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1. Introduction
In recent two decades, there has been an extensive research
interest in catalytic ozonation that combine a transition metal with
ozone for enhanced oxidation of refractory organic species [1].
In terms of different kinds of catalysts adopted, catalytic ozona-
tion can be divided into homogeneous and heterogeneous catalytic
ozonation. Homogeneous catalysts mainly include several tran-
sition metal ions, such as Co2+ and Mn2+ [2,3]. Heterogeneous
catalytic ozonation is activated by metal oxides or metal oxides on
supports [1,4]. Catalytic ozonation corresponding to different cat-
alysts includes two following catalytic mechanism [1]: firstly, the
catalyst promotes ozone decomposition to generate highly reactive
hydroxyl radical; secondly, the catalyst adsorbs ozone or organics
to form highly oxidative species or intermediates which are prone
to be oxidized by ozone.

Manganese salts or manganese oxides have been used as cat-
alysts for ozonation in numerous studies. Manganese-catalyzed
ozonation of pyruvic acid in aqueous solution were observed by
Andreozzi et al. [5]. And, they considered that Mn(IV)-catalyzed
ozonation of pyruvic acid and simultaneously Mn(IV) became

∗ Corresponding author. Tel.: +86 10 62849151; fax: +86 10 62923558.
E-mail address: jhqu@rcees.ac.cn (J. Qu).

1381-1169/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2008.02.013
ental Sciences,

of 2,4-dinitrotoluene (DNT) in the presence of oxalic acid was studied.
(Mn2+) or oxalic acid alone in ozonation process did not enhance DNT

f Mn2+ coupled with oxalic acid accelerated degradation of DNT. The DNT
uenced by carbonate in the catalytic ozonation process. Kinetics study
nation significantly promoted the decomposition of ozone. Experimental
nce (ESR) demonstrated that addition of Mn2+ and oxalic acid produced
ytic ozonation system than that in single ozonation system. These results
ion followed hydroxyl radical-type mechanism. Mn2+ promoted decompo-
oxyl radical and it was oxidized into manganese oxide. Manganese oxide
c acid, which is the key step of catalytic process. Based on above results, a
n2+ was proposed. Intermediates were determined by HPLC and GC–MS,
atic organics and aliphatic carboxylic acids.

© 2008 Elsevier B.V. All rights reserved.

Mn(VII), which oxidized pyruvic acid into acetic acid. Ma et al.
[6] supported manganese oxides (MnOx) on granular active carbon
(GAC) to enhance the oxidation of nitrobenzene by ozone. They sug-
gested that in MnOx/GAC-catalyzed ozonation, the adsorption of

organic micro-pollutants on catalyst was an important step, which
would have a direct influence on the catalytic effectiveness of the
heterogeneous catalytic system. Ma and Graham [7] also reported
that in the presence of a small amount of Mn(II) the oxidation of
atrazine by ozone was greatly enhanced. They suggested a possi-
ble radical mechanism and catalytic ozonation of atrazine might be
caused by the hydrous manganese oxide formed in situ in the pro-
cess of oxidation between Mn(II) and ozone, rather than by soluble
Mn(II) itself. These studies have demonstrated that Mn catalytic
ozonation has high potential applications in removing refractory
compounds in water solution. However, the catalytic mechanism is
unclear and need to be further explored.

In this paper, it was found that addition of Mn2+ promoted the
ozonation of 2,4-dinitrotoluene (DNT) in the presence of oxalic acid.
And, in situ formation MnO2 cannot promote the DNT degradation.
A cycle Mn2+ catalytic mechanism was revealed. 2,4-DNT, one typ-
ical kind of dinitrotoluenes, is listed as Toxics Release Inventory
chemicals because of its toxicity and possible carcinogenicity [8]. It
is difficult to be degraded via conventional oxidation processes and
single ozonation is also limited to destruct 2,4-DNT efficiently [9].
Thus, it is selected as the target compound in the present study.

http://www.sciencedirect.com/science/journal/13811169
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ysis was carried out on an Agilent 7890GC/5975MSD with a HP-5
MS capillary column. The column was used with the following
temperature procedure: 80 ◦C hold for 6 min, ramp at 4 ◦C/min to
200 ◦C, and 200 ◦C hold for 20 min. The injector port was at 280 ◦C,
and the carrier gas was helium.

