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a b s t r a c t

A mesoporous carbon xerogel with a significant amount of oxygen functional groups and a commercial
activated carbon, were tested in the catalytic wet air oxidation of aniline at 200 ◦C and 6.9 bar of oxygen
partial pressure. Both carbon materials showed high activity in aniline and total organic carbon removal,
a clear increase in the removal efficiency relatively to non-catalytic wet air oxidation being observed.
The best results in terms of aniline removal were obtained with carbon xerogel, an almost complete
aniline conversion after 1 h oxidation with high selectivity to non-organic compounds being achieved.
The materials were characterized by thermogravimetric analysis, temperature programmed desorption,
N2 adsorption and scanning electron microscopy, in order to relate their performances to the chemical and
textural characteristics. It was concluded that the removal efficiency, attributed to both adsorption and
catalytic activity, is related to the mesoporous character of the materials and to the presence of specific
Surface chemistry oxygen containing functional groups at their surface. The effect of catalytic activity was found to be more
of an
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. Introduction

Wet air oxidation (WAO) is a mature process developed in the
hird quarter of the XX century, but still the centre of very active
nd contemporary research, especially in what concerns catalyst
evelopment [1–4]. Catalytic wet air oxidation (CWAO) consists

n the total oxidation of the organic species present in effluents
o CO2, N2 and H2O under relatively mild conditions of tempera-
ure and pressure (125–220 ◦C, 5–50 bar), using oxygen or air as
he oxidising source, provided that a suitable catalyst is used. The
uest for highly efficient catalysts was always a main research
bjective in the studies devoted to CWAO. Heterogeneous cata-

ysts presenting high activity and stability have been investigated
ver the years [5–8], since they can be easily removed by filtra-
ion from the treated solution. Good catalytic systems, especially
upported noble metal catalysts, were used for the oxidation of

odel compounds (mainly phenol and carboxylic acids) as well as

he oxidation of waste waters [9–12]. Following this research line,
e have previously reported the development of platinum cata-

ysts supported on different carbon materials and their excellent
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iline than the effect of adsorption at the materials surface. The results
ous carbon xerogels are promising catalysts for CWAO processes.

© 2008 Elsevier B.V. All rights reserved.

esults when applied to the removal of aniline by CWAO [13]. Inter-
stingly, we have noticed that the aniline removal efficiency and
he selectivity to non-organic compounds obtained with such sup-
orted Pt catalysts were dependent on the mesoporous character
nd on the concentration of surface oxygen functional groups of
he corresponding support. Other research groups also reported on
arbon materials as promising catalysts for the CWAO of aromatic
ompounds, such as phenol and aniline [14–17] and of nitrogen
ontaining compounds, such as ammonia and amines [18,19]. The
evelopment of carbon materials and their application in CWAO,
ither as a catalyst support or directly as a catalyst, was recently
eviewed [20].

All the reported results and findings prompted us to study the
evelopment of mesoporous materials possessing appreciable sur-

ace oxygen functional groups, which can be very efficient not only
s catalyst supports, but as catalysts on their own. Accordingly, in
his work we prepared a mesoporous carbon xerogel (CX) with a
ell developed surface chemistry and tested it in the CWAO of

queous aniline solutions. A commercial activated carbon (ROX,

rom Norit) was used as standard for comparison purposes. Due
o their controllable preparation procedure, CX materials can be
ailored to achieve high mesoporous surface areas, and the amount
nd nature of oxygen functional groups on their surface can also
e easily modified by proper oxidation treatments (either in liquid

http://www.sciencedirect.com/science/journal/03043894
mailto:jlfaria@fe.up.pt
dx.doi.org/10.1016/j.jhazmat.2008.02.070
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r in gas phases) [21]. Aniline was chosen as test molecule because
f its hazardous properties, presenting carcinogenicity and toxic-
ty (reproductive, developmental, neural and acute) to humans and
o aquatic organisms. It is widely used in the chemical industry,

ainly in the synthesis of rubber additives and polymers such as
socyanate intermediates and polyurethanes. Additionally, deriva-
ives of aniline are used as herbicides, fungicides, animal repellents
nd defoliants.

