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a b s t r a c t

A carbon coated monolith was modified by different oxidative treatments to introduce different oxygen
surface groups. Three kinds of liquid oxidizing agents (HNO3, H2SO4 and H2O2) were used at different
temperatures and residence times. The resulted oxidized activated carbon coatings were impregnated
with 3% V wt on carbon and tested for the SCR of NO with NH3 in a temperature range of 150–350 ◦C. The
performance of the carbon coated catalysts was assessed by characterization of supports and catalysts
through their textural and chemistry surface properties. In this sense, regarding the preparation of the
catalysts, oxidation process plays itself a promoting role in the formation of oxygen surface groups that
to a certain extent improves the catalytic activity. Inorganic acid, especially HNO3 oxidation increases
mainly the carboxyl and lactone groups whereas H2O2 oxidation significantly increases oxygen surface
groups attributed to phenol, and carbonyl/quinine groups.

Generally, NO reduction activity is increased when fresh catalyst surface acidity increases and vana-

dium is doped on it. HNO3 oxidized samples are able to fix higher amounts of vanadium in comparison
to other oxidized monoliths. This fact can be attributed to the fact that the fresh catalyst surface acidity
caused by the HNO3 oxidation has a promoting role to favour well anchored and distributed vanadium
onto its surface. Oxidation as well as vanadium impregnation process decrease BET surface area and
micropore volume of supports. However, the chemistry surface developed for the oxidation process
seems to be much more important promoting SCR activity and consequently a higher catalytic activity is

ples
observed for oxidized sam

. Introduction

High performance NO reduction techniques, especially for on-
oard applications, represents a current necessity for modern
ocieties [1]. Today, increasingly stringent regulations require even
ore treatment of automotive effluents to maintain a better qual-

ty of air and atmosphere. Among the wide range of treatment
echnologies that are being developed and optimised, there are
wo that have gained the attention in the last years: the storage-
eduction (NSR) [2,3] and the selective catalytic reduction (SCR)
f NOx [4,5]. Both technologies are prompt to be incorporated on-
oard diesel and lean-fuel vehicles to reduce the pollution caused.
mong the various catalysts studied for the SCR of NOx with NH3 in
he literature, activated carbon-based catalysts have been recently
ntroduced in the SCR with very promising results [6]. The most
emarkable characteristics of activated carbons are their high-
urface area and porosity compared to other supports (Al2O3, TiO2,

∗ Corresponding author. Tel.: +34 976733977; fax: +34 976733318.
E-mail address: mlazaro@icb.csic.es (M.J. Lázaro).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.03.086
.
© 2010 Elsevier B.V. All rights reserved.

CeO2) and the presence of oxygen surface groups, which affects
the catalytic activity [7]. Moreover, regarding SCR reaction carbon-
based catalysts present two important advantages: they are active
at lower temperatures [8] and show an activity promotion by SO2
[9]. As a result, in this study they are proposed for the SCR on-board.

Liquid oxidation provides new opportunities for the creation
of functional materials with different pore sizes and chemical
functionalities [10,11]. In most cases, it is clear that both sur-
face chemistry and pore structure of the catalytic material play a
cooperative role in a specific application. In order to improve the
performance of a catalyst, modifications of both properties, may be
required. For increasing the number of surface functional groups
on carbon materials, carbons are usually subjected to post treat-
ments including oxidation, polymer coating and grafting [12–15].
Regarding surface modification of carbon-based porous materials,
the most studied materials, are activated carbon and carbon nan-

otubes, within the purpose of achieving hydrophilic surface by the
generation of a large number of oxygen-containing groups. In many
cases the oxygen-containing groups behave as weak acids or bases,
which possess ion-exchange properties. The acidic groups such as
carboxyl, phenolic hydroxyl, lactone and quinone are introduced

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:mlazaro@icb.csic.es
dx.doi.org/10.1016/j.cej.2010.03.086
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Table 1
Short description of support preparation and nomenclature.

Support Description

HNO3 (c) 24 h Troom Monolith oxidized with concentrated HNO3 for
24 h at room temperature

HNO3 (2N) 24 h Troom Monolith oxidized with 2N HNO3 for 24 h at room
temperature

H2SO4 24 h Troom Monolith oxidized with 2N H2SO4 for 24 h at room
temperature

H2O2 24 h Troom Monolith oxidized with H2O2 for 24 h at room
temperature and

HNO3 (c) 8 h Troom Monolith oxidized with concentrated HNO3 for 8 h
at room temperature

HNO3 (2N) 8 h Troom Monolith oxidized with 2N HNO3 for 8 h at room
temperature

H2SO4 8 h Troom Monolith oxidized with 2N H2SO4 for 8 h at room
temperature

H2O2 8 h Troom Monolith oxidized with H2O2 for 8 h at room
temperature

HNO3 (c) 8 h 80 ◦C Monolith oxidized with concentrated HNO3 for 8 h
at 80 ◦C
24 A. Boyano et al. / Chemical Eng

o achieve carbons treated with different properties [16–18]. Those
ormed surface complexes provide a new surface chemistry, which
s reflected in the improved properties when carbon material is
sed as catalyst (support) [19–21].

Oxidation treatment is the most frequently used method, gen-
rally involving dry or wet oxidation, plasma treatment and
lectrochemical modifications. In the case of dry oxidation, gaseous
xidation agents like oxygen, ozone and carbon dioxide are often
sed [22]. Wet chemical oxidation involves the uses of nitric acid,
ulphuric acid, phosphoric acid, alone or in combination with
ydrogen peroxide, sodium hypochlorite, permanganese, chro-
ate or dichromate of potassium, transition metal nitrates, etc.

