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New  silica-based  composites  were  obtained  using  a  slow  precipitation  of  mixed  oxide  Ce1−xZrxO2 on  the
surface  of mesoporous  silica,  SBA-15.  The  samples  were  tested  as NO2 adsorbents  in dynamic  conditions
at  room  temperature.  The  surface  of  the  initial  and  exhausted  materials  was  characterized  using  N2

sorption,  XRD,  TEM,  potentiometric  titration,  and  thermal  analysis  before  and  after  exposure  to  NO2.
In comparison  with  unsupported  Ce1−xZrxO2 mixed  oxides,  a significant  increase  in  the  NO2 adsorption
capacity  was  observed.  This  is due  to the  high  dispersion  of  active  oxide  phase  on the  surface  of  SBA-15.
A  linear  trend  was  found  between  the  NO2 adsorption  capacity  and  the amount  of  Zr(OH)4 added  to the

4+ 3+

mbient conditions
erium
Ox adsorption
BA-15
irconium

structure.  Introduction  of Zr cations  to  ceria  contributes  to  an  increase  in  the  amount  of  Ce ,  which  is
the  active  center  for the  NO2 adsorption,  and  to  an  increase  in  the  density  of  –OH  groups.  These  groups
are  found  to be  involved  in  the  retention  of  both  NO2 and  NO  on the  surface.  After  exposure  to NO2,  an
acidification  of  the  surface  caused  by the  oxidation  of  the cerium  as  well  as  the  formation  of nitrite  and
nitrates  took  place.  The  structure  of  the  composites  appears  not  to be  affected  by  reactive  adsorption
of  NO2.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Air pollution originated from nitrogen oxides (NOx) causes a
reat damage to the environment. NO2 and NO molecules are
yproducts of industrial manufacturing processes, mobile exhaust,
ossil fuel combustion and power generating sources. They con-
ribute to the formation of photochemical smog and acid rain.
herefore, due to a constant increase of energy consumption the
emoval of nitrogen oxides has become an important target in envi-
onmental catalysis. Additionally, efficient adsorbents, being able
o retain large quantity of NOx at ambient conditions, are in need
or modern respirator cartridges and air filters.

Selective catalytic reduction by hydrocarbons (SCR) [1–3] and
Ox storage and reduction catalysis (NSR) [4,5] are among the
ost studied methods causing a decrease of nitrogen oxide con-

entrations in air. Even though these methods use very promising
erium-based catalysts, they still suffer from limitations such as
elease of unreacted ammonia and hydrocarbons and the require-

ent of high temperatures [6]. The redox cycle between Ce4+

nd Ce3+ appears to be an important parameter governing the
dsorption of NOx in a fixed bed [7–9]. The reduction of Ce4+ cation

∗ Corresponding author. Tel.: +1 212 650 6017; fax: +1 212 650 6107.
E-mail address: tbandosz@ccny.cuny.edu (T.J. Bandosz).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.09.087
is associated with the formation of oxygen vacancies located right
next to the Ce3+ cation. These oxygen vacancies were found to be
highly reactive with NO2, leading to the formation of nitrite and
nitrate species by electron transfer reaction [7,8]. Knowing the
importance of this system, the control of the Ce3+/Ce4+ ratio may
lead to a higher reactivity of ceria-based materials towards the
NOx separation process. It is known that the reducibility of Ce4+

into Ce3+ can be enhanced by addition of Zr4+ cation as a doping
agent [10–13].  Several studies indicate that the energy required to
achieve the reduction of Ce3+ into Ce4+ is decreased by increasing
the content of Zr in Ce1−xZrxO2 mixed oxides. [10,11].  The addition
of Zr4+ to the ceria structure, not only influences the redox cycle
Ce3+/Ce4+, but also increases the stability, the oxygen storage capac-
ity as well as the catalytic activity of the ceria at lower temperatures
[14–16].

