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a  b  s  t  r  a  c  t

Manganese  oxide  and  manganese  oxide–carbon  composites  were  prepared  and  tested  as  catalysts  for the
removal  of oxalic  acid  by  ozonation.  Their  performances  were  compared  with  the  parent  carbon  material
(activated carbon  or carbon  xerogel)  used  to prepare  the  composites.  Oxalic  acid  degradation  by carbon
materials  is  slower  than  that  attained  with  manganese  oxide  or  manganese  oxide–carbon  composites.
A  complete  degradation  after  90 and 45  min  of  reaction  was  obtained  for  carbon  materials  and  for  the
eywords:
atalytic ozonation
anganese oxide

arbon materials
omposites

catalysts  containing  manganese,  respectively.  The  ozonation  in the  presence  of  the prepared  composites
are supposed  to occur  mainly  by surface  reactions,  following  a direct oxidation  mechanism  by  molecular
ozone  and/or  surface  oxygenated  radicals.

© 2012 Elsevier B.V. All rights reserved.
xalic acid

. Introduction

Metal oxides represent one of the most important and widely
mployed classes of solid catalysts, either as active phases or
upports [1].  Several reported studies have shown that metal
xides and supported metal oxides can be efficient for the cat-
lytic ozonation of a vast range of organic contaminants. Supported
nd unsupported oxides of transition metals are frequently studied
zonation catalysts [1].

Heterogeneous catalytic ozonation aims to enhance the removal
f highly refractory compounds by the transformation of ozone into
ore reactive species and/or by adsorption and reaction of the pol-

utants on the surface of the catalyst [1–3]. The efficiency of catalytic
zonation depends on the solution pH, the chemical nature of the
eactants and the surface properties of the catalyst.

Ozone, a powerful oxidizing agent (E(O3/O2) = 2.07 V), is effec-
ive for the conversion of refractory organic compounds. However,
enerally it does not cause the complete mineralization of solu-
ions. In the presence of an appropriate catalyst or in combination
ith UV or H2O2, the ozonation process becomes more efficient in

he degradation of organic compounds [4].

Magnesium oxides are the most widely studied metal oxides as

zonation catalyst, and they are reported to be the most efficient
n ozone decomposition in gaseous medium. Manganese salts and
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oxides have been used as active catalysts in the homogeneous and
heterogeneous catalytic ozonation systems and its efficiency has
been proved for several organic compounds [1].  Nevertheless, there
is a lack of understanding of the mechanisms governing their use
in catalytic reactions [5].

Manganese, cobalt and cerium oxides were also tested as ozona-
tion catalysts for aniline and sulfanilic acid removal. However, the
highest efficiency was  reported in the case of composites of metal
oxides such as Ce–Mn and Co–Ce catalysts [6].

Faria et al. obtained excellent results in the catalytic ozonation
of oxalic acid with a ceria–activated carbon composite, as a result of
a strong synergic effect between activated carbon and cerium oxide
[7]. In order to better understand this effect, composites of carbon
materials and cerium oxide with different compositions (between
10 and 90 wt%  of carbon) were prepared in a recent work, and it was
verified that most of the composites had better performances than
the parent carbon materials, i.e. a synergic effect clearly occurs. The
reaction mechanism was  believed to comprise both surface reac-
tions and also liquid bulk reactions involving HO• radicals. It was
assumed that the existence of delocalized electrons on the basal
planes of carbon materials contributes to the formation of Ce(III)
species, which are active for the decomposition of O3 into HO•

radicals [8].
Considering the reported good catalytic performances of the

cerium oxide–carbon materials composites in ozonation, there was

a high expectation about the simultaneous used of carbon materi-
als and manganese oxides. In the present work, the preparation
of composites of manganese oxide–carbon materials with differ-
ent compositions was  carried out with the aim of evaluating their

dx.doi.org/10.1016/j.jhazmat.2012.01.066
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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Table  1
Properties of manganese oxide, carbon materials and composites.