23–25]. Saha et al. [26] studied oxidized porous activated car-
ons with nitric acid and distilled water at a ratio 1:1 (v/v) for 6 h
t 90 ◦C, producing samples with weakly acidic functional groups.
radhan et al. [27] functionalized activated carbons with surface
xygen complexes through oxidants like HNO3 (1N), H2O2 and sat-
rated solution of (NH4)2S2O8 in H2SO4 (8N). According to these
uthors nitric acid treatment is the most effective one in terms
f modifying surface area and porosity of activated carbons. By
omparing the chemically modified activated carbons with nitric
cid and hypochlorite, Vinke et al. [12] stated, nitric acid oxida-
ion is the most effective resulting the highest amount of acidic
urface groups, whereas hypochlorite seems to be a much weaker
xidant.

Our previous study demonstrated that pore structure of acti-
ated carbon coated monoliths was partially destroyed in the
resence of a liquid oxidant, reflecting some differences of reac-
ivity depending on the nature of liquid oxidants under the same
onditions (room temperature and for 24 h) [29]. In this study, we
ontinue to investigate the oxidation behaviour of activated carbon
oated monoliths to find out at which conditions a high amount of
urface groups can be obtained, while maintaining the structural
istribution and catalytic activity. In order to understand chem-

stry surface and structure evolution of activated carbon under
etermined oxidation processes, modified carbon coated mono-

iths were characterized by means of temperature programme
esorption (TPD), thermogravimetric runs (TG), physisorption of
2 at −196 ◦C, Raman and X-ray photoelectronic spectra (XPS).
ur target is to reach a high active catalyst through a high-surface

uncionalization of carbon surface but remaining its bimodal pore
tructure distribution.

. Experimental

.1. Support and catalyst preparation

Cordierite monoliths (400 cells per square inch (cpsi), 1 cm
iameter and 5 cm length) were coated with a polymer blend by
ip-coating method as described elsewhere [11]. Briefly, the mono-

iths were coated with the polymer, a blend of Furan resin and
olyethylenglycol (2:1), carbonized at 700 ◦C and later on activated
ith CO2 at 900 ◦C during 4 h to develop further surface area and
orosity. The as-prepared carbon coated monoliths were treated
ith different oxidizing agents to develop surface oxygen com-
lexes. For this purpose concentrated HNO3, HNO3 (2N), H2SO4
2N) and H2O2 were applied. Sample preparation is summarised
n Table 1. Subsequently, monoliths were thoroughly rinsed with
istilled water and carefully dried.

All oxidized carbon coated monoliths were loaded with vana-

ium. The impregnation was carried out by ion-exchange method
ith an excess of solution of NH4VO3 until equilibrium. To facilitate

he dilution of ammonium metavanadate ca. 5 mg of oxalic acid was
dded. Under these conditions, the pH of solution remains neutral
nd the solution holds a yellow colour indicative of the presence
HNO3 (2N) 8 h 80 ◦C Monolith, oxidized with 2N HNO3 for 8 h at 80 ◦C
H2SO4 8 h 80 ◦C Monolith oxidized with 2N H2SO4 for 8 h at 80 ◦C
H2O2 8 h 80 ◦C Monolith oxidized with H2O2 for 8 h at 80 ◦C

of VO2+ species. These monoliths were placed in a holder that was
provided with a stirrer and contained 100 ml of the impregnating
solution. This process was extended for 24 h until the equilibrium
was reached. Subsequently, the monoliths were rinsed with dis-
tilled water, dried and thermally treated in N2 at 350 ◦C.

2.2. Carbon support and catalyst characterization

The carbon-ceramic monolith supports were characterized
regarding texture by N2 physisorption and surface chemistry by
temperature programmed desorption (TPD), thermogravimetric
analysis (TGA), Raman and X-ray photoelectronic spectra (XPS).
Catalysts were characterized by means of N2 physisorption.

Nitrogen adsorption was performed on a Micromeritics ASAP
2020 at −196 ◦C. From the physisorption measurements with N2,
the specific surface area was calculated applying the BET equation.
The t-plot method was applied to calculate the micropore volume
whereas BJH method was used to calculate the parameters related
to mesoporosity.

TPD measurements were carried out in a Micromeritics instru-
ments. Before the TPD run, the sample was treated at 150 ◦C with
30 ml/min stream of He in order to release all physically adsorbed
complexes. In the TPD, a temperature increase rate of 10 ◦C/min
from 150 to 1050 ◦C was used. The CO2 and CO evolved during
the runs were detected by a gas chromatograph equipped with a
thermal conductivity detector. TPD methods have become rather
popular and in this work TPD peaks were attributed to specific sur-
face groups following some trends summarised in [15]. In general,
TPD spectra obtained with carbon materials show composite CO
and CO2 signals which must be deconvoluted before the surface
composition can be estimated. The fitting response was carried out
by a commercial computer program ORIGIN.

TGA runs were carried out in a CAHN TG 2151. After desorption
at 100 ◦C for 20 min and the sample was heated up to 900 ◦C under
air flow and a heating rate of 10 ◦C/min. This kind of experiments
is really useful when samples would be exposed to high temper-
atures in the presence of O2, since it gives information about the
combustion resistance of supports.

Raman spectra were recorded on a Bruker-Senterra Raman imag-

ine microscope with the 532 nm Nd-YAg laser and a CCD detector.
Raman frequency was calibrated by a silicon slide. The laser was
focused on the solid samples which were dispersed on microscope
slides. Each spectrum was collected at room temperature under 10
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Table 2
BET surface area and pore volumes of oxidized supports.

