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a b s t r a c t

The degradation of diphenylamine (DPA) in aqueous solution by persulfate is investigated. Effects of pH,
persulfate concentration, ionic strength, temperature and catalytic ions Fe3+ and Ag+ on the degradation
efficiency of DPA by persulfate are examined in batch experiments. The degradation of DPA by persulfate
is found to follow the pseudo-first-order kinetic model. Increasing the reaction temperature or persul-
fate concentration may significantly accelerate the DPA degradation. Fe3+ and Ag+ ions can enhance
the degradation of DPA, and Ag+ ion is more efficient than Fe3+ ion. However, the increase of either
the pH value or ionic strength will decrease the rate of DPA degradation. N-Phenyl-4-quinoneimine, N-
carboxyl-4-quinoneimine, 4-quinoneimine and oxalic acid are identified as the major intermediates of
Degradation

Kinetics
M
P

DPA degradation, and a primary pathway for the degradation of DPA is proposed. The degradation of DPA
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. Introduction

Diphenylamine (DPA) is widely used as the stabilizer for
itrocellulose-containing explosives and propellants, the antioxi-
ant for various polymers and elastomers and as condensates for
he insulation of rubber [1,2]. DPA is also used to prevent post-
arvest deterioration of apple and pear [3,4]. In addition, DPA

s a parent compound of many derivatives, which are used for
he production of dyes, pharmaceuticals and photography chem-
cals [2]. However, DPA might lead to dermatitis (formation of
esicular and exudative eczemas) in workers exposed to DPA-
ontaining products. Eczema formation, hypertension, tachycardia
nd bladder diseases were observed in humans after administra-
ion with alcoholic solution of DPA [2,5,6]. Moreover, DPA also
howed damaging effects on liver, spleen and kidney in exper-
mental animals such as dogs, rats and mice [7–9], and was

azardous to some organisms in aquatic environment [10]. In the
uropean Union, DPA has been listed as a prior pollutant [2].
herefore, an efficient method for the degradation of DPA is of
mportance.

∗ Corresponding author. Tel.: +852 3411 7062; fax: +852 3411 5995.
E-mail address: yjiang@hkbu.edu.hk (Y. Jiang).
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nd seawater is also tested by persulfate, and more than 90% of DPA can be
in 45 min at an initial concentration of 20 mg L−1.

© 2008 Elsevier B.V. All rights reserved.

It was reported that DPA can be biologically degraded in the
aboratory under defined culture conditions [11,12]. However, the
actericidal substances (such as heavy metals) that may be found in
any wastes would limit the actual effectiveness of the biodegra-

ation process [13]. Thus, there is a strong need to look for physical
nd chemical methods as alternative and faster treatment processes
or the degradation of DPA.

Although Fenton’s reagent (H2O2/Fe2+) has been widely used for
he degradation of organic pollutants [14,15], it was ineffective to
PA [16]. Potassium permanganate was also used for the degrada-

ion of organic pollutants, and was effective to DPA [16]. However,
he reductive product Mn2+ of permanganate might bring out the
econd pollution, if it was not removed by MnO2 precipitate [17].
n addition, the application of potassium permanganate to treat
ontaminated groundwater has been limited by the concerns that
esidual permanganate and MnO2 precipitates might alter the per-
eability of the aquifer and increase the dissolution of potentially

oxic metals [18]. On the other hand, persulfate, as an alternative
or the degradation of organic pollutants, has received considerable

ttention in recent years [19–23].

In this study, degradability of DPA by persulfate was studied.
ffects of pH, oxidant concentration, ionic strength, temperature
nd catalytic ions Fe3+ and Ag+ on the degradation efficiency of
PA by persulfate were examined in batch experiments. The major

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:yjiang@hkbu.edu.hk
dx.doi.org/10.1016/j.jhazmat.2008.07.110
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was investigated. As shown in Fig. 2, increasing the pH value
would result in more DPA remaining in aqueous solutions. That
is, the degradation rate of DPA decreased with the increase of
pH value. The linear plots of ln[DPA] versus time indicated that
S.-X. Li et al. / Journal of Haza

ntermediates of DPA degradation were identified, and a primary
eaction mechanism was proposed. The degradation of DPA in sur-
ace water, groundwater and seawater was also tested by persulfate.
he findings of this study could be helpful for the treatment of
ater, and for in situ remediation of soil and groundwater con-

aminated with DPA.