. Experimental

.1. Preparation of carbon xerogel

The carbon xerogel was prepared by polycondensation of resor-
inol with formaldehyde (1:2), adapting the procedure described
lsewhere [22]. Accordingly, 9.91 g of resorcinol (Aldrich, 99%) were
dded to 18.8 mL of deionised water in a glass flask. After complete
issolution, 13.5 mL of formaldehyde solution (Sigma, 37 wt.% in
ater, stabilized with 15 wt.% methanol) were also added. In order

o achieve the desired initial pH of the precursor solution (6.1),
odium hydroxide solution was added dropwise under continuous
tirring and pH monitoring. The precise control of this parameter
as found to be determinant in the development of the mesoporous

haracter of CX materials [22]. The gelation step was allowed to pro-
eed at 85 ◦C during 3 days. After this period the gel was dark red
nd the consistency of the material allowed the sample to be shaped
s desired (ground to small particles ca. 0.1 mm). The gel was fur-
her dried in an oven from 60 to 150 ◦C during several days, defining
heating ramp of 20 ◦C/day. After drying, the gel was pyrolyzed

t 800 ◦C under a nitrogen flow (100 mL/min) in a tubular vertical
ven.

.2. Activation and characterization of CX

In order to introduce oxygen functional groups on the sur-
ace of the previously prepared CX material and to increase the

esoporous character, gas phase activation was used [21,23]. The
aterial was heated to 400 ◦C in a tubular vertical oven, at a heat-

ng rate of 10 ◦C/min, under a flow of O2 diluted in N2 (5% O2),
uring 6 h. A burn-off of 5.4% was obtained. The material was
haracterized before and after activation to assess the degree of
esoporosity and surface oxygen functional groups concentra-

ion. Textural characterization was based on the analysis of the
2 adsorption–desorption isotherms, determined at −196 ◦C with
Coulter Omnisorp 100CX apparatus. Specific BET surface areas

SBET) were calculated, as well as the micropore volumes (VMIC)
nd the non-microporous surface areas (mainly mesoporous, SMES)
etermined by the t-method, using the standard isotherm for
arbon materials proposed by Rodriguez-Reinoso et al. [24]. Sur-
ace analysis for topographical characterization was carried out
y scanning electron microscopy (SEM) with a JEOL JSM-6301F
15 keV) electron microscope. The sample powders were mounted
n a double-sided adhesive tape and observed at different mag-
ifications under two different detection modes, secondary and
ack-scattered electrons.

To quantify the concentration of oxygen functional groups on
he materials surface, thermogravimetric analysis (TGA) was per-
ormed using a Mettler M3 balance. For that purpose, the samples
ere first heated in N2 from 30 to 900 ◦C at 25 ◦C/min, allowing

he quantification (mass loss) of the functional groups present on
he materials surface, which decompose upon heating. After 7 min

t 900 ◦C in N2, the gas feed was changed to air in order to burn
he carbon samples and determine their fixed carbon and ash con-
ents. The concentration of oxygen functional groups present at
he carbon materials surface was also quantified by temperature
rogrammed desorption (TPD), heating the samples from room
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emperature to 1100 ◦C under helium atmosphere. The amounts of
O and CO2 desorbed from the carbon samples were monitored
ith a SPECTRAMASS Dataquad quadrupole mass spectrometer,

llowing the identification and quantification of the oxygen func-
ional groups after analysis of the corresponding TPD spectra using
he peak assignment and deconvolution procedures described else-
here [23].

