order to provide
sufficient *OH radical, but at the same time, multi scavenger
species are also generated. Indeed, a great deal of *OH radical
was consumed by multi scavenger species in reaction process,
which resulted in the dosage of hydrogen peroxide used is
commonly much more than the concentrations of pollutants.
The same results were also observed in the present study, the
concentration of PNA is lower than that of hydrogen perox-
ide ([HpO7]/[PNA]~ 55:1), herein, it can be concluded that
k;[PNA] is much smaller than ) jk i8], thus

= —k[Hy0;][Fe* "] (18)

ki[PNA]+ > kj[S;1~ > kjLS;] (19)
J J

Then Eq. (17) can be simplified as

dIPNA] _ _ kiki[Hy0;][Fe?*]

PNA 20
dr 22 jkjLS;1 (PRA] 0
or
d[PNA]
5 = kap[PNA] 2D

2.5
0O pH=6.00 y=0.00015x
R'=0.8242
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Fig. 1. Plot of In([PNA]o/[PNA])-t at different initial pH values
([PNA]p=0.181mM; [Hy03]p=10mM, [Fe2+]o =0.05mM, tempera-
ture=20+£1°C).

where kyp represents (kiki [H,0,][Fe**])/> KilS)1. kap is the
pseudo-first-order reaction rate with respect to PNA. Obviously,
kap is related to [Fe?*], [Ho0,] and [S;]. The integrated form of
Eq. (21)is

[PNA]y
n ( sl ) ~ ket 22)

Therefore, if the relationship between In([PNA]o/[PNA]) ver-
sus reaction time ¢ is linear then the degradation of PNA will
follow a pseudo-first-order reaction and the values of kp, at
given test conditions can be obtained from the slopes of plots of
In([PNA]o/[PNA])-t.

3.2. Kinetic studies

The kinetics of PNA degradation by Fenton oxidation process
under various reaction conditions has been investigated. The
test range of each factor was chosen according to the reality of
Fenton process application and the needs of kinetic studies in
this research. The effects of pH, initial concentrations of H,O5,
Fe?* and PNA, and temperature on the kinetic rate constants,
kap, for PNA degradation will be separately discussed in the
following sections.

3.2.1. The role of pH

The effect of pH on the kinetic rate constants, kyp,
for PNA degradation was studied in the range of 2.0-6.0
at the experiment condition of [PNA]Jop=0.181 mM,
[H202]o=10mM, [Fe**]p=0.05mM and T=20+1°C.
The plots of In([PNA]y/[PNA])—¢ at different pH values were
shown in Fig. 1. It is obvious that the line is quite linear at pH
3.0 (R>0.99). Therefore, it can be deduced that the PNA degra-
dation fits the pseudo-first-order kinetic model. The results in
Fig. 2 showed that the k,, of PNA degradation was significantly
influenced by the pH value of solutions and the optimal solution
pH was observed at pH 3.0. The values of k,, quickly increase
when pH increases from 2.0 to 3.0, suddenly decrease when pH
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Fig. 2. Effect of the initial pH value on the degradation rate constant of
PNA ([PNA]p=0.181 mM; [H20:]o=10mM, [Fe**]o=0.05mM, tempera-
ture=20+£1°C).

is raised from 3.0 to 4.0, and then gradually and slightly drop off
with the increase of pH in the range of 4.0-6.0. The contributing
factors for the low kup in lower pH range (<3.0) include the
formation of oxonium ion (i. . H30,*) due to the strong proton
solvating ability of H,O;, complex species [FG(H20)6]2+ and
[Fe(H20)g]** [17] and enhanced *OH scavenging by H* [18]
in low pH range. The poor degradation of PNA at a high pH
values (>4.0) was caused by the formation of ferrous and ferric
hydroxide complexes with much lower catalytic capability
than Fe?*.

3.2.2. The role of H>O»

The effect of initial hydrogen peroxide concentration on the
kinetic rate constants, k,p, for PNA degradation was performed
by varying the [HyOz]p from 2.5 to 40 mM and at the experi-
ment condition of [PNA]y=0.181 mM, [Fe?*]o=0.05 mM, pH
3.0 and T=20=+1°C, and the results are shown in Fig. 3. It
can be seen the pseudo-first-order kinetic model is applicable

3.0
B [I10,]=2.5mM y=0.04843x
R=0.9944
® [H0,];=5.0mM y=0.0598x
25 R=0.9918
*  [HO,] =10mM y=0.07994x A
—~ R=0.9950 -
= 204 v [HO]=20mM y=008081x
<ZC ' R=0.9942 .
[a=A A [H0,]=40mM y=0.0734x 4
> 15 R=0.9919 ° -
<
Z
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0.5
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Fig. 3. Plot of In([PNA]o/[PNA])—t at different initial hydrogen peroxide
concentrations ([PNAJo=0.181 mM, [Fe**]y=0.05mM, pH 3.00, tempera-
ture=20+£1°C).
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Fig. 4. Effect of initial hydrogen peroxide concentration on the degradation rate
constant of PNA ([PNA]p=0.181 mM, [Fez“']o =0.05mM, pH 3.00, tempera-
ture=20=+1°C).

to the PNA degradation quite well under the given test con-
ditions (R>0.99). It can be observed from Fig. 4 that the kyp
of PNA degradation increased with the increase [H,O»]p in
the range of 2.5-10 mM. However, with continuous increase
of [H2O2]p in the range of 10-40mM, the increasing of
[H202]o leads to the decline of ky, especially when [H2O2]o
is higher than 20 mM. The phenomena could be explained from
the perspective of so-called critical concentration of hydrogen
peroxide. Generally, under the critical concentrations, the degra-
dation rates of different organic compounds, e.g., PNA in this
research, increase with increasing of [H,O;]o due to the incre-
ment of *OH radical produced through the decomposition of
increasing hydrogen peroxide. Beyond the critical concentra-
tions, the degradation rate of organic compounds decreased
with increasing of [H2O»]p due to scavenging of *OH by
H,0, and incremental generation of *OOH also consumed *OH
[15,18].