. Materials and methods

.1. Materials

Analytical-reagent grade or better chemicals as well as Milli-Q
ater were used in the experiments. DPA and potassium persulfate
ere purchased from Sigma (St. Louis, MO, USA). Acetonitrile and
ethanol were obtained from BDH (Poole, UK). All other reagents
ere purchased from Aldrich (Milwaukee, WI, USA). The buffer

olution used to control pH value was prepared by mixing 1.85 g L−1

f Na2HPO4 and 1.52 g L−1 of NaH2PO4 in deionized water. The pH
alues of all solutions were adjusted with 1 M of NaOH or H2SO4
henever required. Potassium chloride was used as ionic strength

djuster in the phosphate-buffered solutions. The DPA stock solu-
ion was prepared by dissolving 40.0 mg of DPA in 1 L of water and
hen stored in a refrigerator.

.2. Degradation experiments

The reaction was carried out in graduated and plugged test tubes
internal volume 50 mL). Reaction mixtures were obtained by tak-
ng an appropriate amount of DPA stock solution, and the buffer
olution. The reaction was initiated by adding persulfate solution.
he final volume of the reaction mixture was 50 mL. The reaction
as terminated immediately by adding 1 M of Na2SO3 solution

o the reaction mixtures. The reactions were performed at room
emperature (23 ± 1 ◦C).

At regular time intervals, the sample aliquots were taken from
he tubes and then filtered through 0.2-�m membrane. To measure
he residual DPA concentration after a certain reaction period, 20 �L
f filtrate was injected into the column of high-performance liquid
hromatography.

Each experiment was conducted in triplicate. The data presented
n the text and figures were the mean values of the results from the
xperiments.

.3. Analytical methods

The HPLC system used throughout this study consisted of two
aters 510 pumps (Waters, Milford, MA, USA), a sample injec-

or (Rheodyne, Cotati, CA, USA) with a 20-�L loop and a Waters
96 photodiode array detector. Evaluation and quantification were
ade on a Millennium chromatography data system (Waters).

he column used was a reversed-phase Spherisorb C18 column
250 mm × 4.6 mm i.d., 5 �m, Waters). The mobile phase was
cetonitrile–water (70:30, v/v) with a flow-rate at 1.00 mL min−1,
nd the effluent was monitored at 280 nm. The peak identification
as based on the retention time and the UV spectrum (obtained

rom photodiode array detector) against the standard. Routine sam-
le calculation was made by comparison of the peak area with that
f the standard.

. Results and discussion
.1. Kinetics of DPA degradation

Reaction kinetics could be simplified in many cases by using
ne-reactant concentration in large excess (20 –500-fold) and by

F
[

Fig. 1. Kinetics of DPA degradation. [Persulfate]0 = 3 mg mL−1, pH 7.

aintaining constant pH value with the buffer solution. Under
hese conditions, the reaction kinetics was fixed with respect to
he concentrations of H+ and the excess reactant, thus isolating the
ate dependence of the limiting reactant. Pseudo-first-order rate
onstants for the variable reactant (kobs) could be obtained from
he slope of linear regression of ln[concentration] as a function of
ime. In this study, the concentration of persulfate would remain
early constant during the initial stage of the reaction because DPA
oncentrations used (6.25–50 �g mL−1) were much lower than that
f persulfate (3 mg mL−1). As shown in Fig. 1, the plots of ln[DPA]
ersus time were linear (0.987 < R2 < 0.994) at various initial DPA
oncentrations, suggesting a first-order reaction with respect to
PA. The observed rate constant (kobs) obtained in this experiment
as 1.428(±0.061) × 10−3 s−1, which was approximately 228 times
f that (6.25 × 10−6 s−1) obtained from the microbial degradation of
PA [11]. Therefore, the chemical degradation of DPA by persulfate
as much faster than the microbial degradation.