Vmicro total (cm3/g) Vmicro (<0.7 nm) (cm3/g) Vmicro mediu (cm3/g) Vmesopore (cm3/g) SBET (m2/g)

Activated 0.0172 0.0120 0.0052 0.0330 653

24 h room T◦

HNO3 2N 0.0186 0.0147 0.0049 0.0302 440
HNO3 (c) 0.0179 0.0159 0.0029 0.0269 364
H2SO4 2N 0.0217 0.0109 0.0108 0.0305 650
H2O2 0.0112 0.0076 0.0035 0.0308 616

8 h room T◦

HNO3 2N 0.0174 0.0141 0.0033 0.0263 404
HNO3 (c) 0.0065 0.0048 0.0017 0.0362 300
H2SO4 2N 0.0119 0.0100 0.0019 0.0454 544
H2O2 0.0161 0.0115 0.0046 0.0306 447
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8 h 80 ◦C

HNO3 2N 0.0165 0.012
HNO3 (c) 0.0163 0.011
H2SO4 2N 0.0193 0.014
H2O2 0.0161 0.011

W of laser power. The experiments were performed in a dark
nvironment to avoid interference from light and cosmic radiation.

Finally, X-ray spectroscopy (XPS) for the internal plates of mono-
ith were acquired with a Physical Electronic 5700 spectrometer
quipped with a hemispherical electron analyser and Mg K� X-
ay exciting source (1253.6 eV, 15 kV, 300 W). Samples were placed
nder vacuum (10−9 torr) and time of irradiation was minimized to
void the metals reduction. It has been used as an internal patron
or calibration Al2p (73.9 eV) considering a deviation ±0.2 eV. As a
onsequence of the asymmetry presented by the signals, the bands
re the result of the contribution of more than one species and the
elative population has been determined by deconvolution. A strat-
gy was developed for the mathematical deconvolution; in all cases
he signal was adjusted to a mathematical response consistent of
Gaussian-Lorenztian distribution (80–20%, respectively) with a
inimal �2 deviation.

.3. Catalytic test

The catalytic tests were performed in a 14 mm i.d. quartz reactor.
he gas (1000 ppmv NO, 1000 ppm NH3 and 10% O2 and Ar to bal-
nce) was forced to flow through the monolith channels by fixing
he monoliths to the inner walls of the reactor using Teflon stripe.
he GSVH of the performance was around 34,000 h−1 related to the
arbon weight. The temperature reaction was set at 150, 250 and
50 ◦C and the reaction was allowed to proceed for 2 h until steady-
tate. A mass spectrometer (Balzers 422) was used to analyze the
as stream, previously calibrated with cylinders of certified known

omposition. The conversion of NO was calculated as follows:

NO reduction = (C i
NO − CNO)

C i
NO

× 100 (1)

able 3
ET surface area and pore volumes of catalysts.

3% V wt Vmicro total (cm3/g) Vmicro (<0.7 nm) (cm3

T room 24 h

HNO3 (c) 0.0092 0.0063
HNO3 2N 0.0202 0.0151
H2O2 0.0172 0.0131
H2SO4 0.0136 0.0099

T room 8 h

HNO3 (c) 0.0193 0.0144
HNO3 2N 0.0254 0.0193
H2O2 0.0167 0.0122
H2SO4 0.0194 0.0136

80 ◦C 8 h

HNO3 (c) 0.0169 0.0126
HNO3 2N 0.0204 0.0149
H2O2 0.0088 0.0050
H2SO4 0.0164 0.0116
0.0036 0.0332 534
0.0044 0.0280 552
0.0053 0.0196 515
0.0047 0.0344 537

where C i
NO is the initial concentration of NO and CNO corresponds

to its concentration once steady-state is reached.

3. Results and discussion

Activated carbon coated monoliths have very interesting fea-
tures like a good and resistant adherence between cordierite and
carbon coating, an extremely narrow and homogenous thickness
of coating [22], a high-surface area and a large pore volume. The
very thin carbon coating with a thickness of 600–800 nm, is a good
support for SCR of NO with NH3 reactions. In the present study, the
use of liquid-phase oxidation within HNO3, H2SO4 or H2O2 to mod-
ify the surface of activated carbon coatings is investigated. Keeping
in mind the objective of introducing oxygen surface groups, which
can act as anchor for a subsequently impregnation with vanadium,
carbon coated monoliths have been deeply characterized after the
oxidation process.

According to previous studies [29,34], acid treatments of carbon
coatings have an influence in the SCR of NO with NH3. The high-
est NO reduction activities fit in the middle values of fresh catalyst
surface acidities. This fact points out that, the effects of acid treat-
ments are closely related to the amount and type of functionalities
created by the oxidation process. Moreover, oxidation treatments
also influence in the porous structure. By the way, concentrated
HNO3, even at mild temperatures, is able to partially destroy the
pore structure of activated carbon coatings as reveals the disap-
pearing of microporous volume and the decrease of surface areas.

Thus, in this study, two temperatures and oxidation times were
used to oxidize activated carbon coating. Basically, as expected,
shorter oxidation times or lower temperatures are favourable in
terms of maintaining the pore structure. A considerable increase
of oxygen surface group mass was observed after the more severe

/g) Vmicro medium (cm3/g) Vmesopore (cm3/g) SBET (m2/g)

0.0029 0.0279 274
0.0050 0.0276 407
0.0041 0.0278 609
0.0037 0.0272 456

0.0049 0.0132 375
0.0061 0.0160 598
0.0045 0.0154 401
0.0058 0.0144 524

0.0043 0.3347 547
0.0055 0.0292 644
0.0040 0.0310 393
0.0048 0.0190 440
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Table 4
Resume of carbon coating characterization parameters from Raman for support
oxidized with HNO3 with different concentration and H2O2 with different time of
oxidation and temperature.