Samples % carbon materiala SBET (m2 g−1) S /= �pore (m2 g−1) V�pore (cm3 g−1) db (nm)

Mn-O – 44 44 0 55
AC0 – 897 254 0.285 –
XC –  603 238 0.191 –
ACoxid – 843 245 0.313 –
AC0–Mn-O 1 12 71 46 0.012 65
AC0–Mn-O 2 35 269 88 0.094 –
AC0–Mn-O 3 63 417 166 0.132 –
AC0–Mn-O 4 78 732 273 0.228 90
XC–Mn-O 1 25 96 60 0.018 –
XC–Mn-O 2 50 278 109 0.089 –
XC–Mn-O 3 75 495 102 0.201 –
ACoxid–Mn-O 1 25 81 58 0.012 –
ACoxid–Mn-O 2 50 254 109 0.077 –
ACoxid–Mn-O 3 75 564 207 0.187 –

p
a
r
H
s
c
t
c

2

2

A

p
(
p
8
d
n

t
w
(

a
a
s
s
r
d
4
w
o
t
s
fi
1
a
s
m

c
a

a Determined by thermogravimetry.
b Crystallite diameters determined by XRD analyses.

erformance as ozonation catalysts for the mineralization of oxalic
cid and to investigate the reaction mechanism. The carbon mate-
ials used were an activated carbon, as received and oxidized with
NO3, and a carbon xerogel. Then, the influence of composition,

urface chemistry and textural properties of carbon materials in the
omposites was evaluated. The results obtained were compared to
hose previously obtained for composites of carbon materials and
erium oxide [8].

. Experimental

.1. Materials and their characterization

Oxalic acid (99%) was obtained by Sigma–Aldrich.
A commercial activated carbon, Norit GAC 1240 Plus (sample

C0), was used as received.
The synthesis of the carbon xerogel (sample XC) started by the

olicondensation of resorcinol (99%, Aldrich) with formaldehyde
37%, Aldrich), at an initially controlled pH (pH = 6.0), in order to
romote the mesoporosity [9].  Polymerisation was carried out at
5 ◦C during 3 days. Then, the gel was ground and dried in an oven
uring 4 days at 120 ◦C. Finally, the material was carbonised under
itrogen flow (100 cm3 min−1) at 800 ◦C.

The activated carbon was submitted to a chemical treatment
o obtain a material with a different surface chemistry: oxidation
ith nitric acid 6 M at boiling temperature during 3 h in a Soxhlet

sample ACoxid).
Manganese oxide (Mn-O) was prepared by precipitation,

ccording to the procedure described by Imamura et al. [10], using
n aqueous solution of C4H6MnO4·4H2O. In each batch, 200 mL of a
odium hydroxide 3 M solution was added drop wise to the metal
alt solution (ca. 15 g/100 mL  H2O) under continuous stirring. The
esultant precipitate was thoroughly washed with distilled water,
ried at 100 ◦C for 24 h and calcinated in air (50 cm3 min−1) at
50 ◦C for 3 h. Composites of carbon materials and manganese oxide
ere prepared by a similar procedure to that described for the

xide, where a selected amount of carbon material was dispersed in
he metal solution before addition of NaOH. After precipitation, the
uspension was shaken for 5 h at room temperature. Then, it was
ltered and thoroughly washed and dried in an oven for 24 h at
00 ◦C. This material was thermally treated at 450 ◦C for 3 h under

 flow of N2 (50 cm3 min−1). All catalysts were sieved to a particle
ize of 100–300 �m prior to reaction studies in order to minimize

ass transfer effects.
The textural characterization of materials was based on the

orresponding N2 equilibrium adsorption isotherms, determined
t −196 ◦C with a Quantachrome Instruments NOVA 4200e
apparatus. The BET surface areas (SBET), the mesopores surface
areas (S /=  �pore) and the micropore volumes (V�pore) of the samples
were calculated, using appropriate procedures (the t-method for
the last two  parameters). The relative amounts of manganese oxide
in the composites were determined by thermogravimetric analy-
sis under air in a STA 409 PC/4/H Luxx Netzsch thermal analyser.
XRD spectra were recorded on a Philips X‘Pert MPD  diffractometer
(Cu K� = 0.15406 nm)  and XPS analyses were performed with a VG
Scientific ESCALAB 200A spectrometer. The morphology and semi-
quantitative elemental analysis of the catalysts were determined
by SEM and energy dispersive X-ray spectroscopy (EDS) on a JEOL
JSM 35C/Noran Voyager system.

The amounts of manganese leached during reaction were mea-
sured in a GBC 932 Plus atomic absorption spectrometer (AAS),
using the remaining solution after stopping the reaction.