.2. Effect of pH on the degradation of DPA

The pH value of the solution was usually an important parame-
er affecting oxidative degradation of organic pollutants. Therefore,
he role of initial pH on the degradation of DPA by persulfate
ig. 2. Effect of pH on the degradation of DPA. [DPA]0 = 20 �g mL−1 and
persulfate]0 = 3 mg mL−1.
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metal ion-catalyzed conditions because the reaction rate could be
8 S.-X. Li et al. / Journal of Haza

he reaction was pseudo-first-order with respect to DPA in all pH
olutions with the correlation coefficients (R2) of 0.999, 0.995,
.999, 0.998 and 0.997 at pH 2.2, 3.8, 7.4, 8.0 and 9.8, respectively.
he slopes of these linear plots, i.e., the observed rate constants
kobs) were 1.70 × 10−3, 1.63 × 10−3, 1.42 × 10−3, 1.35 × 10−3 and
.21 × 10−3 s−1, which revealed that kobs decreased as pH increased.
he results obtained in this study were also in agreement with the
revious finding that the rate of methyl tert-butyl ether (MTBE)
egradation by persulfate decreased with the increase in the pH
alue [19]. This might be due to the rapid decay of sulfate radicals
esulting from the reactions with hydroxyl ions [24]. In addition,
arbon dioxide formed from DPA degradation could lead to the for-
ation of bicarbonate and carbonate ions under alkaline solutions,
hich might inhibit DPA oxidation [25].

As shown in Fig. 2, the degradation of DPA by persulfate could
ven be performed in alkaline solutions at pH of 9.8 although the
eaction rate was lower than that in acidic condition. This result
as much more practical in field application. Generally speaking,

he pH values of soil and groundwater are between 5 and 9. Further-
ore, most oxidants reported in the literature for the degradation

f organic pollutants were either less effective or not effective under
lkaline conditions [15,17]. Therefore, persulfate could be used in
emediation of soil and groundwater contaminated with DPA in a
ider range of pH values.

.3. Effect of persulfate concentration on the degradation of DPA

Effect of persulfate concentrations (1.2–9.0 mg mL−1) on the
egradation of DPA (20 �g mL−1) was studied at pH 2.2. Linear plots
f ln([DPA]/[DPA]0) versus time were obtained at the initial per-
ulfate concentrations of 1.2, 2.4, 3.6, 4.8 and 9.0 mg mL−1, with
he correlation coefficients (R2) of 0.995, 0.997, 0.998, 0.999 and
.999, respectively (Fig. 3). The kobs values were obtained from the
lopes of the lines, and were 6.35 × 10−4, 1.25 × 10−3, 1.72 × 10−3,
.36 × 10−3 and 4.20 × 10−3 s−1 at the initial persulfate concentra-
ions of 1.2, 2.4, 3.6, 4.8 and 9.0 mg mL−1, respectively. The results
howed that the rate of DPA degradation increased as the initial
ersulfate concentration increased. It should be pointed out that
he degradation rate did not increase further when the initial per-
ulfate concentration was higher than 9.0 mg mL−1. For example,
he kobs value was 4.22 × 10−3 s−1 at an initial persulfate con-

−1
entration of 12.0 mg mL , which was almost the same as that
t 9.0 mg mL−1 of persulfate. When the natural logarithm of the
seudo-first-order rate constant (ln kobs) was plotted versus the
atural logarithm of the initial persulfate concentration, the slope
f the linear regression was 0.934 (R2 = 0.999). Thus, the reaction

ig. 3. Effect of concentration of persulfate on the degradation of DPA.
DPA]0 = 20 �g mL−1, pH 2.2.

g
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a
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as approximately first order to persulfate. This indicated that an
xidizing species (mostly likely SO4

•− under the experimental con-
itions) might dominate the reaction with DPA although numerous
xidizing species (e.g., SO4

•−, HO• and S2O8
2−) could exist in the

ystem and react with DPA [19].