ID/IG Ln (nm) XG

HNO3 (2N) 8 h r.t. 1.25 3.52 0.44
HNO3 (c) 8 h r.t. 1.42 3.09 0.41

TPD runs. Fig. 3(a) and (b) show the TPD profiles obtained for
the different carbon supports. Table 6 shows the amounts of CO2
and CO released up to 1050 ◦C and calculated under TPD profiles.
These results show a low functionalization of the starting acti-

Table 5
Mass loss in TGA runs in (%) from the original sample.
ig. 1. Raman spectra of support oxidized with HNO3 with different concentration
nd H2O2 with different time of oxidation and temperature.

xidation treatments. This fact reflects the increase in the number
f oxygen surface groups on the carbon frameworks after the liquid
xidation processes [30–32].

Sample BET areas and pore volumes are collected in Table 2. In
eneral, the reduction of SBET and micropore volume can be consid-
red as a consequence of the liquid oxidation processes. It can be
ue to partial blockage of the micropores by some intermediates
hich are prone to condensate in presence of oxygen [23] or the

rosion of wall pores that causes a collapse of the textural structure.
ccording to Table 2, textural properties of activated carbon are
ainly affected by the strong oxidative treatment with HNO3. Sim-

lar results were found by Moreno-Castilla et al. [24]. Another fact
hat cause detrimental effect of the textural properties is the incor-
oration of vanadium onto the modified activated carbon coating
urfaces, as indicated by the relative small but systematic decrease
bserved in all of them (see Table 3).

Fig. 1 shows the Raman spectra in the area of the
00–2000 cm−1. For the effect of the acidic treatment, Raman spec-
ra of support treated with HNO3 (c), HNO3 (2N) and H2O2 during
h at room temperature were represented. In the same figure and

o study the effect of the time and the temperature of oxidation
reatment in the structure, there were also included the Raman
pectra of support treated with H2O2 during 24 h at room temper-
ture and treated with H2O2 during 8 h at 80 ◦C.

Main crystal lattice vibration of cordierite (128, 260, 555, 578,
73, 1011, 1382 cm−1) are presented in all spectra. Besides, the two
ypical signals of the carbon structure at 1340 and 1592 cm−1 are
etected. The first signal is assigned to defect mode, A1g (signal
) and the second associated with graphite, mode E2g (signal G).
he integrated intensity ratio of these two signals, D and G, in the
aman spectrum is related to graphite crystallite size (Ln) according
o [37,38]:

n (nm) = 4.4
R

where R = ID
IG

(2)

Considering that both signals have similar extinction coeffi-
ients, it is possible to get the graphitic fraction according to:

I 1

G = G

IG + ID
=

1 + R
(3)

The values of the graphitic fraction (XG) for the support after
xidation treatments studied are resumed in Table 4. No varia-
ions are detected in the XG values, and we can conclude that acidic
H2O2 8 h r.t. 1.67 2.63 0.37
H2O2 24 h r.t. 1.44 3.05 0.41
H2O2 8 h 80 ◦C 1.30 3.38 0.41

treatments, apparently, do not affect neither the graphitic fraction
nor the carbon coating surface; though the surface functionaliza-
tion could be affected, this will be described forward using other
techniques as TPD and XPS.

3.1. Influence of oxidation time

Regarding the shape of N2 sorption isotherms of activated
carbon coatings before and after shorter oxidation times (not
shown), oxidized activated carbon coated monoliths maintain a
type IV isotherms, indicating that previous mesoporosity is still
preserved. However, shorter oxidation times do not lead to a sig-
nificant increase in the functionalization of carbon coatings, which
is reflected by the increase of the total pore volume in compar-
ison to longer oxidation times. In general and according to the
isotherm shape, shorter time oxidations neither create a high func-
tionalization nor destroy pore structure as longer ones do, except
for concentrated HNO3 oxidation that could even provoke a higher
destruction of textural properties.

As shown in Table 2, this reduction does not have a really strong
influence in the BET specific surface areas and pore volumes com-
pare to those of longer time oxidations. Consequently, in both types
of oxidations, an additional mass increase after acid treatment is
observed, as revealed by the following TG measurements. TG anal-
yses (Table 5 and Fig. 2(a) and (b)) show that decreasing oxidation
time, a decrease of carbon coating mass loss that varies between
1 and 3% occurs. Only H2O2 oxidized sample shows an increase of
mass loss. This fact can be due to the higher amount of function-
alities created on the surface when shorter oxidations are carried
out.

Despite of the differences caused in textural properties by both
shorter and longer oxidations, it is really important to point out
that, all oxidized carbon coatings essentially keep the bimodal pore
size distribution, what is the main characteristic of activated car-
bon coatings prepared from a blend of two polymers. According to
previous studies [11], the presence of micropores and mesopores
is of key importance for obtaining high NO conversion; micropores
enhance the dispersion of the catalyst and mesopores guarantee the
accessibility to the catalyst precursor and reactants to the carbon
coating inside the macropores of cordierite wall.

The reduction in functionalization concentration after shorter
oxidations, but using H2O2 as oxidizing agent, was checked by
(%) 24 h T-room 8 h T-room 8 h at 80 ◦C

HNO3 (c) 12.29 11.00 10.65
HNO3 2N 11.04 8.40 9.65
H2SO4 8.25 7.11 13.71
H2O2 5.56 9.50 9.18
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Table 6
CO and CO2 evolved from TPD runs of catalyst support after oxidation treatments.