3. Results and discussion

3.1. Degradation of DNT

Firstly, degradation of DNT was compared in several ozonation
systems. As shown in Fig. 1, 35% DNT was degraded by ozonation
alone in 15 min, the addition of Mn2+ or oxalic acid alone did not
promote the degradation of DNT. And, the addition of 2 mg/L Mn2+

had negative effect on DNT conversion. However, 65% DNT was
degraded in 15 min by ozonation with the simultaneous addition
of 0.2 mg/L Mn2+ and 4 mg/L oxalic acid. It is clear that only when
0.2 mg/L Mn2+ and 4 mg/L oxalic acid coexisted in ozonation system,
DNT degradation was significantly promoted.
150 H. Xiao et al. / Journal of Molecular C

2. Experimental

2.1. Materials

2,4-Dinitrotoluene (99.9%) was used as a model compound
for catalytic ozonation. It was purchased from Beijing Chemical
Co. (Beijing, China). A stock solution of 100 mg/L was prepared
by dissolving DNT into deionized water, and was further diluted
to 10 mg/L with deionized water before use. Ozone was pro-
duced from pure oxygen using the “corona discharge” method in a
laboratory ozonator (Mitsubishi Ozonizer, OS-n, Japan). The man-
ganese stock solution was prepared by dissolving MnSO4·H2O in
deionized water, which had a Mn concentration of 200 mg/L. 5,5-
Dimethyl-1-pyrroline-N-oxide (DMPO) used to detect radicals in
ESR experiment was from Aldrich. Methanol of HPLC grade was pur-
chased from Fisher Company. Other reagents such as oxalic acid,
sodium thiosulphate, potassium iodide, potassium indigo trisul-
fonate, etc., were used without further purification. All glassware
was soaked in chromic acid, then rinsed with tap water and deion-
ized water.

2.2. Ozonation procedure

The catalytic ozonation experiments were carried out in a 2.5 L
glass reactor at room temperature (25 ◦C) in a semi-batch mode. The
aqueous solution of substrates was placed into the reactor before
starting the reaction. The pH was adjusted with sulfuric acid and
sodium hydroxide. Then the reaction was initiated by bubbling the
ozone/oxygen mixture. The solution was continuously stirred with
a magnetic bar. Ozone gas was bubbled continuously into 1.0 L of
reaction mixture through a porous glass membrane at the bottom
of the reactor for 30 min. Ozone gas-flow rate and concentration
were controlled at 200 mL/min and 5.6 ± 0.2 mg/L, respectively. The
residual ozone in the off-gas was absorbed by KI solution. The
samples were withdrawn from the outlet at regular intervals and
the oxidation reaction was quenched by adding a small amount of
sodium thiosulphate. Samples were stored at 4 ◦C and were ana-
lyzed within 24 h.

2.3. ESR procedure

Electron spin resonance experiment was applied to deter-
mine hydroxyl radicals generated in ozonation process by using
a nitron spin-trapping reagent DMPO. ESR spectra was recorded

in the X-band on a Bruker electron spin resonance ESP 300E. ESR
measurements were conducted at room temperature under the fol-
lowing conditions: modulation amplitude 2.0 G; microwave power
of 10.00 mW; modulation frequency 100 kHz; sweep width 100.0 G;
receiver gain 1.00E+005.

2.4. Analysis

Aqueous dissolved ozone concentration was determined col-
ormetrically by using the indigo method [10]. The adsorption
measurements were performed at 600 nm on a U-3010 UV–vis
spectrophotometer (Hitachi, Japan). The ozone concentration in
the gas phase was measured with iodometric method [11] before
the ozone was introduced into the reactor. The concentration of
total organic carbon (TOC) was analyzed using a multi N/C 3000
TOC analyzer (Analyti kjena AG, Germany) based on carbon diox-
ide infrared adsorption. The pH of solution was measured using
Thermo Orion model 410 (Thermo Orion, USA). The meter was
calibrated daily with NIST buffers of pH 4.01 and 7.00. DNT concen-
tration was analyzed by reversed-phase high performance liquid
chromatogram (HPLC) with a Hitachi HPLC apparatus (Diode Array
is A: Chemical 286 (2008) 149–155