.4. Effect of ionic strength on the degradation of DPA

Effect of ionic strength on the degradation of DPA by persulfate
as studied with the concentrations of KCl ranging from 0.016 to
.64 M. The linear plots of ln([DPA]/[DPA]0) versus time indicated
hat the reaction was pseudo-first-order with respect to DPA in dif-
erent ionic strength solutions, with the correlation coefficients (R2)
f 0.998, 0.992, 0.995 and 0.996 at different KCl concentrations of
.016, 0.064, 0.24 and 0.64 M, respectively. The kobs values were
.41 × 10−3, 1.18 × 10−3, 1.03 × 10−3 and 7.55 × 10−4 s−1 at different
Cl concentrations of 0.016, 0.064, 0.24 and 0.64 M, respectively.
he results showed that kobs decreased as ionic strength increased.
his trend was similar to that of MTBE degradation by persulfate.
he higher the ionic strength of the solutions, the slower MTBE
egraded [19]. A previous study reported that the increase of ionic
trength decreased the rate of persulfate decomposition in a 0.1 M
f HClO4 solution [26]. In addition, the activities of persulfate and
ther reactive species could be decreased as a result of high-ionic
trength [19]. In this study, when ln kobs was plotted versus ln[KCl],
he slope of the linear regression was 0.160 (R2 = 0.939), suggesting
n approximately 0.2-reaction order with respect to KCl.

.5. Effect of catalytic ions Fe3+ and Ag+ on the degradation of
PA

It was discovered that if only Ag+ or Fe3+ was added in the solu-
ion instead of persulfate, DPA did not show any decomposition.
his indicated that Ag+ or Fe3+ alone could not decompose DPA at
ll. However, Ag+ or Fe3+ ions could significantly accelerate degra-
ation of DPA in the presence of persulfate, and Ag+ ion was more
fficient than Fe3+ ion (Fig. 4). It was reported that Ag+ was the
ost efficient metal ion for the activation of persulfate among nine

ransition metals tested by Anipsitakis and Dionysiou [27]. In fact,
ersulfate oxidation was usually carried out under heat-, photo- or
reatly accelerated. Highly reactive species such as sulfate radicals
SO4

•−) and hydroxyl radicals (HO•) could be quickly generated as
result of decomposition of persulfate ions in aqueous solutions,

ig. 4. Effects of catalytic ions Fe3+ and Ag+ on the degradation of DPA.
DPA]0 = 20 �g mL−1, [persulfate]0 = 3 mg mL−1 and [Fe3+] = [Ag+] = 2 × 10−4 M, pH
.2.
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Fig. 5. Proposed primary pathway for the degradation of DPA. DPA = diphenylamine,
NPQ = N-phenyl-4-quinoneimine, NCQ = N-carboxyl-4-quinoneimine, QUI = 4-
quinoneimine and OXA = oxalic acid.
S.-X. Li et al. / Journal of Haza

hich were able to oxidize many organic substances into carbon
ioxide [19].

.6. Effect of temperature on the degradation of DPA

The degradation reaction of DPA was significantly influenced
y temperature, as the kobs values were 1.38 × 10−3, 2.39 × 10−3,
.84 × 10−3 and 3.92 × 10−3 s−1 at 23, 34, 43 and 52 ◦C, respectively.
hat is, the higher the temperature, the faster the DPA degrada-
ion. In addition, the activation energy of the degradation reaction
ould be obtained based on the experimental data using the Arrhe-
ius equation, k = A exp(−Ea/RT), where A is the frequency factor,
a is the activation energy, R is the universal gas constant and T is
he temperature in Kelvin [19]. The plot of ln kobs versus 1/T was
inear (R2 = 0.976), and Ea was 27.54 kJ mol−1 (or 6.58 kcal mol−1).
he Ea for the reaction of DPA with persulfate was smaller than
hat (24.5 kcal mol−1) for the reaction of MTBE with persulfate [19],
hich indicated that DPA was easier to be degraded than MTBE
sing persulfate as an oxidant.

.7. Mechanism of DPA degradation

To explore the mechanism of DPA degradation, the inter-
ediates formed during the degradation of DPA by persulfate
ere identified by HPLC–MS and GC–MS. Instrumental library

earches, comparison with available standard compounds, and
ass fragmentation pattern were used to identify the sus-

ected intermediates. The separation and identification methods
f DPA and the intermediates were very similar to those reported
n literature [28–30]. N-Phenyl-4-quinoneimine, N-carboxyl-4-
uinoneimine, 4-quinoneimine and oxalic acid were identified as
rimary intermediates formed during the degradation of DPA.