CO (cm3/g) CO2 (cm3/g) CO + CO2 (cm3/g) CO/CO2

Activated 3.3 0.4 4 7.61

24 h Troom

HNO3 (c) 111 56 167 2.01
HNO3 2N 99 46 145 2.18
H2SO4 2N 87 36 123 2.45
H2O2 137 32 169 4.21

8 h Troom

HNO3 (c) 66 51 117 1.30
HNO3 2N 76 25 101 2.98
H2SO4 2N 73 13 86 5.68
H2O2 118 29 147 4.00

8 h 80 ◦C

HNO3 (c) 61
HNO3 2N 74
H2O2 144
H2SO4 2N 58

Fig. 2. TG runs of (a) supports oxidized at room temperature for 24 h, (b) supports
oxidized at room temperature for 8 h and (c) (a) supports oxidized at 80 ◦C for 8 h.
Dark blue: oxidized with concentrated HNO3; light blue: oxidized with 2N HNO3;
green: oxidized with H2O2; pink: oxidized with 2N H2SO4. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
the article.)
36 97 1.68
33 107 2.22
77 221 1.86
11 69 5.11

vated carbon. After shorter oxidative treatments, a high increase
in the amount of CO and CO2 evolving oxygen surface groups was
observed. However, this increase is much lower that the increase
observed after longer oxidative treatments. Shorter oxidative treat-
ments lead to CO2 and CO spectra with peaks and shoulders at
different temperatures, mainly between 200 and 800 ◦C for CO2
and 400 and 1000 ◦C for CO that can be attributed to different types
of functionalizations as follows.

The peaks and shoulders of the TPD curves can be assigned to dif-
ferent functional groups depending on the temperature at which CO
and CO2 evolve [15,28]. TPD profiles were deconvoluted to assess
the chemical nature of the different oxygen surface groups accord-
ing to the following criteria [28]:

- four contributions have been considered in the CO pro-
files: carboxylic anhydrides (600–670 ◦C), phenols and ethers
(650–700 ◦C), carbonyl/quinine (730–840 ◦C) and pyronic groups
(850–1000 ◦C);

- the CO2 profiles include three contributions: carboxylic acids
(150–350 ◦C), lactones (250–350 ◦C) and carboxylic anhydrides
(500–675 ◦C);

- a multiple Gaussian function was selected to fit each deconvo-
luted peak of TPD spectra.

The results of TPD deconvolution are summarised in Table 7.
According to it, the small amount of evolved oxygen surface groups
of just activated monolith and mainly released as CO at high tem-
perature (>800 ◦C), can be attributed to carbonyl/quinone or even
pyronic groups. This fact proves the neutral nature of the activated
carbon monolith, consistent with its high value of CO/CO2 ratio.
After shorter and longer oxidative treatments, the amount of oxy-
gen surface groups onto the activated carbon coatings was greatly
increased and the ratio CO/CO2 decreased, indicating a higher acid-
ification of surface.

In the case of shorter HNO3 (2N) oxidized sample, all types
of evolved oxygen surface groups were significantly decreased in
comparison to longer oxidized samples (up to twice the value of
CO2 evolved groups) but the kind of functionalities created are
basically the same and attributed to lactone and carboxyl groups.
The decrease observed in CO2 evolved groups caused an increase
of CO/CO2 ratio that suggests a less acidic surface character of
the sample. The former carboxyl groups could have been formed
through condensation of close carboxylic groups formed during
the oxidation treatment [28]. The lower CO/CO2 ratio for shorter

concentrated HNO3 samples suggests the significance of the time
reduction to get a more acidic surface. Concentrated HNO3 oxida-
tion provides a higher microporosity and a higher amount of surface
oxygen groups at shorter oxidation times as reported by other
authors [36] According to H2SO4 and H2O2 liquid oxidizing agents,
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horter oxidations lead to a lower acid surface character for H2SO4
ample and a higher acidic surface character for H2O2 sample.
he decrease in lower temperature CO2 evolving groups created
y shorter H2SO4 oxidations is responsible for this change. In this
ase, the amount of carboxylic groups was dramatically decreased

nd consequently, an increase in the CO/CO2 ratio is observed with
espect to the CO/CO2 ratio value of longer oxidized samples.

The introduction of functional groups on the carbon surface
an affect the metal dispersion [33] as commented before. This
henomenon was confirmed by N2 adsorption runs presented in

ig. 3. TPD profiles of (a) supports oxidized at room temperature for 24 h, (b) supports ox
d) non-oxidized supports.
g Journal 160 (2010) 623–633

Table 3. Specific BET surface area, pore diameter and pore volume
were decreased after vanadia impregnation. Although reduction in
pore structure parameters is not especially significant in the case of
BET surface area and micropore volume, a remarkable decrease in
the mesopore values can be observed and consequently also in the

pore diameter. Mesopore values are reduced between 2-fold and
4-fold indicating that vanadia has been anchored onto the carbon
coatings.

XPS runs were performed and resumed in Table 8. Al2p, Si2p
signals are obtained with an average shift of around 4 eV, while

idized at room temperature for 8 h and (c) (a) supports oxidized at 80 ◦C for 8 h and
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1s and O1s remain centred at their usual values of BE. This
act can point out that carbon is not a conductor material and
onsequently it avoids the appropriate transmission of the elec-
ronic beam. Going into further details, it must be said that
lthough carbon coatings are really homogenous as reported pre-
iously in [22], it is observed differences in Si/Al and C/O ratio
or the samples, suggesting the possibility of having XPS runs
rom areas with different thickness of carbon coating. The differ-
nces in coating thickness have to be taken into account in the
ollowing comments as not all data are provided in the same con-
itions. All oxidizing treatments increase the overall concentration
f surface oxides, as evidenced by the increase of O1s. As were
escribed in a previous paper [38], C1s peak has been fitted to
our contributions related to carbon atom bonded to the follow-
ng functionalities: phenols groups (ca. 286.38 eV), carbonyl groups
ca. 288.4 eV) and carboxyl groups (290.8 eV). Graphitic carbon
ue to non-functionalized support appears at ca. 284.8 eV with a
0–70%.