Since the beginning of the 90s the synthesis of silica mesostruc-
tured materials [17] has been extensively studied. Due to the wide
range of pore size (ranging from 2 to 50 nm)  these structures
overcome the diffusion limitations of microporous solids such as
zeolites. Therefore these silica-based materials, including MCM-
41 and SBA-15, with high surface areas and tunable pore sizes

are excellent candidates for modifications by the introduction of
organic groups [18,19], metals [20–22] or oxides [23–25].  The
thick wall of the SBA-15, in comparison with MCM-41, makes this
structure more thermally and hydrothermally stable which is an

dx.doi.org/10.1016/j.jhazmat.2011.09.087
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:tbandosz@ccny.cuny.edu
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to remove the adsorbed moisture and then heated up to 1000 ◦C,
with a heating rate 10 ◦C/min under a nitrogen flow of 100 mL/min.
B. Levasseur et al. / Journal of Haz

mportant feature when this material is used as a catalyst support
26]. Even though the main applications of silica are in separation
cience and catalysis, the literature regarding its application for
O2 adsorption is rather scarce to our best knowledge. In some
ases the SBA-15 composite is reported as a NO2 sensor when used
s a support to disperse WO3 [27] or as a template to prepare meso-
orous ZnO [28].

Considering the above, as well as our promising results on NO2
dsorption at room temperature on Ce1−xZrxO2 mixed oxides [29],
he aim of this study is to take advantage of the large surface area
nd pore volume of SBA-15 and use this material as a support for
n active mixed oxide phase. The synthesized composite materials
re tested for NO2 adsorption at room temperature and extensively
haracterized in order to derive a mechanism and to identify the
urface feature important for the retention process at ambient con-
itions.

. Experimental

.1. Materials

SBA-15 mesoporous silica was synthesized following the
rocedure introduced in Ref. [30]. 2.0 g of poly(ethylene glycol)-
lock-poly(propylene glycol)-block-poly(ethylene glycol) (also
nown as P123) was dissolved in 60 mL  of 2.0 M HCl at room tem-
erature and 8.8 g of KCl was added to the solution. Then 4.2 g
f tetraethyl orthosilicate (TEOS) was added under vigorous stir-
ing. The final reactant molar composition was  0.02 P123/6 KCl/6
Cl/166 H2O/1 TEOS. After stirring at room temperature for a day,

he mixture was transferred into an autoclave and heated at 100 ◦C
or 24 h. The product was, then, collected by filtration and washed
ith both ethanol and water (to remove unreacted P123 and KCl)

nd dried. The as-made powder was calcined at 550 ◦C for 6 h to
emove the organic template.

Appropriate amounts of cerium and zirconium chlorides
0.05 M)  were slowly added drop by drop with a rate of 0.6 mL/min
o a suspension consisting of a mixture of NaOH (0.05 M)  and 0.7 g
f SBA-15. It was done to precipitate Ce1−xZrxO2 with x = 0, 20, 40,
0, 80 and 100 on the surface of SBA-15. The loading of mixed
xides on silica surface was 25 wt.%. Single cerium oxide or zir-
onium hydroxide was also precipitated on the surface of SBA-15
sing cerium or zirconium chloride (0.05 M).

After completion of the precipitation process the product was
ollected by filtration and washed with water to remove Cl− ions
nd dried. The powder was used in a breakthrough test without any
eat treatment. These materials are referred to as Si–CZx with x = 0,
0, 40, 60, 80 and 100, where Si–CZ0 and Si–CZ100 refers respec-
ively to pure ceria and to pure zirconium hydroxide both dispersed
n SBA-15. The numbers correspond to the molar percentage of
r(OH)4 in the CeO2 structure.

.2. Methods

.2.1. NO2 breakthrough capacity
The NO2 breakthrough capacities were measured in a

aboratory-scale, fixed-bed reactor system, at room temperature
nd in dynamic conditions. In a typical test, 1000 ppm NO2 in nitro-

en went through a fixed bed of an adsorbent with a total inlet
ow rate of 225 mL/min. The adsorbent was packed into a glass
olumn (length 370 mm,  internal diameter 9 mm). About 2 cm3

f glass beads well mixed with adsorbent are required to obtain
 homogeneous bed and to avoid pressure drop. The concentra-
ions of NO2 and NO in the outlet gas were measured using an
s Materials 197 (2011) 294– 303 295

electrochemical sensor (RAE Systems, MultiRAE Plus PGM-50/5P)1.
The adsorption capacity of each adsorbent was calculated in mg/g of
adsorbent by integration of the area above the breakthrough curve.
The tests were conducted until the concentrations of NO2 and NO
reached the electrochemical sensors’ upper limit values of 20 ppm
and 200 ppm, respectively. After the breakthrough tests, all samples
were exposed to a flow of carrier air (180 mL/min) to desorb weakly
adsorbed NOx and thus to evaluate the strength of NO2 retention.
The suffix – ED is added to the names of the samples after exposure
to NO2.