2.2. Kinetic experiments

The removal of pollutants was  investigated in a slurry lab-scale
reactor equipped with stirring. In each experiment the reactor
was filled with 700 cm3 of solution of oxalic acid 1 mM at the
natural pH (pHoxalic acid ≈ 3.0) and 350 mg  of catalyst (particle
size = 100–300 �m).  Ozone was  produced from pure oxygen in a
BMT  802X ozone generator. The experiments were performed at
constant gas flow rate (150 cm3 min−1) and constant inlet ozone
concentration (50 g m−3). The concentration of ozone in the gas
phase was monitored with a BMT  964 ozone analyser. Ozone in the
gas phase leaving the reactor was removed in a series of gas washing
bottles filled with potassium iodide solution. Ozone was introduced
in the reactor by a diffuser with 1 cm of diameter and porosity #2
(pore size between 40 and 100 �m).  In the experiments carried
out in the presence of tert-butanol, a concentration of 10 mM of
this radical scavenger was used [11]. The concentration of oxalic
acid was  followed by HPLC using a Hitachi Elite Lachrom appara-
tus equipped with a diode array detector. The stationary phase was
an Aminex HPX-87H column (300 mm × 7.8 mm)  working at room
temperature, under isocratic elution with H2SO4 4 mM.

3. Results and discussion

3.1. Catalysts characterization

Three sets of composites of manganese oxide and carbon mate-

rials (activated carbon, oxidized activated carbon and carbon
xerogel) with different compositions were prepared. The properties
of the prepared materials are presented in Table 1. Thermal analysis
revealed the relative amounts of both materials in the composites.



C.A. Orge et al. / Journal of Hazardous Materials 213– 214 (2012) 133– 139 135

Fig. 1. SEM micrograph of: (a) AC0, (b) Mn-O, (c) AC0–Mn-O 2, and (d) magnification of zone Z2; EDS analyses of zones Z1 (e) and Z2 (f).
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remaining solutions after reaction in the presence of Mn-O and
Fig. 2. X-ray diffractograms of selected samples.

ET surface areas, mesopore surface areas and micropore volumes
f composites increase with the amount of carbon material present.
his was expected and occurs due to the contribution of the carbon
ntroduced.

SEM and EDS analyses of samples (Fig. 1) revealed the mor-
hology and the semi-quantitative elemental composition of the
articles. It is possible to identify carbon areas (dark zones, Z1)
nd Mn  enriched zones (clear zones, Z2) in the same composite
article.

In order to identify the phases of manganese oxide present in the
omposites and determine the crystallites diameters, selected sam-
les were analysed by X-ray diffraction. The XRD patterns of Mn-O,
C0–Mn-O 1 and AC0–Mn-O 4 are shown in Fig. 2. For selected cat-
lysts the reflections are characteristic of hausmannite (Mn3O4).
t is observed that the crystallite diameter (d) in the composites
C0–Mn-O 1 and AC0 Mn-O 4 are higher than that obtained in the
ingle oxide (estimated values obtained by Scherrer equation are
hown in Table 1).

With the aim of verifying the chemical states of the manganese
pecies on the surface, selected samples were analysed by XPS
Fig. 3). In the Mn  2p3/2 region two peaks were identified at 641.7
nd 644.2 eV for sample Mn-O and at 642.7 and 645.5 eV for sample

C0–Mn-O 1. For sample AC0–Mn-O 2 three peaks were observed

n the same region (643.1, 645.6 and 648.1 eV). Thus, according to
he literature, Mn(II) and Mn(III) co-exist on the surface of samples
Fig. 3. Experimental and fitted Mn  2p XPS spectra of samples: (a) Mn-O, (b)
AC0–Mn-O 1, and (c) AC0–Mn-O 2.

Mn-O and AC0–Mn-O 1, but Mn(IV) is also present on the surface
of AC0–Mn-O 2 [12].

3.2. Ozonation of oxalic acid

Oxalic acid was selected for this study because it is one of
the most important final products of oxidation processes, with a
high refractory character relatively to single ozonation [7].  Fig. 4
presents the results obtained for its degradation by catalytic ozona-
tion in the presence of manganese oxide–carbon composites. Data
obtained with AC0, XC, ACoxid and Mn-O are also included, as
well as single ozonation. It is observed that in acidic conditions
oxalic acid is not efficiently removed by single ozonation, but its
mineralization degree is enhanced by the addition of any of the cat-
alysts tested. The ozonation of oxalic acid in the presence of carbon
materials present worse results than ozonation catalysed by man-
ganese oxide or by the prepared composites. The catalytic activity of
manganese oxide–carbon composites practically does not change
with the increase of the amount of carbon present. These results
are significantly different from those obtained in a similar study
using cerium oxide–carbon composites as catalysts [8],  where it
was observed that carbon materials performed better than cerium
oxide, and the catalytic activity increased with the amount of car-
bon material present in the corresponding composites. The reasons
for these different performances are discussed below.