When HNO3 (2N) was used, the BE at 286.4 eV, associated with
he presence of phenolic-ether species, increases slightly, while
he carbonyl and carboxyl species decrease. More significative
hanges are observed for treatment with concentrated HNO3. The
2SO4 oxidation treatment apparently favoured the presence of

ess-oxidized species as carbonyl groups, while the H2O2 oxida-
ion treatment favoured a more evidenced proportion of surface
arboxyl groups. The time of oxidation increases the amount of
unctionalized carbon with the trend described for all acidic treat-

ent.
O1s peak has been fitted to two peaks with the following assigna-

ion, according to a previous work [39]: ca. 532 eV ascribed to C O
roups in phenolic, ether, ester, carbonyl groups and ca. 534–535 eV
scribed to carboxylic ones. All oxidizing treatments increase the
verall concentration of surfaces oxides and a general trend is
bserved: time of oxidation increase the carboxylic percentage, this
ncrement is specially observed in the case of H2O2.

Multiplying the relative area of OCOOH by the O/C atomic ratio
ields the oxygen atoms in carboxylic group. Hence, dividing this
alue by two yields the number of carboxylic group per carbon atom
s obtained. The percentage of carboxylic groups per carbon atom
s included in Table 9, where it is also included for comparative
urposes the CO2/CO ratio calculated by TPD. With the exception
f H2SO4, TPD and XPS data agree: time of oxidation increase the
otal amount of carboxylic groups calculated by XPS and CO2/CO
atio calculated by TPD. The observed differences between TPD and

PS data could be due to the differences between both techniques,
PS results are limited to the surface, and these measurements have
een performed in just one point of the internal plate. As a result,
e expect their error to be higher.

able 7
econvolution of TPD profiles. Total amount 100% for CO2 and 100% for CO profile.

Deconvolution CO2 profile D

Carboxyl Carboxyls Lactone C

24 h T room

HNO3 (c) 25.26 29.10 45.63
HNO3 2N 23.98 36.25 39.75 2
H2SO4 2N – 16.46 66.53
H2O2 – – 68.66

8 h T room

HNO3 (c) 47.8 – 52.2 4
HNO3 2N 15.8 – 84.2 1
H2SO4 2N 36.6 – 63.4
H2O2 – – 100

8 h 80 ◦C

HNO3 (c) 38.7 61.3 – 4
HNO3 2N 55.3 29.6 15.1 2
H2SO4 2N – – 100
H2O2 23.7 67.6 8.8 2
g Journal 160 (2010) 623–633 629

3.2. Influence of temperature

Oxidation temperature influence is also checked in this study.
Runs were performed rising temperature from room temperature
to 80 ◦C while oxidation time remains for 8 h. Samples were char-
acterized according to techniques reported in Section 2.2.

Once again, N2 sorption isotherms of activated carbon coat-
ings oxidized either at room temperature or 80 ◦C are type IV
isotherms, indicating that mesoporosity is not destroyed (not
shown here). Higher temperature oxidation leads to similar pore
volumes regardless the oxidizing agent. Higher temperature oxi-
dation does partially destroy pore structure to a greater extend
than room temperature oxidation does, although in some cases,
a higher micropore value is developed. What is remarkable is, that
higher temperature oxidation also keeps the bimodal pore size dis-
tribution, which is characteristic of the activated carbon coatings
prepared from a blend of two polymers.

The increase in the mass after higher temperature oxidation
treatments is observed in the TG runs. TG analyses (Table 5 and
Fig. 2(b) and (c)) showed that an increase of the oxidation tem-
perature, causes an increase of mass loss from carbon coatings
that varies between 1 and 5%. Only both HNO3 oxidized samples
show a decrease in the mass loss. This fact agrees with Bazula et al.
[10] whose studies confirm that at higher oxidation temperatures
(80 ◦C for HNO3) the oxygen surface mass gained is smaller than
at lower temperature oxidations. However, if oxidation conditions
are too harsh, some carbon species are cleaved from the carbon
walls. Above 400 ◦C, samples exhibit a higher mass loss than after
room temperature oxidation, indicating that a higher funzionalized
surface is created on activated carbon coatings.

Surprisingly, in our case after higher temperature oxidative
treatments the amount of oxygen surface groups was not signif-
icantly increased, except for H2O2 treatment. Depending on the
oxidizing agent, the CO/CO2 ratio as well as TPD profile show differ-
ent trends. In the case of both HNO3 treatments, higher temperature
oxidations decrease the amount of CO2 evolving groups and conse-
quently, an increase in the CO/CO2 ratio is observed. In the case of
H2SO4 oxidations, both samples exhibit similar values of CO2 and
CO evolving groups resulting therefore in a similar value of CO/CO2
ratio what indicates the slightly influence of temperature in acidi-
fication of surface. On the other hand, H2O2 oxidized samples show
a great increase in CO2 evolving samples that points out that higher
temperatures favour the acidification of surface.

From XPS data, resumed in Tables 8 and 9, it can be observed

that the increase of the temperature in the oxidative treatment
improves the amount of functionalized carbon and oxygen with
a similar trend described for the influence of time of oxidation in
Section 3.1; with the exception of H2SO4 acidic treatment, probably

econvolution CO profile

arboxyl anhydrides Phenol/ethers Carbonyl/quinone Pyronic

9.7 22.4 67.89 –
4.17 25.24 50.55 –
– – 18.45 81.45
– 20.23 46.65 34.90

1.1 21.4 – 37.6
8.8 35.6 – 25.6
– 17.9 45.1 37.1
– 32.3 – 67.7

3.3 – – 56.7
4.1 33.4 – 42.5
– 49.4 – 50.6
9.0 – – 71.0
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Table 8
XPS data resume.