Detector L-2450, Column Oven L-2300, and Pump L-2130). An
Allsphere ODS-25 u column (Alltech, USA), 250 mm × 46 mm, was
used and the column temperature was 40 ◦C. The mobile phase
was a mixture of 60:40 methanol/water. The injection volume was
20 �L, the flow rate was 1.0 mL/min and the wavelength of the
UV absorbance detector was 250 nm. Under these conditions, the
retention time of DNT was 7.1 min. Concentration of nitrate (NO3

−)
in water was measured using an ion chromatogram (Metrohm
861 advanced compact IC) equipped with a conductivity detec-
tor and a 250/4.0 mm column (Metrosep A Supp 4, Metrohm).
The eluent was 1.8 mM Na2CO3 and 1.7 mM NaHCO3 solution.
Dissolved manganese concentration in solution was determined
by ICP/AES (inductively coupled plasma atomic emission spec-
troscopy) method (SCIEX PerkinElmer Elan mode 5000). Samples
for GC–MS analysis were prepared by the following procedure. The
samples were filtered to remove particles through 0.45 �m filter.
The solution was evaporated by freeze-dried method. The residue
was dissolved in 5 mL methylene chloride, and derivatized with
0.1 mL BSTFA/TMCS for 30 min at 60 ◦C. Then the sample was dried
with Na SO and concentrated to 1 mL to be analyzed. GC–MS anal-
Fig. 1. DNT degradation in several ozonation systems: (a) ozonation alone; (b)
ozonation coupled with 2 mg/L Mn2+; (c) ozonation coupled with 0.2 mg/L Mn2+; (d)
ozonation catalyzed by 0.2 mg/L Mn2+ in presence of 4 mg/L oxalic acid; (e) ozona-
tion coupled with 4 mg/L oxalic acid. Conditions: T = 25 ◦C, initial pH 5.5, initial DNT
concentration = 10 mg/L, ozone gas concentration = 5.6 mg/L, and ozone mixture gas
flow = 200 mL/min.
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As an electrophilic agent, ozone easily reacts with aromatic com-
pounds that have electron donor groups (e.g., OH and NH2). These
compounds have high electron densities on aromatic ring [12].
The substitution of two strong electron-withdrawing nitro groups
decrease the electron density on aromatic ring of DNT, thus reduce
its reactivity with ozone. But, Mn2+ is easy to be oxidized by ozone
[13]. Thus, in ozonation system where Mn2+ and DNT coexisted
Mn2+ would be oxidized into MnO2 preferentially. The color of the
solution changed gradually from the initial colorless to brown after
introduction of ozone into the solution, and the color remained
brown in the subsequent reaction process. Because oxidation of
Mn2+ consumed a certain amount of ozone, the addition of 2 mg/L
Mn2+ had negative effect on DNT conversion compared to ozona-
tion alone. This phenomenon also demonstrated that manganese
dioxide formed in situ had no promotion on DNT conversion. How-
ever, in ozonation with simultaneous addition of oxalic acid and
Mn2+, the brown color was never observed in the reaction time.
The process in which oxalic acid and Mn2+ coexisted was called
catalytic ozonation in the following text.

Furthermore, TOC removal was examined in ozonation alone
and catalytic ozonation. As shown in Fig. 2, TOC removal in catalytic
ozonation was more than 40% after 30 min treatment, but it was less

than 20% in ozonation alone. Thus, Mn2+ catalystic ozonation not
only increased the degradation rate of DNT but also increased its
mineralization degree.

3.2. Evolution of dissolved ozone concentration

It can be seen from Fig. 3 that dissolved ozone gradually accumu-
lated in the whole single ozonation process, and its concentration
reached about 1.2 mg/L at 30 min. But during the course of catalytic
ozonation, dissolved ozone concentration remained low level in
30 min, and the maximum value was less than 0.5 mg/L. This result
suggested that the presence of Mn2+ and oxalic acid did enhance
dissolved ozone decomposition rate and led to the low concentra-
tion of dissolved ozone.