Analyses of Mn  by atomic absorption spectrometry in the
AC0–Mn-O 3 were carried out with the aim of determining the per-
centage of leached metal; values of 2.3% and 2.8% of the Mn initially
present were detected, respectively. Summarizing, the prepared
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Fig. 4. Oxalic acid removal by single ozonation and catalytic ozonation in the
presence of: (a) AC0–Mn composites, (b) XC–Mn composites, and (c) ACoxid–Mn
composites (C0 = 1 mM,  mcat = 350 mg,  Vsol. = 700 mL).
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Fig. 6. Evolution of oxalic acid removal during cyclic exp
Fig. 5. Evolution of dimensionless concentration of oxalic acid during adsorption on
Mn-O, single ozonation and catalytic ozonation with Mn-O and AC0–Mn-O 3, and
effect of tert-butanol (C0 = 1 mM,  mcat = 350 mg,  Vsol. = 700 mL, Ctert-butanol = 10 mM).

materials presented excellent results in the mineralization of the
selected pollutant, and only a small metal leaching was observed
during the experiments.

In order to improve the understanding of the reaction mech-
anism, experiments in the presence of tert-butanol, a well known
HO• radical scavenger, were carried out. This compound reacts very
quickly with hydroxyl radicals (k = 5 × 108 M−1 s−1) and very slowly
with ozone (k = 0.03 M−1 s−1) [13]. The adsorption kinetic of oxalic
acid on manganese oxide was also determined. The results obtained
are presented in Fig. 5. Adsorption of oxalic acid on Mn-O is very
fast, allowing a maximum removal of about 25% after a few minutes.
The results show that ozonation catalysed by Mn-O and AC0–Mn-
O 3 in the presence of tert-butanol favoured the oxalic acid removal
(see Fig. 5). This is similar to what was  reported for brucite as cata-
lyst, where an increase of phenol [14] or azo dye [15] degradation
rates were observed when tert-butanol was  added. Therefore, it was

proposed that catalytic ozonation with brucite probably proceeds
according to direct oxidation by ozone, instead of the radical path-
way by reactions with hydroxyl radicals generated in the ozone
decomposition. Thus, it is suggested that catalytic ozonation in the

           30  min                   45  min 

eriments (C0 = 1 mM,  mcat = 350 mg,  Vsol. = 700 mL).
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recursor with or without tert-butanol (C0 = 1 mM,  mcat = 350 mg,  Vsol. = 700 mL,  per-
entage of Mn = 2.3%, Ctert-butanol = 10 mM).

resence of the materials prepared in this work does not follow the
adical pathway by reactions with hydroxyl radicals in solution.

In order to evaluate the eventual deactivation of manganese
xide during the ozonation experiments, three consecutive runs
ere carried out with fresh oxalic acid solutions. The kinetic results
resented in Fig. 6 show that there is a slightly decrease in the cat-
lytic activity, especially from the second for third run, but the total
emoval is still achieved after 45 min  of reaction.

Experiments with an aqueous solution of manganese precur-
or with the equivalent amount of Mn  leached during ozonation
atalysed by manganese oxide, with or without tert-butanol, were
arried out (Fig. 7). A slower removal of oxalic acid in the ozona-
ion with the solution of manganese precursor compared with the
zonation catalysed by Mn-O is observed, and after 3 h of reac-
ion 11% of the pollutant still remains in solution. The results in
he presence of tert-butanol show that the homogeneous catalysed
zonation of oxalic acid is strongly inhibited. This experimental
bservation indicates that, under these conditions, the oxidation
echanism of oxalic acid occurs predominantly via HO• radi-

als in the liquid phase. In heterogeneous catalysed ozonation
he effect of tert-butanol is completely different, since the pres-
nce of the radical scavenger enhances the oxalic acid removal,
s discussed before. Therefore, these results indicate that reac-
ions in the liquid phase are not responsible for the performances
bserved with the catalysts containing manganese. Thus, it is pro-
osed that surface reactions play an important role in catalytic
zonation in the presence of manganese catalysts, which is in
ccordance with the literature. Adsorption of organic molecules
n the surface of oxide and subsequent attack of ozone was the
echanism initially proposed by Andreozzi et al. [16], and after

efended by Tong et al. [17]. In general, the proposed mechanisms
f metal oxides catalytic ozonation assume that the adsorption
f organic molecules and ozone takes place on the surface of the
atalyst [18].