Relative amount (%) Atomic ratio Deconvolution of C1s and O1s

Si2p Al2p C1s O1s Si/Al O/C C1s O1s

HNO3 (c), 8 h r.t. 2.7 1.4 76.6 18.1 1.9 0.23

284.8 (60)
286.4 (25) 532.9 (60)
288.4 (10) 535.6 (40)
290.8 (5)

HNO3 (c), 24 h r.t. 2.5 1.7 75.1 18.0 1.4 0.24

284.8 (59)
286.2 (27) 532.8 (54)
288.0 (9) 534.9 (46)
291.2 (5)

HNO3 (c), 8 h 80 ◦C 3.4 0.9 77.2 17.1 3.9 0.22

284.7 (61)
286.3 (30) 532.5 (44)
288.9 (6) 534.4 (55)
290.8 (3)

HNO3 (2N), 8 h r.t. 3.3 1.3 81.3 12.7 2.5 0.15

284.7 (60)
286.3 (19) 532.9 (62)
288.5 (16) 535.7 (38)
290.8 (5)

HNO3 (2N), 24 h r.t. 7.3 1.5 66.2 23.5 4.7 0.35

284.8 (63)
286.3 (17) 533.0 (60)
288.4 (15) 535.8 (40)
290.9 (5)

HNO3 (2N), 8 h 80 ◦C 4.0 1.0 77.3 16.5 3.7 0.21

284.8 (62)
286.3 (24) 532.9 (55)
288.5 (9) 535.8 (45)
290.8 (5)

H2SO4, 8 h r.t. 15.1 4.0 37.6 40.4 3.7 1.07

284.7 (60)
286.4 (15) 533.30 (55)
288.3 (21) 535.98 (46)
290.3 (5)

H2SO4, 24 h r.t. 14.9 1.8 47.7 34.6 7.7 0.72

284.7 (55)
286.4 (15) 532.6 (59)
288.3 (23) 535.5 (41)
290.3 (5)

H2SO4, 8 h 80 ◦C 5.2 1.36 77.8 15.1 3.8 0.19

284.7 (59)
286.3 (16) 532.6 (57)
288.6 (20) 535.3 (43)
290.9 (5)

H2O2, 8 h r.t. 1.7 1.2 85 11.1 1.4 0.13

284.7 (57)
296.4 (13) 532.9 (52)
288.9 (20) 535.5 (47)
290.9 (10)

H2O2, 24 h r.t. 3.2 1.8 77 7.1 1.6 0.09

284.7 (57)
286.3 (12) 532.5 (30)
288.9 (19) 534.3 (70)
290.9 (12)

1
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e
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c
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t
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H2O2, 8 h 80 ◦C 2.8 1.8 79

ue to errors of the XPS technique described above. For HNO3 (2N),
he effect of the time of oxidation in the functionalization is more
vident than the effect of the temperature. For H2O2, the oxygen
unctionality is specially increased after 8 h at 80 ◦C with a 82% of
xygen adscribed to carboxylic groups.

.3. Catalytic activity and influence of support properties

Catalytic activity of starting and modified activated carbon
oated catalysts was tested in the SCR of NO with NH3. These

aterials were first placed in the bed reactor and heated up to

he reaction temperature (150, 250 or 350 ◦C) in Ar. Once reaction
emperature was reached, Argon gas was switched to the inlet gas
omposition and NO conversion was followed on-line in a mass
pectrometer.
6 1.4 0.20

284.8 (55)
286.3 (11) 532.0 (18)
288.8 (19) 534.3 (82)
290.8 (15)

Significant differences were found in the catalytic activity of
samples. NO conversion ratios of activated carbon coated materials
treated with the different oxidation agents [29] have been reported
in previous works [34]. However, to our knowledge, it has never
been studied the influence of temperature and time in the oxida-
tion process for polymeric carbon-based catalysts. This influence is
studied in this section.

The effect of time reduction on catalytic activity can be observed
in Fig. 4(a). Both HNO3 oxidized samples show an opposite trend.
On one hand, the catalytic activity of concentrated HNO3 oxidized

sample is greatly increased within shorter oxidation treatments. On
the other hand, the catalytic activity of HNO3 (2N) oxidized sample
is slightly increase for longer oxidation treatments. Although, both
trends seem to be conflicting ones, both trends agree with the new
created chemistry surface. The development of an acidic surface
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haracter is favoured by concentration and longer residence times
hen HNO3 is used as liquid oxidizing agent. However, depending

n the concentration longer oxidations can cause an excess in the
cidity of surface that does not favour the SCR-NH3 of NO. This fact
an be due to two factors: firstly an excess of vanadium anchoring

nto surface that provokes a pore blocking and avoids a high dis-
ersion of this metal and secondly an excess in the adsorption of
H3. NH3 is a key reactant in the SCR that according to previous

iterature [5] reacts from an adsorbed-phase. If the NH3 adsorp-

Fig. 4. NO conversion (%) at 150, 250 and 350 ◦C. Effect o
g Journal 160 (2010) 623–633 631

tion is excessively strong, desorption cannot properly take place
in and consequently the catalytic activity of catalyst is decreased.
These theories support that a too high functionalization onto the
fresh surface catalyst disfavours NO conversion and this fact is
observed in this work in longer concentrated HNO3 oxidized sam-

ple behaviour. Nevertheless, a reduction of the textural properties
shown in these samples may also be the cause of a poor NO con-
version. A first look may suggest the existence of a pore blocking
due to the higher amount of carboxylic groups that favours vana-

f (a) time reduction and (b) temperature increase.
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Table 9
Comparison of the surface acidity obtained by means of XPS runs and TPD
experiments.