2.2.2. Surface pH
The samples were first dried and then 0.4 g was added to 20 mL

of distilled water and stirred overnight. The pH of the suspension
was  then measured.

2.2.3. XRD
Low angle and high angle X-ray diffraction patterns (PXRD) were

respectively obtained on a Rigaku Ultima III powder diffractometer
and a Philips X’Pert X-ray diffractometer using CuK� radiation with
a routine power of 1600 W (40 kV, 40 mA).

2.2.4. TEM
Transmission electron microscopy (TEM) was performed on a

Zeiss EM 902 instrument. The microscope has a line resolution of
0.34 nm and a point resolution of 0.5 nm and operates in normal
diffraction, and low dose modes at 50 or 80 kV. Analyses were per-
formed on dry films obtained after the samples were re-suspended
in ethanol.

2.2.5. Adsorption of nitrogen
Nitrogen isotherms were measured at −196 ◦C using an ASAP

2010 or ASAP 2050 (Micromeritics). Prior to each measurement,
initial and exhausted samples were outgassed at 120 ◦C. The sur-
face area, SBET, the total pore volume, Vt, the micropore volume, Vmic
(Dubinin–Radushkevitch method [31]), and the mesopore volume,
Vmes, were obtained from the isotherms. Pore size distributions
were calculated using density functional theory [32].

2.2.6. Potentiometric titration
Potentiometric titration measurements were performed with

a DMS  Titrino 716 automatic titrator (Metrohm). The instrument
was  set at the mode when the equilibrium pH was  collected. Sub-
samples of the materials studied of about 0.100 g in 50 mL  0.01 M
NaNO3 were placed in a container thermostatted at 298 K and equi-
librated overnight with the electrolyte solution. To eliminate the
influence of atmospheric CO2, the suspension was  continuously
saturated with N2. The suspension was stirred throughout the mea-
surements. Volumetric standard NaOH (0.1 M)  was used as the
titrant. The experiments were done in the pH range of 3–10. Each
sample was  titrated with base after acidifying the sample suspen-
sion. The experimental data was transformed into a proton binding
curves, Q, representing the total amount of protonated sites [33].

2.2.7. Thermal analysis
Thermogravimetric (TG) curves and their derivatives (DTG)

were obtained using a TA Instruments thermal analyzer. The sam-
ples (initial and exhausted) were previously dried in oven at 100 ◦C
1 Certain trade names and company products are mentioned in this paper to ade-
quately specify the experimental procedure and equipment used. In no case does
this imply recommendation or endorsement by NIST, nor does it imply that the
products are necessarily the best available for this purpose.



296 B. Levasseur et al. / Journal of Hazardous Materials 197 (2011) 294– 303

Table  1
NO2 breakthrough capacities and pH values before and after the exposure to NO2

for the SBA-15 and the composites.

Samples pH ini NO2 capacity
[mg/g]

NO released[%] pH fin

SBA-15 6.87 21 12 6.52
Si–CZ0 6.15 37 15 5.77
Si–CZ20 6.25 127 8 4.72
Si–CZ40 7.58 194 7 4.99
Si–CZ60 7.70 240 7 4.83

3

C
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a
m
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1
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Si–CZ80 8.18 318 6 4.63
Si–CZ100 8.28 54 14 7.85

. Results and discussion

The NO2 breakthrough curves on single and mixed oxide,
e1−xZrxO2, dispersed on SBA-15 mesoporous silica are shown on
ig. 1. The curves measured on SBA-15 and the single oxides Si–CZ0
nd Si–CZ100 appear to be steeper than the ones obtained for the
ixed oxides, suggesting a difference in the adsorption mechanism.