Hydroxyl and sulfate radicals are thought to be the primary oxi-
izing species produced by decomposition of persulfate, which can
xidize many organic pollutants into carbon dioxide [19]. Com-
aring the above results with literature [2,28], a primary pathway
ight be proposed for the degradation of DPA by persulfate (Fig. 5).

n this pathway, the degradation of DPA by persulfate involved
xidation and ring opening reactions, which was very different
rom the degradation of DPA by microorganisms, because DPA was
leaved into aniline and benzene by reduction, or cleaved into ani-
ine and phenol by hydrolysis during the degradation of DPA with
ifferent bacteria [2]. The proposed pathway was also different
rom the controlled oxidation of DPA by persulfate in aqueous-
rganic micellar solutions where the product was a polymer that
ould be used as functional material [31].

The four detected intermediates of DPA degradation could
e further degraded by persulfate under the experimental con-
itions. A representative graph showing the fate of these four

ntermediates in a persulfate solution is presented in Fig. 6. N-
arboxyl-4-quinoneimine was a primary intermediate in the early
tage of the reactions and reached the highest concentration among
he intermediates, and then rapidly degraded as the reaction
roceeded. The concentration of N-carboxyl-4-quinoneimine was
igher than that of N-phenyl-4-quinoneimine, 4-quinoneimine or
xalic acid, hinting that it could be more persistent toward radi-
al oxidation because of the carboxylic structure in its molecule.
he four detected intermediates were also observed in a previ-
us study where DPA was degraded with an advanced oxidation
rocess TiO2/UV, although none was identified [32]. The degrada-

ion patterns of the three unidentified intermediates by TiO2/UV
ere similar to the results obtained by the present study. This

mplied that the degradation of DPA in persulfate system was
ost likely due to its reaction with sulfate and hydroxyl radi-

als.
Fig. 6. DPA degradation and its by-products formation profiles over time.
[DPA]0 = 20 mg L−1 and [persulfate]0 = 3 mg mL−1, pH 2.2.
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ig. 7. Degradation of DPA in surface water, groundwater and seawater by persulfate.
DPA]0 = 20 mg L−1 and [persulfate]0 = 3 mg mL−1.

.8. Degradation of DPA in surface water, groundwater and
eawater by K2S2O8

The experiments were conducted to investigate the degrada-
ion of DPA by persulfate at room temperature in surface water,
roundwater and seawater samples which were spiked with DPA.
he results showed that DPA was rapidly degraded by persulfate
nder the experimental conditions (Fig. 7). The degradation per-
entages of DPA were, respectively, 97.2%, 93.5% and 90.4% in the
urface water, groundwater and seawater in 45 min at an initial DPA
oncentration of 20 mg L−1. Surface water, groundwater or seawa-
er could contain many different compounds or ions, and some of
hem (such as KCl) might decrease the rate of DPA degradation, but
thers (such as Fe3+) might accelerate the reaction rate as above
iscussed in Sections 3.4 and 3.5 in this paper.

. Conclusions

Degradation of diphenylamine in aqueous solution by persul-
ate was investigated. The results showed that the degradation
fficiency of DPA by persulfate was significantly influenced by pH,
ersulfate concentration, ionic strength, temperature and catalytic

ons Fe3+ and Ag+. The degradation of DPA was found to follow
pseudo-first-order kinetic model. Increasing the reaction tem-

erature or persulfate concentration may significantly accelerate
he DPA degradation. Both Fe3+ and Ag+ ions could improve the
egradation of DPA, and Ag+ ion was more efficient than Fe3+

on. However, increasing either the pH value or ionic strength will
ecrease the reaction rate. N-Phenyl-4-quinoneimine, N-carboxyl-
-quinoneimine, 4-quinoneimine and oxalic acid were identified
s major intermediates of DPA degradation, and a primary reac-
ion mechanism was proposed. The results indicated that more
han 90% of DPA in surface water, groundwater and seawater
ould be degraded by persulfate at room temperature in 45 min
t an initial concentration of 20 mg L−1. The results obtained in
his study are helpful for the treatment of water contaminated
ith DPA. On the other hand, in situ chemical oxidation is a
romising technology for the remediation of contaminated soil
nd groundwater. Hydrogen peroxide, permanganate and ozone
re widely used oxidants in this process. Persulfate is much more
table in the subsurface as compared to hydrogen peroxide and

zone [19]. Persulfate could be effectively transferred to the con-
aminated zones and react with the contaminants because of its
igh solubility and stability under normal subsurface conditions.
urthermore, DPA could be degraded by persulfate at room tem-
erature, without light, heat or catalyst. Thus, persulfate could be