Carboxyl groups per C atom
from OCOOH peaka

CO2/CO ratiob

HNO3 (c), 8 h r.t. 4.75 0.77
HNO3 (c), 24 h r.t. 5.43 0.49
HNO3 (c), 8 h 80 ◦C 6.09 0.59
HNO3 (2N), 8 h r.t. 2.90 0.33
HNO3 (2N), 24 h r.t. 7.12 0.45
HNO3 (2N), 8 h 80 ◦C 4.90 0.45

H2SO4, 8 h r.t. 32.77 0.17
H2SO4, 24 h r.t. 14.82 0.40
H2SO4, 8 h 80 ◦C 4.17 0.45

H2O2, 8 h r.t. 3.06 0.04
H2O2, 24 h r.t. 3.20 0.23
H2O2, 8 h 80 ◦C 8.30 0.53

a Calculated from XPS with the formula = (% area of OCOOH × O/C ratio)/2.
b Calculated from TPD.

d
p

d
m
h
a
a

c
H
o
p
t
c
t
o

f
c
C
h
a
r
a
c
e
i
t
f
t

Fig. 5. Relation between NO conversion (%) and CO/CO2 ratios.

ia anchoring onto the surface, but further investigations should be
erformed in this field.

H2SO4 oxidized sample behaves in a similar way as HNO3 (2N)
oes. On the contrary, shorter H2O2 oxidations provide an enhance-
ent of NO conversion. This fact can equally be related to the

igher acidic character of samples, confirming that a medium-high
mount of oxygen surface groups, evolved as CO2 at lower temper-
tures in TPD runs is favourable to enhance NO reduction.

An increase in the oxidation temperature causes an increase in
atalytic activity as long as the oxidation process is carried out with
2O2. H2O2 oxidation at higher temperature favours the creation
f oxygen surface groups evolved as CO2 at lower temperature that
romotes the acidification of fresh catalyst surface. Just on the con-
rary, longer inorganic acid oxidative treatments reduce the NO
onversion activities. In these cases, a higher temperature oxida-
ion triggers a decrease of CO evolving groups leading to a decrease
f surface acidity.

To elucidate the nature of functionalities onto fresh catalyst sur-
ace responsible for the enhancement of the catalytic activity, NO
onversion has been plotted as a function of the amount of CO2 and
O desorbed in the TPD analyses. The results exhibit (not shown
ere) that, even though NO conversion increases when the total
mount of these groups is increased, there is no a mathematical
elationship between both parameters. In general, increasing the
mount of oxygen surface groups onto fresh catalyst surface to a
ertain extent, NO conversion activity is also increased. It is also

vident that oxygen surface groups evolving as CO2 have a greater
nfluence on activity than those desorbing as CO, at least within
he ranges studied. To evaluate the contribution of the different
unctionalities, the evolution of NO conversion has been related to
he amounts of carboxylic acid, lactone and carboxylic anhydride
g Journal 160 (2010) 623–633

groups as well as phenolic and carbonyl/quinine groups. According
to both charts (not shown), it is difficult to evaluate the contribu-
tion of the different groups to the catalyst activity because a really
comparable influence of all functionalities is observed.

What is clear is the fact that catalytic activity is enhanced by
increasing acidity of fresh catalyst surface to a certain extent. Fig. 5
shows the relationship between the corresponding catalyst activ-
ity reached at three different temperatures and CO/CO2 ratios. A
possible explanation, previously suggested, can be achieved by
correlating the NO conversion with CO/CO2 ratios. The highest
activities at each temperature are reached at around a CO/CO2 ratio
of 2.25. This fact makes understand the differences found in activ-
ity for lower temperature, shorter H2O2 oxidized sample (CO/CO2
ratio of 4.00 and NO conversion at 350 ◦C of 45%) and lower tem-
perature, longer HNO3 oxidized one (CO/CO2 ratio of 2.18 and NO
conversion at 350 ◦C above 85%) in spite of the fact that they both
present similar total amounts of CO + CO2 evolving groups. In this
way, it is possible to explain that lower temperature, longer HNO3
oxidized sample and higher temperature, shorter H2O2 oxidized
sample present a similar catalyst activity (both above 85% at 350 ◦C)
even though the former has one and a half amount of CO and CO2
evolving groups that the latter.

4. Conclusions

Liquid-phase oxidation by HNO3, H2SO4 and H2O2 was used
for the surface modification of carbon coated monoliths. The par-
tial oxidation with nitric acid introduces functional groups on the
carbon frameworks, which can be further anchoring places for
vanadia. Lower oxidation temperatures and lower oxidation times
are favourable in terms of maintaining the activated carbon coat-
ing structure. However, activated carbon coatings treated with
high oxidation temperatures undergo structure transformation. It
is noteworthy, that all oxidized carbon coatings keep the bimodal
pore size distribution characteristic of the parent activated carbon
coating, but with a decreased pore size.

The liquid oxidation treatments also modify the chemistry
surface. The initial oxygen surface groups present on the acti-
vated carbon coatings and subsequently subjected to oxidation are
responsible for their surface acidity. The surface groups that are
desorbed as CO2 seem to have a somewhat higher influence on
the catalytic activity though all the oxygen surface groups show a
beneficial effect. Shorter time oxidations increase surface acidity
as long as oxidations are carried out with inorganic acids especially
concentrated HNO3. Higher temperature oxidation processes lead
to a higher surface acidity as well, especially when oxidation is
performed with H2O2.

A higher surface acidity enhance NO reduction mainly due to
two facts: (1) vanadia anchoring and fixation is improved by the
presence of acidic groups and (2) NH3 adsorption is also improved
as long as surface acidity increases. However, it is observed that an
excess of acidity can lead to a reduction of catalytic activity because
it does not allow a proper desorption of NH3 or it promotes a higher
fixation of vanadia. On one hand, NH3 reacts from an adsorbed-
phase with the gas-phase NO, so if the adsorption is too strong,
desorption does not properly occur avoiding a high NO conversion.
On the other hand, if vanadia is fixed in higher amount forming
crystallites, the total vanadia area exposed to the catalytic reaction
is reduced and consequently NO reduction is not promoted. The
highest NO reductions were achieved at CO/CO2 ratios around 2.25.
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