In order to further demonstrate that the addition of Mn2+ and
oxalic acid accelerated decomposition of dissolved ozone, the static
kinetics of ozone decomposition was investigated. DNT solution
with Mn2+ or without Mn2+ was added into the water saturated
with ozone, and the samples were withdrawn to determine the
concentration of dissolved ozone. The plot of Ln(Ct/C0) versus time

Fig. 2. TOC removal during uncatalyzed and catalyzed ozonation. Conditions:
T = 25 ◦C, initial pH 5.5, initial DNT concentration = 10 mg/L, Mn2+ concen-
tration = 0.2 mg/L, oxalic acid concentration = 4 mg/L, ozone gas concentra-
tion = 5.6 mg/L, and ozone mixture gas flow = 200 mL/min.
Fig. 3. Evolution of dissolved ozone concentration with time corresponding to
ozonation alone and catalytic ozonation. Conditions: T = 25 ◦C, initial pH 5.5,
initial DNT concentration = 10 mg/L, Mn2+ concentration = 0.2 mg/L, oxalic acid
concentration = 4 mg/L, ozone gas concentration = 5.6 mg/L, ozone mixture gas
flow = 200 mL/min.
is shown in Fig. 4. Linear relationship was fitted to the curve and
two equations can be determined:

Ln (Ct/C0) = −0.0055 t, r2 = 0.8963 ≤ (1)

Ln (Ct/C0) = −0.0357t, r2 = 0.9709 (2)

Ct is the concentration of dissolved ozone corresponding to differ-
ent time, and C0 is the initial concentration of dissolved ozone, t
is the time. Eqs. (1) and (2) depicts ozone decomposition kinetics
in ozonation alone and catalytic ozonation, and the high values of
r2 indicated that ozone decomposition followed first-order kinet-
ics. The rate constant in ozonation alone is 0.0055 s−1, which is
far less than 0.0357 s−1 in catalytic ozonation. This result demon-
strated that the addition of Mn2+ and oxalic acid led to the increase
of ozone decomposition rate in catalytic ozonation.

3.3. Effect of carbonate on catalytic ozonation

It is well known that carbonate is radical scavenger [14],
which has a strong quenching effect on hydroxyl radical reaction

Fig. 4. Kinetics of ozone decomposition in ozonation alone and catalytic ozonation.
Conditions: DNT concentration = 10 mg/L, Mn2+ concentration = 0.2 mg/L, and initial
dissolved ozone concentration = 2.3 mg/L.



152 H. Xiao et al. / Journal of Molecular Catalysis A: Chemical 286 (2008) 149–155

Fig. 6. ESR spectrum corresponding to blank and catalytic ozonation (a) and signal
strength of DMPO-OH adduct during several systems (b). Conditions: Mn2+ concen-
tration = 0.2 mg/L, oxalic acid concentration = 4 mg/L, DMPO concentration = 0.1 mM.

tion with the DNT degradation results in several ozonation systems,
it can be concluded that the presence of Mn2+ in the whole reaction
time was important for continuous generation of large amount of
hydroxyl radicals.
Fig. 5. Effect of carbonate concentration on DNT degradation in catalytic
ozonation. Conditions: T = 25 ◦C, initial DNT concentration = 10 mg/L, Mn2+ con-
centration = 0.2 mg/L, oxalic acid concentration = 4 mg/L, ozone gas concentra-
tion = 5.8 mg/L, and ozone mixture gas flow = 200 mL/min.

(KCo3
2− = 3.9 × 108 M−1 s−1) [15]. Thus, the effect of carbonate on

the degradation of DNT was tested in order to identify the role
of hydroxyl radicals in MnII-catalytic ozonation in the presence of
oxalic acid. It can be seen from Fig. 5 that the addition of 1.0 mM
carbonate obviously reduced the degradation rate of DNT. And, at
the carbonate concentration of 2.5 mM, DNT conversion was largely
inhibited and only 50% DNT was degraded within 30 min. These
results confirmed that hydroxyl radicals played an important role
in degradation of DNT by MnII-catalytic ozonation.

3.4. ESR analysis

ESR spectroscopy/spin-trapping technique is widely utilized in
radical analysis because of its sensitivity and selectivity. Hydroxyl
radical is very unstable in aqueous solution, but it can be trapped
by DMPO into formation of stable adduct, which can be measured
qualitatively and quantitatively by ESR. In the presence and absence
of Mn2+ and oxalic acid, ozone solution was mixed with DMPO solu-
tion. After 2 min, it was analyzed by ESR immediately. As shown in
Fig. 6(a), the spectrum was composed of quartet lines having peak

height ratio of 1:2:2:1. The ESR parameters coincided with those
of typical DMPO-OH adduct [16], and the result confirmed that the
quartet signal is DMPO-OH adduct.