.3. Oxidation procedure

The oxidation reactions were performed in a 160 mL stainless
teel high pressure reactor (model 4564, Parr Instrument Co. Ltd., IL,
SA) equipped with a magnetically driven stirrer (a rotation speed
f 500 rpm was chosen to ensure proper mass transfer of air in the
iquid phase) and a thermocouple. The reactor was heated by an
lectrical heating mantle controlled by a temperature controller
nit (model PID 4842, Parr Instrument Co. Ltd.).

Typically, in an oxidation run, 70 mL of water and the desired
mount of catalyst (for CWAO runs) were placed inside the reac-
or and heated to the reaction temperature. Then, 5 mL of aniline
olution were added trough the injection system, the aniline solu-
ion concentration being calculated to give a concentration of 2 g/L
nside the reactor. In order to ensure homogeneous mixing, the first
ample was only withdrawn a few seconds after the aniline injec-
ion and reactor pressurization with air, 50 bar of total pressure at
00 ◦C, corresponding to an oxygen partial pressure of 6.9 bar, or
8% of excess oxygen relative to the stoichiometric amount needed
or complete aniline mineralization.

.4. Product analysis

Liquid samples of 1 mL were periodically withdrawn from
he reactor to determine aniline concentration and TOC content.
niline concentration was measured by GC in a DANI GC-1000
hromatograph using a capillary column (WCOT Fused Silica 30 m,
.32 mm i.d., coated with CP-Sil 8 CB low bleed/MS 1 �m film) and
FID detector. TOC content was measured in a TOC analyzer (Shi-
adzu 5500A). This equipment determines in separate runs the

ample total carbon (TC) by combustion over a Pt catalyst bed at
00 ◦C and the total inorganic carbon (TIC) by sample treatment
ith phosphoric acid. TOC is obtained by subtracting TIC from TC.

or both GC and TOC analysis, three values with a variance less
han 3% were considered. With the aniline concentration and TOC
ontent, it is possible to calculate the reaction selectivity towards
on-organic compounds, according to a procedure described else-
here [13].

Concerning other reaction intermediates, their presence was
earched by means of a computer-controlled Hitachi Elite LaChrom
PLC system equipped with a Diode Array Detector (L-2450) and
ne solvent delivery pump (L-2130) at a flow rate of 1 mL/min.
itrobenzene and nitrophenols were investigated using a Puro-

pher Star RP-18 column (250 mm × 4.6 mm; 5 �m particles) with
n isocratic method of a A:B (40:60) mixture of 3% acetic acid and
% acetonitrile in methanol (A) and 3% acetic acid in water (B).

. Results and discussion

.1. Materials characterization
The N2 adsorption–desorption isotherms at −196 ◦C were deter-
ined for the CX material before and after activation with O2 and

or ROX. The curves obtained are presented in Fig. 1. From their
bservation it can be concluded that all materials contain meso-
ores, a well defined histeresis being obtained, particularly for the
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Table 2
Volatiles, fixed carbon and ash contents of the carbon materials obtained by TGA
(dry basis)

Catalyst Volatiles (wt.%) Carbon (wt.%)

Before After Before After

ROXa 6.9 ± 0.1 – 91.2 ± 0.1 –
CXb 3.7 ± 0.9 13.7 ± 0.2 96.3 ± 0.9 86.3 ± 0.2

a Ash: 1.9 wt.%.
b Ash free.

Table 3
Amounts of CO and CO2, volatiles (CO + CO2) and CO/CO2 ratios, obtained from the
TPD spectra of ROX and of the prepared CX material before and after activation with
O2

Catalyst CO (�mol/g) CO2 (�mol/g) CO + CO2 (wt.%) CO/CO2
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ig. 1. N2 adsorption–desorption isotherms at −196 ◦C: (a) ROX, (b) CX before acti-
ation and (c) CX after activation.

X sample after activation, suggesting a higher mesoporous surface
rea when compared to the other materials.

The textural properties of the materials were determined
rom the analysis of the corresponding N2 adsorption–desorption
sotherms and are collected in Table 1.