3.2.3. The role of Fe**

The effect of Fe>* concentration on the kinetic rate con-
stants, kup, for PNA degradation was studied by varying
[Fe2*]y from 0.025 to 0.1 mM and at the experiment condi-
tion of [PNA]Jp=0.181 mM, [H202]o=10mM, pH=3.0 and
T=20=1°C and the results are presented in Fig. 5. It indicates
the pseudo-first-order kinetic model also fit the PNA degrada-
tion at the given test condition. In addition, it can be seen from
Fig. 6 that the k,p, of PNA degradation was almost increased with
the increasing of Fe>* concentration by linear (R >0.98). This is
due to Fe?* plays a very important role in initiating the decom-
position of H,O» to generate the very reactive *OH in Fenton
oxidation process. However, it is not a good idea to use too high
concentration of Fe?*. Otherwise a large quantity of ferric based
sludge would be generated, which complicates the PNA degra-
dation due to the requirement of separation and disposal of the
sludge.
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Fig. 5. Plot of In([PNA]o/[PNA])— at different initial Fe?* concentrations
([PNA]Jp=0.181 mM, [H202]p = 10 mM, pH 3.00, temperature =20 %+ 1 °C).

3.2.4. The role of initial PNA concentration

The effect of initial PNA concentration on the kinetic rate
constants, k,p, for PNA degradation was studied by varying the
[PNA] from 72 x 1073 to 217 x 107> mM and at the experi-
ment condition of 10mM [H>O]p, 0.05 mM [Fez+]o, pH 3.0
and temperature =20 & 1 °C, and the results are shown in Fig. 7.
It can be seen that the PNA degradation kinetics at the given test
condition was also fitted the pseudo-first-order kinetic model
well. The results from Fig. 8 showed that the relationship
between the k,, of PNA degradation and the initial PNA con-
centration was in a good linear (R >0.98).

3.2.5. The role of temperature

The effect of temperature on the kinetic rate constants, kp,, for
PNA degradation was studied at the temperatures of 10, 20, 30,
40 and 50 °C with other tests conditions at [PNA]g=0.181 mM,
[H>05]p = 10mM, [Fe?*]p =0.05 mM and pH 3.0. The obtained
results shown in Fig. 9 with a clear indication that k., of PNA
degradation is significantly affected by reaction temperature and
increased with the raising of temperature.
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0.12 4 R = 0.9858
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Fig. 6. Effect of initial Fe’* concentration on the degradation rate

constant of PNA ([PNA]p=0.181 mM, [H202]o=10mM, pH 3.00, tempera-
ture=20+£1°C).
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Fig. 7. Plot of In([PNA]o/[PNA])—t at different initial PNA concentrations
([H202]o = 10 mM; [Fe**]o =0.05 mM; pH 3.00 and temperature =20 % 1 °C).
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Fig. 10. Plot of Ink,,—(1/T) for the degradation of PNA by Fenton oxidation
process ([PNAJo =0.181 mM, [Hy02]o = 10 mM, [Fe**]y =0.05 mM, pH 3.00).

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

E
k= A exp (_RT> (23)

where A is preexponetial (or frequency) factor; E is the
activation energy (Jmol™'); R is the ideal gas constant
(8.314 Tmol~! K—1); T'is the reaction absolute temperature (K).
Due to the narrow temperature range employed in this study
(i.e., 10-50 °C), variations of the preexponential factors and the
activation energies of the empirical Arrhenius expressions of the
reaction of the degradation of PNA may be neglected.

The relationships of In(k,p,) derived from Fig. 9 versus 1/T are
plotted in Fig. 10. Good linear relationships exist between the
plots of In(k,p) and 1/T because the regression coefficient was
higher than 0.99. Based on the slope (—E/R) and intercepts (In A)
of the plot in Fig. 10, E and A in Arrhenius form (Eq. (23)) are
determined, i.e., E=53.96 kI mol~! and A=3.06 x 108 min~".
Therefore, the Arrhenius form of the PNA degradation can be
described as:

53.96 x 103

-1
T (min™") (24)

k=3.06x108exp | —

4. Conclusions

A detail kinetic modeling has been developed to understand
the degradation mechanisms and kinetics of PNA by Fenton
oxidation process. The test results showed that the pH value of
solutions, the initial HyO, concentration, the initial Fe** con-
centration, initial PNA concentration and the temperature are the
main factors that have strong influences on the kinetic rate con-
stants, kyp, for PNA degradation. The k,, of PNA degradation
was: (1) increased with the increase of pH in the range of 2.0-3.0
and then decreased with the continuous increase of pH in the
range of 3.0-6.0; (2) increased with the increase of initial con-
centration of HyO» in the range of 2.5-10 mM and then slightly
decreased with the further raising of HyO, concentration in the

range of 10-40 mM; (3) increased with the increase of Fe** con-
centration in the range of 0.025-0.100 mM; (4) decreased with
the increase of initial PNA concentration; (5) also increased
with the increase of temperature. Based on the rate constants
obtained at different temperatures, the empirical Arrhenius
expression of PNA degradation was derived. The derived acti-
vation energy for PNA degradation by Fenton oxidation is
53.96kJmol~!.
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