egardless, the composition of the mixed oxides dispersed on SBA-
5, their retention times are always higher than for the single oxides
nd SBA-15. The NO2 retention time on Si–CZ materials (exclud-
ng CZ0 and CZ100) increases with an increase in the amount of
r(OH)4 in the structure. This suggests an important role of Zr4+
ations and/or –OH groups in NO2 adsorption [10,11,29].
The NO2 breakthrough capacities of each material were

alculated and they are collected in Table 1. They range

ig. 1. NO2 breakthrough curves (A) and NO concentration curves (B) on SBA-15
nd Ce1−xZrxO2 in SBA-15 materials.
Fig. 2. Correlation between the NO2 adsorption capacity and the content of Zr(OH)4.

between 21 mgNO2
/g on SBA-15 and 318 mgNO2

/g on Si–CZ80.
The measured over 30 wt.% of NO2 adsorbed at room tem-
perature on the latter materials is much higher that those
reported so far on modified activated carbons [34–37].  A
following increasing order in capacities is observed: SBA-
15 < Si–CZ0 < Si–CZ100 < Si–CZ20 < Si–CZ40 < Si–CZ60 < Si–CZ80.
Fig. 2 shows the linear dependence between the NO2 adsorption
capacity and the amount of Zr(OH)4 present on SBA-15. Interest-
ingly, the capacity of Si–CZ0 follows the trend but that of Si–CZ100
does not. This suggests that even though cerium alone provides
important adsorption sites for NO2, an increase in the Zr(OH)4
content leads to an enhancement in the cerium reactivity. Knowing
that the Ce3+ is the reactive species in NO2 adsorption process [29],
we link the observed increase in the capacity to the reduction of
Ce4+ into Ce3+, which is more pronounced with an increase of the
content in Zr4+ cations according to the Eq. (1).  An addition of Zr4+

to the CeO2 structure is known to promote the Ce4+/Ce3+ redox
cycle [11].

CeO2 + Zr4+ → Ce1−yZryO2 → Ce1−yZryO2−x + 1/2xO2(g) (1)
Fig. 3 shows the comparison of the NO2 adsorption capacities
obtained on the Ce1−yZryO2 materials alone and dispersed on meso-
porous silica. The former results were reported and discussed in

Fig. 3. Comparison of NO2 adsorption capacity of CZ mixed oxides [29] and Si–CZ
composites.



B. Levasseur et al. / Journal of Hazardou

F
e

R
i
T
s
s
t
m

r
m
b
a
t
o
o
O
8
v
a
i
z
a
[
i

b
s
a

(4+)
ig. 4. Small angle X-Ray diffraction patterns of Si–CZ composites before and after
xposure to NO2.

ef. [29]. It is clear that the deposition of mixed oxides on SBA-15
ncreases up to more than 10 times the amount of NO2 adsorbed.
he positive effect is also observed for the single oxides. A plau-
ible reason for this increase is a high dispersion of oxides on the
urface and thus in n accessibility of the reactive sites. To support
his hypothesis the porous structure and surface chemistry of our

aterials have to be investigated in detail.
Another important aspect of the NO2 removal process is the

etention of NO potentially formed in surface reactions [29]. The
easured concentration profiles of NO detected during the NO2

reakthrough tests are presented in Fig. 1. The calculated percent-
ge of NO released during the experiments is listed in Table 1. As for
he NO2 breakthrough curves, a poor retention of NO was observed
n SBA-15 and on the single oxides. The released NO reached 12%
n SBA-15 and 14% and 15% on Si–CZ0 and Si–CZ100, respectively.
n the other hand on the mixed oxide composites only between
% and 6% of adsorbed NO2 was released as NO. These amounts are
ery small compared to those measured on other adsorbents such
s activated carbons [38] or MOFs [39]. Moreover, a linear decrease
s found between the percentage NO released and an increase in the
irconium content and thus in the amount of –OH groups associ-
ted with zirconium hydroxide [40]. Thus, as observed previously
29], Ce3+ cations and/or –OH groups of our materials are involved
n the NO retention mechanism.
XRD patterns measured at small angles for selected materials
efore and after exposure to NO2 are shown in Fig. 4. Before expo-
ure to NO2, the SBA-15 shows well-resolved diffraction peaks
scribed to the (1 0 0), (1 1 0) and (2 0 0) reflections. These peaks
s Materials 197 (2011) 294– 303 297