Analysis of Table 1 shows that before activation with O2 CX has a
easonable mesoporous surface area and that oxidation has a strong
mpact on the textural properties of the material, particularly on
he mesoporosity. On the other hand, ROX presents much higher

icroporosity and lower mesoporosity when compared to the acti-
ated CX sample. The uniformity of the mesopores formed during
X preparation was assessed by visual inspection of micrographs
btained by SEM. A uniform pore distribution all over the surface
as observed.

In order to quantify the concentration of oxygen containing
unctional groups present on the surface of the carbon materi-
ls, their thermogravimetric decomposition (TGA) was monitored

nder inert and oxidizing atmosphere. From the correspond-

ng mass loss evolution with temperature and atmosphere, the
mounts of volatiles, fixed carbon and ash were determined
Table 2). The volatiles content is attributed to surface oxygen con-
aining functional groups which decompose upon heating.

able 1
pecific BET surface areas (SBET), micropore volumes (VMIC) and non-microporous
urface areas (SMES) of ROX and of CX before and after activation

atalyst SBET (m2/g) SMES (m2/g) VMIC (cm3/g)

Before After Before After Before After

OX 900 – 110 – 0.32 –
X 630 780 160 210 0.19 0.23

a
o

c
a
c
i
o

3

3

w

Before After Before After Before After Before After

OX 1160 – 330 – 4.7 – 3.5 –
X 280 3740 70 470 1.1 12.5 4.0 8.0

Analysis of Table 2 indicates that the CX material before activa-
ion possess a modest surface chemistry (concentration of 3.7 wt.%).
pon activation, the concentration of oxygen functional groups

ncreases considerably (concentration of 13.7 wt.%). Another inter-
sting observation to take into account is that the CX samples
ave no mineral impurities. This characteristic contrasts with the
OX material, which has a non-negligible ash content (1.9 wt.%).

n terms of oxygen functional groups, ROX contains roughly half
f that observed in the CX material after activation. The previous
bservation was confirmed by temperature programmed desorp-
ion (TPD). The TPD spectra of the CX material after activation with
2 and of ROX are shown in Fig. 2, a much higher concentration of
xygen functional groups of CX being observed relatively to ROX.

The total amounts of CO and CO2 released for the prepared
X and ROX are gathered in Table 3. The analysis of the CO/CO2
atios shows that the CX samples have higher predominance of CO
eleasing oxygen functional groups compared to ROX, and that this
redominance increases upon activation with O2. The TPD results
lso allowed the identification of the functional groups present at
he materials surface by peak assignment and deconvolution proce-
ures, as described elsewhere [23]. For the fit lines shown in Fig. 2,
he release of CO2 was attributed to carboxylic anhydrides, lactones
nd carboxylic acids. In the case of ROX, both low temperature
nd high temperature decomposing carboxylic acid groups were
onsidered, to better describe the release of CO2 at temperatures
etween 150 and 400 ◦C. The release of CO was attributed to car-
oxylic anhydrides, phenols and quinones. Table 4 summarizes the
oncentration of the different oxygen functional groups present at
he carbon materials surface. It is evidenced that CX possess mainly
henol and quinone groups, with correspondingly higher CO/CO2
atios, when compared to ROX. The small differences between the
O and CO2 values given in Table 3 and the sum of the individual CO
nd CO2 values in Table 4 arises from small amounts of unidentified
xygen functional groups present at the materials surface.

Summarizing the observations gathered from textural and
hemical characterization, it is concluded that the CX material after
ctivation with O2 is predominantly mesoporous and contains a
onsiderable concentration of oxygen functional groups, while ROX
s highly microporous and contains an appreciably lower amount
f oxygen.
.2. Oxidation reactions

.2.1. Effect of catalyst texture and surface chemistry
The prepared CX (after activation with O2) and ROX materials

ere tested in the CWAO of aniline aqueous solutions (2 g/L) at
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Fig. 2. TPD spectra and deconvolution (dotted lines): (a) CO and (b) CO2 evolution for ROX; (c) CO and (d) CO2 evolution for CX after activation.