[

[
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sed for in situ remediation of soil and groundwater contaminated
ith DPA.

cknowledgements

The authors thank the support from UGC-funded marginal
esearch postgraduate place in the area of “Environmental and
uman Health Risk Assessment of Persistent Toxic Substances” of
KSAR.

eferences

[1] Y. Tong, Z. Wu, C. Yang, J. Yu, X. Zhang, S. Yang, X. Deng, Y. Xu, Y. Wen, Deter-
mination of diphenylamine stabilizer and its nitrated derivatives in smokeless
gunpowder using a tandem MS method, Analyst 126 (2001) 480–484.

[2] O. Drzyzga, Diphenylamine and derivatives in the environment: a review,
Chemosphere 53 (2003) 809–818.

[3] W.H. Gutenmann, D.J. Lisk, G.D. Blanpied, Diphenylamine residues in apples
and apple cider, J. Food Safe. 10 (1990) 277–279.

[4] N.A. Mir, R. Beaudry, Effect of superficial scald suppression by diphenylamine
application on volatile evolution by stored Cortland apple fruit, J. Agric. Food
Chem. 47 (1999) 7–11.

[5] C.J. Powell, P.H. Bach, J.W. Bridges, Subacute toxicity of diphenylamine and N-
phenylanthranilic acid, Hum. Toxicol. 2 (1983) 565–566.

[6] B.H. Bazin, J. Foussereau, C. Cavelier, Allergy to diphenylamine from an indus-
trial grease, Contact Dermatitis 14 (1986) 116–119.

[7] J.O. Thomas, W.E. Ribelin, J.R. Woodward, F. Deeds, The chronic toxicity of
diphenylamine for dogs, Toxicol. Appl. Pharm. 11 (1967) 184–194.

[8] T. Kronevi, B. Holmberg, Acute and subchronic kidney injuries in mice induced
by diphenylamine (DPA), Exp. Pathol. 17 (1979) 77–81.

[9] F. Alvarez, F.J. Diaz-Alferez, P.J. Perez-Munoz, F. Arteaga-Serrano, A. Martin-
Rodriguez, Cystic kidney disease induced by diphenylamine in rats, Actas Urol.
Esp. 11 (1987) 656–659.

10] O. Drzyzga, S. Jannsen, K.H. Blotevogel, Toxicity of diphenylamine and some
of its nitrated and aminated derivatives to the luminescent bacterium Vibrio
fischeri, Ecotoxicol. Environ. Safe. 31 (1995) 149–152.

11] C. Christodoulatos, A.D. Koutsospyros, B.W. Brodman, G.P. Korfiatis, Biodegra-
dation of diphenylamine by selected microbial cultures, J. Environ. Sci. Health
A 32 (1997) 15–30.

12] O. Drzyzga, K.H. Blotevogel, Microbial degradation of diphenylamine under
anoxic conditions, Curr. Microbiol. 35 (1997) 343–347.

13] X.R. Xu, H.B. Li, X.Y. Li, J.D. Gu, Reduction of hexavalent chromium by ascorbic
acid in aqueous solutions, Chemosphere 57 (2004) 609–613.

14] X.R. Xu, Z.Y. Zhao, X.Y. Li, J.D. Gu, Chemical oxidative degradation of methyl tert-
butyl ether in aqueous solution by Fenton’s reagent, Chemosphere 55 (2004)
73–79.

15] X.R. Xu, H.B. Li, W.H. Wang, J.D. Gu, Degradation of dyes in aqueous solutions
by the Fenton process, Chemosphere 57 (2004) 595–600.

16] I.S. Jamall, I. Brown, Oxidative remediation of diphenylamine in wastewater,
Bull. Environ. Contam. Toxicol. 76 (2006) 740–744.

17] X.R. Xu, H.B. Li, W.H. Wang, J.D. Gu, Decolorization of dyes and textile wastew-
ater by potassium permanganate, Chemosphere 59 (2005) 893–898.

18] M.L. Crimi, R.L. Siegrist, Geochemical effects on metals following permanganate
oxidation of DNAPLS, Ground Water 41 (2003) 458–469.