suggest a p6mm symmetry characteristic of a 2D-hexagonal net-
work of pores [30]. After co-precipitation of mixed oxides the
intensity of these peaks decreased, which indicates a modification
in the structure order. The precipitation of mixed oxides takes place
in the silica pores. This is supported by an observed shift in the
position of these peaks indicating a change in the average pores
size. This decrease in the degree of order is most pronounced for
Si–CZ100 and Si–CZ80. They are expected to have the highest den-
sity of –OH groups originating from zirconium hydroxide. A slight
dissolution of the silica in NaOH during the precipitation of cerium
and zirconium could also contribute to the observed change in the
materials’ order. Interestingly, after NO2 exposure a decrease in
the intensity of the diffraction peaks is only found for SBA-15 ED.
By contrast, on the single and mixed oxides dispersed on SBA-15
those peaks are more defined. The peaks representing the reflec-
tions (1 1 0) and (2 0 0) can even be distinguished for Si–CZ0 ED
and Si–CZ40 ED. The results suggest that the SBA-15 structure of
the composites is affected by the reactive adsorption of NO2. On
Si–CZ80 ED even an increase in the intensity of the main diffraction
peak can be observed.

These changes in the structure of the materials are also visible on
TEM images shown in Fig. 5. The highly ordered SBA-15 structure is
seen in Fig. 5A whereas Si–CZ20 exhibits a slightly disordered pores
network (Fig. 5B). Changes seen on the images of SBA-15 ED suggest
that the adsorption of NO2 on the mesoporous silica is a reactive
process and lead to a small disorganization of the 2D-hexagonal
network (Fig. 5C). Moreover, in the case of Si–CZ20 exposed to NO2,
the edge of the particles appears to be more organized than on the
same materials just after precipitation and before the exposure to
NO2 (Fig. 5D vs. Fig. 5B).

XRD patterns recorded at higher angles (Fig. 6), in the range of
2� between 5◦ and 70◦, confirm that the single and mixed oxides
are precipitated inside the porous network. No diffraction peaks
attributed to cerium oxides can be distinguished for Si–CZ0 or
Si–CZ40. It has to be taken into account that zirconium hydroxide is
an amorphous structure [40] and consequently no specific diffrac-
tion peaks are found for Si–CZ80 and Si–CZ100. After exposure to
NO2, the specific diffraction peaks of cerium oxide are now visible
on Si–CZ0 and Si–CZ20 indicating that ceria is partially separated
from the silica matrix. Thus the destruction of the mesoporous sil-
ica during the NO2 adsorption process takes place. In the case of
Si–CZ100 and Si–CZ80 no real differences are noticed due to the
amorphous nature of the zirconium hydroxide.

The parameters of the porous structure were calculated from
nitrogen adsorption isotherms (Figs. 7 and 8). The isotherms
obtained on the fresh materials show a large hysteresis, espe-
cially for SBA-15, which is typical of mesoporous materials (type IV
isotherms). However a flattening of the hysteresis is observed after
the precipitation procedure (on single and mixed oxides compos-
ites) and after exposure to NO2, indicating a change in the volume
of the pores. Indeed, a decrease of about 20% in the volume of pores
is found after precipitation of the oxides in the SBA-15 structure
on each material. It is interesting that the volume of micropores
remains stable after precipitation. Regarding the changes in the
specific surface area, two  different trends are visible. On one hand,
single oxides show a decrease from 422 m2/g on SBA-15 to 357 m2/g
and 401 m2/g on Si–CZ0 and Si–CZ100, respectively is observed
(Table 2). On the other hand, for mixed oxides and SBA-15 compos-
ites, the specific surface area was  found to be about 6% higher than
that of SBA-15. The higher specific surface areas of mixed oxides
in comparison with singles oxides have already been noticed in
our previous work [29]. It was  linked to the change in the struc-

ture from cubic to tetragonal due to the insertion of Zr cation in
the fluorite structure of ceria [29]. SBA 15 and Si–CZ0 show almost
homogeneous pore structures with predominant pore sizes of 100 Å
and 96 Å, respectively. On the other hand, the bimodal distributions
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Table  2
The parameters of porous structure before and after exposure to NO2 for the SBA-15 and the composites.