An experiment using a physical mixture of activated carbon and
anganese oxide (in the same proportion as in sample AC0–Mn-

 4) was carried out and the corresponding result is also presented
n Fig. 7. The physical mixture was prepared using activated carbon
nd manganese oxide, previously synthesised by the precipitation
ethod, with particle size between 100 and 300 �m.  No differ-

nces between ozonation catalysed by the physical mixture or the
ntimate mixture (composite) were observed, which confirms that

n the manganese oxide–carbon composites there is no synergic
ffect for the ozonation reactions, contrarily to what was previously
bserved for ceria–carbon composites [8].
aterials 213– 214 (2012) 133– 139

In fact, the obtained results with manganese oxide are very dif-
ferent from the results reported in that work with cerium oxide
prepared by precipitation [8].  Contrary to manganese oxide, which
has better performance than carbon materials, cerium oxide has
lower catalytic activity, leading to an 83% conversion of oxalic acid
after 180 min  of reaction. Adsorption on manganese oxide allows
a maximum removal of 25% in a few minutes. On the other hand,
adsorption on cerium oxide was not so high and fast, leading to
a maximum removal of 19% after 3 h under the conditions tested.
The effect of tert-butanol is also completely different in ozonation
catalysed by cerium oxide or manganese oxide. While the addition
of tert-butanol in the catalytic ozonation in the presence of man-
ganese oxide has a positive effect, since it favours the oxalic acid
removal, in the ozonation catalysed by cerium oxide the influence
of the radical scavenger is negative, decreasing the removal of oxalic
acid. Therefore, in the case of cerium oxide the reaction mechanism
of oxalic acid occurs predominantly via HO• radicals in solution,
since the presence of tert-butanol strongly inhibits the removal of
oxalic acid. According to the results, the reaction mechanism in
the presence of manganese oxide is different. The adsorption of
oxalic acid on the surface of Mn-O is relevant and ozone and/or
surface oxygenated radicals react directly with adsorbed molecules
of oxalic acid. Thus, HO• radicals have a negative effect, since they
decompose ozone producing new HO• radicals and decreasing the
amount of ozone available for surface reactions, which was demon-
strated by the increase of oxalic acid removal when tert-butanol
was added.

The results obtained for physical mixtures of carbon material
and cerium oxide are also very different from the results observed
with physical mixtures of activated carbon and manganese oxide.
It was  shown that ozonation of oxalic acid in the presence of phys-
ical mixtures was  less efficient than ozonation in the presence of
the corresponding composites of cerium oxide–carbon material [8].
This indicates that the intimate mixture between cerium oxide and
carbon materials results in a strong synergic effect for ozonation
reactions. In addition, it was  observed that the catalytic activity
increases with the amount of carbon material present in the com-
posites, and there is a minimum amount of carbon material in the
composite in order to have a synergic effect. Therefore, the reac-
tion mechanism of cerium oxide–carbon composites is believed
to comprise both surface reactions and also liquid bulk reactions
involving HO• radicals, while the proposed reaction mechanism
of manganese oxide–carbon involves predominantly surface reac-
tions, following a direct pathway through oxidation with molecular
ozone and/or surface oxygenated radicals.

4. Conclusions

The results obtained in this study for the mineralization of oxalic
acid show that manganese oxide prepared is an effective ozona-
tion catalyst and its catalytic activity is better than that of carbon
materials. Synergic effects between manganese oxide and carbon
materials in the prepared composites were not observed, contrar-
ily to what was  previously observed for ceria–carbon composites.
The reaction mechanism is believed to occur mainly by surface
reactions, following a direct oxidation of adsorbed molecules by
molecular ozone and/or surface oxygenated radicals.

Acknowledgements

This work is supported by project PEst-C/EQB/LA0020/2011,
financed by FEDER through COMPETE - Programa Operacional
cia e a Tecnologia. C.A.O. thanks FCT for the research fellowship
BD/45809/2008. The authors are indebted to Dr. Carlos M.  Sá
(CEMUP) for assistance with SEM and XPS analyses.



ous M

R [

[

[

[

[

[

[

[17] S. Tong, W.  Liu, W.  Leng, Q. Zhang, Characteristics of MnO2 catalytic ozona-
C.A. Orge et al. / Journal of Hazard

eferences

[1] B. Kasprzyk-Hordern, M.  Ziólek, J. Nawrocki, Catalytic ozonation and methods
of  enhancing molecular ozone reactions in water treatment, Appl. Catal. B:
Environ. 46 (2003) 639–669.