Table 4
Concentrations of the different oxygen functional groups released by TPD during chemical characterization of ROX and of the CX material after activation with O2

Catalyst CO CO and CO2 CO2

nhyd

R 80
C 50

2
a
o
i
s
e
o
(
(

d
a
o

T
A
r

C

B
R
C

Phenol (�mol/g) Quinone (�mol/g) A

OX 440 440
X 2700 650 2

00 ◦C and 6.9 bar of oxygen partial pressure. The results obtained
re shown in Fig. 3 where it is observed that the non-catalytic WAO
f aniline at the given conditions cannot be neglected. However, it
s evident that the introduction of carbon materials in the reaction

ystem (0.8 g) is needed in order to increase the aniline removal
fficiency. Table 5 reports aniline conversions (XANL) after 1 and 5 h
f reaction, together with the selectivity to non-organic compounds
SNOC), calculated from the total organic carbon conversion values
XTOC) after 5 h of reaction, and the initial aniline removal rates (r0).

(
(
t
o
a

able 5
niline conversions (XANL) after 1 and 5 h of reaction, TOC conversions (XTOC) and selectivit
ates (r0) obtained in the WAO/CWAO experiments at 200 ◦C and 6.9 bar of oxygen partia

atalyst XANL, 1 h (%) XANL, 5 h (%) XTOC

lank 62 69 45
OX 85 97 92
X 98 99 86
ride (�mol/g) Lactone (�mol/g) Carboxylic acid (�mol/g)

100 110
190 7

In the non-catalytic WAO of aniline the rate of conversion
ecreases markedly with the time, apparently almost levelling-off
fter 3 h. Similar findings where reported in equivalent experiments
f non-catalytic WAO of aniline [25]. After a long time of reaction

5 h) the conversion is 69%. In terms of TOC removal at the same time
5 h) the TOC conversion is only about 45%, which results in a selec-
ivity to non-organic compounds of 66%. The significant removal
f aniline obtained in the experiment performed without any cat-
lyst indicates that this compound can be degraded at the given

y to non-organic compounds (SNOC) after 5 h of reaction, and initial aniline removal
l pressure

, 5 h (%) SNOC, 5 h (%) r0 × 10−2 (mg gcat
−1 min−1)

66 –
95 0.3 ± 0.1
86 1.1 ± 0.3
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intermediates are involved in a complex reaction network and
ig. 3. WAO/CWAO aniline removal curves at 200 ◦C and 6.9 bar of oxygen partial
ressure obtained in the absence of catalysts and in the presence of ROX and CX
aterials.

onditions. However, further removal of more recalcitrant oxida-
ion products is difficult to achieve without the aid of a suitable
atalyst.

Aniline conversion after 1 h of reaction increases from 62% (69%
fter 5 h) obtained in the non-catalytic experiment to 85% (97% after
h) when the ROX material was used and to almost complete con-
ersion when the CX material was used. This increase in aniline
emoval may be interpreted in terms of adsorption and catalytic
ctivity of the materials. Comparing CX with ROX, it is observed
hat the former is more efficient to remove aniline than the lat-
er. The initial aniline removal rates (r0) achieved with each sample
re shown in the last column of Table 5. The initial aniline removal
ate increases from 30 mg g −1 min−1 with the ROX catalyst, to
cat

10 mg gcat
−1 min−1 with the CX catalyst. The overall efficiency of

oth carbon materials should reflect a combined effect of their
esoporous character and surface oxygen functionality (as mea-

ured by the CO/CO2 ratio obtained by TPD). In CWAO of aqueous

m
i
O
C

Fig. 4. Possible routes for aniline CWAO in t
s Materials 159 (2008) 420–426

ethyl and dimethylamines using activated carbons as catalysts,
he observed catalytic activity was related to the presence of oxy-
enated functional groups on the activated carbons, being proposed
hat the quinone surface groups (releasing CO by TPD) were those
esponsible for the catalytic activities, while carboxylic, lactone
nd anhydride groups, releasing CO2, were responsible for a cat-
lytic activity inhibition [19]. In a recent study [26] we discovered
hat the CX catalyst undergoes surface modification (decrease of
he CO/CO2 ratio) when used in the CWAO process, supporting our
nterpretation on the catalytic role of the groups releasing CO by
PD.