The signal strength of DMPO-OH adduct represents the amount
of hydroxyl radicals during ozonation to some extent. Oxalic acid
or Mn2+ or both of them was added into 30 �L aqueous solution
containing DMPO, and then 100 �L ozone-saturated aqueous solu-
tion was added immediately. Two minutes after vigorous agitation
of the mixture, the signal was started to be collected using 25 �L
of the sample solution. The value of signal strength of DMPO-OH
adduct was equal to the sum of peak absolute value and valley
absolute value. Fig. 6(b) illustrates the signal strength of DMPO-
OH adducts in several different ozonation systems. As shown in
Fig. 6(b), there was no significant difference of signal strength of
hydroxyl radical produced among ozonation, ozonation coupled
with Mn2+, and ozonation coupled with oxalic acid. However, its
strength largely increased in ozonation catalyzed by Mn2+ in the
presence of oxalic acid. In ozone–Mn binary system absence of
oxalic acid, Mn2+ was quickly oxidized into higher valent man-
ganese oxide. But in ozone–Mn–oxalic acid ternary system, owing
to presence of oxalic acid, Mn existed as the form of Mn2+. Combina-
Fig. 7. Evolution of dissolved manganese concentration and oxalic acid concentra-
tion during reaction between oxalic acid and manganese oxide. Conditions: initial
concentration of oxalic acid = 10.5 mg/L.
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3.5. Proposed Mn2+ catalytic mechanism

As previously assumed, Mn must be exist as a form of ion status
to have a sustainable production of hydroxyl radicals in solution.
In ozone–Mn–DNT–oxalic acid system the possible way to imple-
ment it is reduction of manganese oxide by oxalic acid, so reaction
of oxalic acid and manganese oxide was investigated. As shown in

Fig. 8. HPLC spectrums corresponding to different time during several ozonation
systems: (a) ozonation alone; (b) catalytic ozonation; (c) catalytic ozonation with
addition of 1.0 mM carbonate).
is A: Chemical 286 (2008) 149–155 153

Fig. 7, with the extension of the reaction time, the concentration of
oxalic acid gradually decreased and correspondingly the concentra-

tion of dissolved manganese ion increased. It is stated that oxalic
acid can also have the ability to reduce manganese dioxide to Mn2+.
A similar conclusion was drawn from the published work [17].

Based on the above experimental results, the following catalytic
mechanism was proposed: In ozone–Mn–DNT–oxalic acid system,
Mn2+ catalyzed decomposition of ozone to generate hydroxyl radi-
cals and at the same time Mn2+ was oxidized to form higher valent
manganese oxide. DNT was degraded by reaction with hydroxyl
radicals, and oxalic acid reduced manganese oxide into lower valent
Mn2+. Thus, a catalytic cycle was completed.

Mn2+ + O3 + H+ → Mn3+ + •OH + O2 (3)

2Mn3+ + 2H2O → Mn2+ + MnO2 + 4H+ (4)

•OH + DNT → intermediates (5)

MnO2 + H2C2O4 + 2H+ → Mn2+ + 2CO2 + 2H2O (6)

Mn2+ + O3 + H+ → Mn3+ + •OH + O2 (7)

Fig. 9. Evolution of product (RT = 2.2 min) during several ozonation systems (a) and
evolution of product (RT = 5.0 min) during several ozonation systems (b). Conditions:
T = 25 ◦C, initial DNT concentration = 10 mg/L, Mn2+ concentration = 0.2 mg/L, oxalic
acid concentration = 4 mg/L, ozone gas concentration = 5.6 mg/L, and ozone mixture
gas flow = 200 mL/min.
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3.6. Intermediates analysis

3.6.1. HPLC analysis
Fig. 8 depicts the results of DNT degradation and production

of organic intermediates by HPLC during several ozonation sys-
tems. As seen from Fig. 8, after reaction the height of DNT peak
(RT = 7.1 min) decreased by different levels, it was lowest after
30 min reaction in catalytic ozonation. What’s more, two inter-
mediates were produced with the degradation of DNT, one’s RT
is 2.2 min, and the other’s is 5.0 min. It was interesting that there
was no production of intermediate (its RT is 5.0 min) during the
catalytic ozonation with the addition of 1.0 mM carbonate. The
addition of carbonate quenched the hydroxyl radicals produced by