[2] P.C.C. Faria, J.J.M. Órfão, M.F.R. Pereira, Activated carbon catalytic ozonation of
oxamic and oxalic acids, Appl. Catal. B: Environ. 79 (2008) 237–243.

[3] P.C.C. Faria, J.J.M. Órfão, M.F.R. Pereira, Activated carbon and ceria catalysts
applied to the catalytic ozonation of dyes and textile effluents, Appl. Catal. B:
Environ. 88 (2009) 341–350.

[4] L.F. Liotta, M.  Gruttadauria, G. Di Carlo, G. Perrini, V. Librando, Heterogeneous
catalytic degradation of phenolic substrates: catalysts activity, J. Hazard. Mater.
162 (2009) 588–606.

[5] J. Nawrocki, B. Kasprzyk-Hordern, The efficiency and mechanisms of catalytic
ozonation, Appl. Catal. B: Environ. 99 (2010) 27–42.

[6] P.C.C. Faria, D.C.M. Monteiro, J.J.M. Órfão, M.F.R. Pereira, Cerium, manganese
and cobalt oxides as catalysts for the ozonation of selected organic compounds,
Chemosphere 74 (2009) 818–824.

[7] P.C.C. Faria, J.J.M. Órfão, M.F.R. Pereira, A novel ceria-activated carbon com-
posite for the catalytic ozonation of carboxylic acids, Catal. Commun. 9 (2008)
2121–2126.

[8] C.A. Orge, J.J.M. Órfão, M.F.R. Pereira, Catalytic ozonation of organic pollutants

in the presence of cerium oxide–carbon composites, Appl. Catal. B: Environ.
102  (2011) 539–546.

[9] N. Job, A. Théry, R. Pirard, J. Marien, L. Kocon, J.N. Rouzaud, F. Béguin, J.P. Pirard,
Carbon aerogels, cryogels and xerogels: influence of the drying method on the
textural properties of porous carbon materials, Carbon 43 (2005) 2481–2494.

[

aterials 213– 214 (2012) 133– 139 139

10] S. Imamura, A. Doi, S. Ishida, Wet  oxidation of ammonia catalyzed by cerium-
based composite oxides, Ind. Eng. Chem. Prod. Res. Dev. 24 (1985) 75–80.

11] F.J. Beltran, F.J. Rivas, L.A. Fernandez, P.M. Alvarez, R. Montero-de-Espinosa,
Kinetics of catalytic ozonation of oxalic acid in water with activated carbon,
Ind.  Eng. Chem. Res. 41 (2002) 6510–6517.

12] F. Li, L. Zhang, D.G. Evans, X. Duan, Structure and surface chemistry of
manganese-doped copper-based mixed metal oxides derived from layered
double hydroxides, Colloids Surf. A: Physicochem. Eng. Aspects 244 (2004)
169–177.

13] J. Hoigné, H. Bader, Rate constants of reactions of ozone with organic and inor-
ganic compounds in water – II: dissociating organic compounds, Water Res. 17
(1983) 185–194.

14] K. He, Y.M. Dong, Z. Li, L. Yin, A.M. Zhang, Y.C. Zheng, Catalytic ozonation of
phenol in water with natural brucite and magnesia, J. Hazard. Mater. 159 (2008)
587–592.

15] Y. Dong, K. He, B. Zhao, Y. Yin, L. Yin, A. Zhang, Catalytic ozonation of azo dye
active brilliant red X-3B in water with natural mineral brucite, Catal. Commun.
8  (2007) 1599–1603.

16] R. Andreozzi, A. Insola, V. Caprio, R. Marotta, V. Tufano, The use of manganese
dioxide as a heterogeneous catalyst for oxalic acid ozonation in aqueous solu-
tion, Appl. Catal. A: Gen. 138 (1996) 75–81.
tion of sulfosalicylic acid and propionic acid in water, Chemosphere 50 (2003)
1359–1364.

18] F.P. Logemann, J.H.J. Année, Water treatment with a fixed bed catalytic ozona-
tion process, Water Sci. Technol. 35 (1997) 353–360.


	Composites of manganese oxide with carbon materials as catalysts for the ozonation of oxalic acid
	1 Introduction
	2 Experimental
	2.1 Materials and their characterization
	2.2 Kinetic experiments

	3 Results and discussion
	3.1 Catalysts characterization
	3.2 Ozonation of oxalic acid

	4 Conclusions
	Acknowledgements
	References