When comparing the TOC conversion obtained in all experi-
ents after 5 h of reaction, it can be observed that the introduction

f the carbon materials also increases considerably the removal of
he intermediate compounds resulting from aniline oxidation. It
hould be noticed that in the experiment performed without any
atalyst the samples collected as the reaction proceeded acquired
n increasingly intense orange colour, suggesting the formation of
itrogen containing intermediate compounds, whilst when using
he carbon materials the collected samples remained non-coloured,
uggesting that the reaction proceeds through a different reaction
echanism. HPLC analysis of the reaction samples were performed

or both WAO and CWAO, confirming the occurrence of different
ntermediate compounds. The analysis failed to detect nitroben-
ene, 4-nitrophenol, 1,3-benzoquinone and 3-aminophenol. Some
races which could correspond to phenol, hydroquinone, azoben-
ene, azoxybenzene and 4-aminoazobenzene were detected but
ot positively identified due to the very minute amounts present

n solution. In addition, there are other unidentified trace
ompounds. The reported CWAO of aniline using a Ru/CeO2
atalyst [25] includes a wide range of organic by-products,
uch as phenazine, acridinamine, formamidoacridine, azobenzene,
zoxybenzene, oxanilide, phenylformamide, phenylacetamide,
itrobenzene, nitrosobenzene, nitrophenol, nitrosophenol, phenol,
ydroquinone, catechol, benzoquinone and carboxylic acids. These
ay not be detected in a given experiment due to their reactiv-
ty, or because they are not identified by the analytical method.
ur findings are in line with two of the proposed routes for the
WAO of aniline [25]: (a) the oxidative removal of the aniline group

he presence of ROX and CX materials.
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Table 6
Results published in the literature concerning works devoted to the CWAO of aniline

Catalyst pO2
(bar) T (◦C) ganil/gcat Reaction time (h) XANL (%) SNOC (%) Reference

Ru/CeO2 20 160–230 0.46 3 93–100 – [28]

Pt/MWNT
6.9 200 0.19 2 99–100 87–95 [13]Pt/CX

Pt/AC

MCM-41

6.9 200 0.19 2 41–96 58–76 [29]
VMCM-41
(Cr)MCM-41
(Cu)MCM-41

Ru/CeO2 20 160–230 0.46 3 80–100 73–96 [30]

MWNT
6.9 200 0.19 2 46–100 79–85 [31]

Pt/MWNT
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X
6.9 200 0.19OX

ollowed by hydroxylation and ring cleavage and (b) the forma-
ion of di-aromatic compounds (Fig. 4). The oxidizing species are
xygen either in the bulk or adsorbed (which we represented by
O]) and the hydroxyl radical HO• readily formed under CWAO
onditions.

Although the theoretical reaction network [25] predicts the pri-
ary products formed in the presence of O2 and H2O alone to

e diphenylamine, nitrosobenzene, nitrobenzene and phenol, they
re not necessary detectable. In our case phenylhydroxylamine is
key intermediate, which can be oxidised to nitrosobenzene and
rovide the route to the di-aromatics, or hydroxylated to hydroxy-

aminophenol leading to the formation of phenol, by the release of
2 and NH3 (most probably NH4

+ under the CWAO conditions). Phe-
ol will undergo oxidation through hydroquinone formation, which
ormally leads to benzoquinone, but under CWAO conditions is
eadily cleaved and oxidized, thus difficult to isolate experimen-
ally.