Table 1
Main products of the catalytic ozonation of DNT detected by GC–MS

Retention time (min) Product

7.70 2-Hydroxyl-propanoic aci

7.80 1,3-Butanediol

10.62 Oxalic acid

14.70 Benzoic acid

17.52 Butanedioic acid

20.63 2-Hydroxyl-Propanedioic

20.87 1,2-Hydroxyl-2-propenoic

26.72 2,4-Dinitrobenzaldehyde
is A: Chemical 286 (2008) 149–155

catalytic process, so it was concluded that the intermediate product
(RT = 5.0 min) was formed by reaction of DNT and hydroxyl radical.
And, the addition of carbonate did not inhibit the production of the
intermediate (RT = 2.2 min), so it can be produced by direct reaction
of DNT and ozone.

Fig. 9 showed the quantities of the two intermediate products
and the peak area was used to estimate them semi-quantitatively.
As shown in Fig. 9(a), the peak area of the intermediate product
(RT = 2.2 min) gradually increased in the ozonation process, but
in catalytic ozonation process it increased to a maximum at the
earlier stage of reaction and decreased slowly at the later stage,
which demonstrated that the intermediate product (RT = 2.2 min)
was gradually degraded by ozone or hydroxyl radical. The interme-

Molecular structure

d

acid

acid
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Fig. 10. Evolution of nitrate concentration in ozonation alone and cat-
alytic ozonation. Conditions: T = 25 ◦C, initial DNT concentration = 10 mg/L, Mn2+

concentration = 0.2 mg/L, initial oxalic acid concentration = 4 mg/L, ozone gas con-
centration = 5.8 mg/L, and ozone mixture gas flow = 200 mL/min.

diate product (RT = 5.0 min) accumulated to a high level at 15 min
of reaction and then was destroyed by different rates in single and
catalytic ozonation processes.
3.6.2. Identification of intermediates by GC–MS
Typical samples were selected and analyzed by GC–MS in the

catalytic ozonation. The major intermediate products detected are
listed in Table 1. All the identified compounds were unequivo-
cally identified using the NIST05 library database with fit values
higher than 90%. The main intermediate products included 2,4-
dinitrobenzaldehyde, the aromatic acids such as benzoic acid,
and the aliphatic acids such as 2-hydroxyl-propanedioic acid,
butanedioic acid, 2-hydroxyl-propanoic acid. Identification of 2,4-
dinitrobenzaldehyde indicated that the oxidation took place at the
methyl group, followed by opening of the phenyl ring to form small
molecular organic acids. The aliphatic acids were further oxidized
into carbon dioxide and water.

3.6.3. Production of nitrate
The evolution of nitrate ion in ozonation alone and catalytic

ozonation is showed in Fig. 10. An intensive formation of nitrate
took place from the very beginning of the process in two cases. As
can be seen from Fig. 10, catalytic ozonation led to 100% nitrate
ion production after 30 min of treatment, that is to say both nitro

[
[

[
[
[
[

[

[
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groups of DNT molecule were oxidized into nitrate. By contrast,
ozonation alone only allows for 64% production of nitrate.

4. Conclusions

This work studied manganese catalytic ozonation of 2,4-
dinitrotoluene (DNT) in the presence of oxalic acid. The addition of
Mn2+ and oxalic acid significantly promoted DNT degradation and
TOC removal. DNT degradation was inhibited in catalytic ozona-
tion by the addition of carbonate. The simultaneous addition of
Mn2+ and oxalic acid promoted decomposition of ozone in cat-
alytic ozonation of DNT, so dissolved ozone concentration kept
low level in the reaction. ESR experiments confirmed that larger
amount of •OH radicals generated in catalytic ozonation than that
in ozonation alone. According to above results, a new cycle catalytic
mechanism of manganese was proposed. Some organic intermedi-
ates were detected by HPLC and GC–MS in ozonation of DNT. The
production of nitrate ion in catalytic ozonation was more than that
in single ozonation.
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