19] K.C. Huang, R.A. Couttenye, G.E. Hoag, Kinetics of heat-assisted persulfate oxi-
dation of methyl tert-butyl ether (MTBE), Chemosphere 49 (2002) 413–420.

20] G.P. Anipsitakis, D.D. Dionysiou, Transition metal/UV-based advanced oxida-
tion technologies for water decontamination, Appl. Catal. B: Environ. 54 (2004)
155–163.

21] K.C. Huang, Z.O. Zhao, G.E. Hoag, A. Dahmani, P.A. Block, Degradation of volatile
organic compounds with thermally activated persulfate oxidation, Chemo-
sphere 61 (2005) 551–560.

22] T.K. Lau, W. Chu, N.J.D. Graham, The aqueous degradation of butylated hydrox-
yanisole by UV/S2O8

2−: study of reaction mechanisms via dimerization and
mineralization, Environ. Sci. Technol. 41 (2007) 613–619.

23] J.S. Cao, W.X. Zhang, D.G. Brown, D. Sethi, Oxidation of lindane with Fe(II)-
activated sodium persulfate, Environ. Eng. Sci. 25 (2008) 221–228.

24] E. Hayon, J.J. McGarvey, Flash photolysis in the vacuum ultraviolet region of
SO4

2− , CO3
2− and OH− ions in aqueous solutions, J. Phys. Chem. 71 (1967)

1472–1477.
25] S.C. Xu, H. Zhou, X. Wei, L. Jun, The pH dependence and effects of the oxida-

tive products of some aromatic compounds in ozonation under UV irradiation,
Ozone Sci. Eng. 11 (1989) 281–296.

26] I.M. Kolthoff, J.K. Miller, The chemistry of persulfate. Part I. The kinetics and
mechanism of the decomposition of the persulfate ion in aqueous medium, J.

Am. Chem. Soc. 73 (1951) 3055–3059.

27] G.P. Anipsitakis, D.D. Dionysiou, Radical generation by the interaction of
transition metals with common oxidants, Environ. Sci. Technol. 38 (2004)
3705–3712.

28] D.R. Rudell, J.P. Mattheis, J.K. Fellman, Evaluation of diphenylamine deriva-
tives in apple peel using gradient reversed-phase liquid chromatography with



rdous

[

[

[
mechanism of diphenylamine oxidation with potassium persulfate, Kinet.
S.-X. Li et al. / Journal of Haza

ultraviolet–visible absorption and atmospheric pressure chemical ionization
mass selective detection, J. Chromatogr. A 1081 (2005) 202–209.
29] X.R. Xu, H.B. Li, J.D. Gu, Biodegradation of an endocrine-disrupting chemical di-
n-butyl phthalate ester by Pseudomonas fluorescens B-1, Int. Biodeter. Biodegr.
55 (2005) 9–15.

30] X.R. Xu, H.B. Li, J.D. Gu, Elucidation of n-butyl benzyl phthalate biodegradation
using high-performance liquid chromatography and gas chromatogr-
aphy–mass spectrometry, Anal. Bioanal. Chem. 386 (2006) 370–375.

[

Materials 164 (2009) 26–31 31

31] M.G. Gevorkyan, Influence of micelles of different types of surfactant on the
Catal. 46 (2005) 364–367.
32] L. Bolduc, W.A. Anderson, Enhancement of the biodegradability of

model wastewater containing recalcitrant or inhibitory chemical com-
pounds by photocatalytic pre-oxidation, Biodegradation 8 (1997) 237–
249.


	Degradation of diphenylamine by persulfate: Performance optimization, kinetics and mechanism
	Introduction
	Materials and methods
	Materials
	Degradation experiments
	Analytical methods

	Results and discussion
	Kinetics of DPA degradation
	Effect of pH on the degradation of DPA
	Effect of persulfate concentration on the degradation of DPA
	Effect of ionic strength on the degradation of DPA
	Effect of catalytic ions Fe3+ and Ag+ on the degradation of DPA
	Effect of temperature on the degradation of DPA
	Mechanism of DPA degradation
	Degradation of DPA in surface water, groundwater and seawater by K2S2O8

	Conclusions
	Acknowledgements
	References