The TOC conversion observed after 5 h of reaction when using
he ROX material increased from 45% (with a corresponding selec-
ivity to non-organic compounds of 66%) when no catalyst was used
o 92% (selectivity to non-organic compounds of 95%). When the
X material was used, the TOC conversion value obtained after 5 h,
lthough lower than that obtained with the ROX material, is also
ery high, 86% (selectivity to non-organic compounds of 86%) being
btained. The differences observed in the TOC removal efficiency
f ROX and CX may be ascribed to a better removal of the interme-
iate compounds resulting from aniline oxidation by adsorption
n the surface of the ROX material. The mesoporous nature of CX
xplains the better aniline removal results, because the adsorp-
ion and degradation of somewhat bulky molecules, like aniline, are
avoured at the surface of mesoporous materials. The micropourous
ature of ROX favours the adsorption and degradation of smaller
xidation intermediate molecules, with a better TOC removal being
btained with this material, when compared to CX.

Overall rationalization of the results seems to indicate the occur-
ence of a different adsorption/reaction mechanism when the ROX
aterial or the CX material is used. At a first glance, it seems that

he CX material possesses higher intrinsic catalytic activity than
he activated carbon and that this is related to the specific surface
hemistry.
.2.2. Effect of catalyst mass and reaction temperature
In order to better understand the adsorption/reaction mech-

nism occurring in the CWAO of aniline with the use of the CX
aterial, further experiments were performed, decreasing the cat-

lyst mass. It was observed that, reducing the catalyst mass from 0.8

g
e
t
T
d

97–99 86–95 This work

o 0.4 g, the aniline removal pattern was not significantly altered,
eing reasonable to state that the catalyst performance is indepen-
ent of catalyst load in this range. A further decrease in the catalyst
ass to 0.2 g apparently led to worse aniline removal efficiency, but

fter 180 min of reaction, aniline conversion was also almost com-
lete. Although the catalyst load was notoriously decreased, the
niline removal efficiency remained high, which suggests that the
X materials play a primary role in the initial step of the aniline
egradation mechanism, allowing its adsorption and generation
f reactive radicals, which will further react with other aniline
olecules until their complete degradation, similar to what was

roposed in previous works for the CWAO of low molecular weight
arboxylic acids, using metal supported catalysts [27].

The influence of temperature on the CX aniline removal effi-
iency was also studied to conclude about the contributions of
atalytic activity and adsorption of the material on the global ani-
ine removal mechanism. Both removal contributions are affected
y temperature, but in opposite ways. When temperature is
ecreased, catalyst activity is decreased and surface adsorption

s increased. When temperature is increased, the reverse occurs.
hen the reaction temperature was reduced from 200 to 160 ◦C,

n evident decrease of the aniline removal efficiency was observed,
eing concluded that the effect of catalyst activity of the CX mate-
ials is more important than the effect of adsorption.

The results obtained in this work are compared with others
ublished in the literature [13,28–31] using metal supported cata-

ysts (Table 6). The performances are comparable or even better in
ome cases, showing that carbon xerogels are promising catalysts
or CWAO.

. Conclusions

A carbon xerogel prepared by the conventional sol–gel method
as tested in the CWAO of aniline at 200 ◦C and 6.9 bar of oxy-

en partial pressure and found to be a good catalyst for CWAO
rocesses. Almost complete removal of aniline was obtained after
h of reaction, which performed better than the commercial acti-
ated carbon Norit ROX 0.8. This removal efficiency was attributed
o both adsorption and catalytic activity of the materials, the con-
ersion being related to their mesoporous character and specific
urface chemistry. The higher mesoporosity of the carbon xero-

el, in contrast with the microporous nature of Norit ROX 0.8,
xplains the better aniline removal results, due to favoured adsorp-
ion and degradation of large molecules on mesoporous materials.
he micropourous nature of ROX favours the adsorption and degra-
ation of smaller oxidation intermediate molecules, explaining the
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