Sample SBET[m2/g] Vmic[cm3/g] Vtot[cm3/g] Vmic/Vtot[%] Dp[Å]

SBA-15 422 0.158 1.057 15 100
SBA-15 ED 352 0.137 0.673 20 76
Si–CZ0  357 0.158 0.661 24 96
Si–CZ0  ED 298 0.106 0.633 17 95
Si–CZ20 453 0.167 0.884 19 78
Si–CZ20 ED 372 0.147 0.773 19 81
Si–CZ40 443 0.159 0.759 21 69
Si–CZ40 ED 396 0.143 0.722 20 70
Si–CZ60 439 0.160 0.757 21 69
Si–CZ60 ED 379 0.136 0.711 19 76
Si–CZ80 458 0.168 0.799 21 69

a
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Si–CZ80 ED 357 0.134 

Si–CZ100 401 0.162 

Si–CZ100 ED 385 0.147 

re found for other composites with maxima at 100 Å and 70 Å. An
ncrease in Zr(OH)4 content leads to the formation of the pores with
izes of about 70 Å. We  link that decrease in the size of the pores
o an increase in the number of the –OH groups existing inside the
ores as a consequence of incorporation of zirconium hydroxide to
he structure of ceria.

After exposure to NO2, a decrease in the specific surface area and
olume of pores is found for each material. Moreover, the structure
f the SBA-15 ED is strongly modified since a double hysteresis is
isible on the isotherm and consequently a bimodal pore size dis-
ribution is revealed (Figs. 7 and 8). These strong modifications of
he structure lead to a 17% decrease in the specific surface area and
bout 37% decrease in the volume of pores. Such difference after

dsorption of NO2 suggests that silanol groups are the active centers
or NO2 retention. On the composite materials the pore size distri-
utions changed only slightly after NO2 adsorption. Even though
he biggest change in the porosity was found for Si–CZ80 (22%

Fig. 5. TEM images of SBA-15 (A), Si–CZ20 (
0.683 20 76
0.884 18 80
0.790 19 79

decrease in SBET and 15% decrease in the volume of pores), which
is also the best NO2 adsorbent, no clear trend can be established
between the loss of porosity and the NO2 adsorption capacity.
These slight changes in the specific surface area and volume of
pores observed on composites are consistent with the results of
the XRD analysis after exposure to NO2, where CeO2 diffraction
peaks were revealed, suggesting a decrease of the crystallinity of
the mesoporous structure.

The changes in porosity discussed above cannot fully explain
the reactivity of our materials towards NO2. To further analyze the
mechanism of reactive NO2 adsorption the surface chemistry has
to be investigated. Proton binding curves for each material before
and after exposure to NO2 are shown in Fig. 9. Since the positive

Q represents a proton uptake (basic surface) and negative proton
release (acidic surface) the changes observed clearly indicate that
the surface became much more acidic after exposure to NO2. This
acidification of the materials is, in addition, in agreement with the

B), SBA-15 ED (C) and Si–CZ20 ED (D).
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Fig. 6. X-Ray diffraction patterns of Si–CZ composites before (black) and after (grey)
exposure to NO2.

Fig. 7. Nitrogen adsorption isotherms on SBA-15 and Si–CZ composites before
(black) and after (grey) exposure to NO2.
Fig. 8. Pore size distribution of SBA-15 and Si–CZ composites before (solid) and after
(dotted) exposure to NO2.

pH values measured before and after adsorption tests collected in
Table 1. A shift to lower pH is also noticed for pH of zero charge
(Q = 0 mmol/g) for each material after adsorption of NO2. Oxidation
of the surface is usually related with an acidification of the adsor-
bent [41,42] and it was  already observed on ceria–zirconia mixed
oxides [29]. This suggests that the reduced cerium in the structure,
due to the insertion of Zr(4+) cations (Eq. (1)), is oxidized during the
exposure to NO2. Moreover the acidification is apparently corre-
lated with the NO2 adsorption capacity since the bigger change in
the acidity of the surface is found on Si–CZ80 and Si–CZ60, which
are the two best adsorbents. The pHpzc of those materials is 8.7 and
7.9, respectively and it decreases to about 4.5 for both composites
after exposure to NO2. On the other hand, on single oxide/hydroxide
composites and on SBA-15 alone whose NO2 adsorption capaci-
ties are smaller, the shift of pHpzc after exposure to NO2 is much
smaller (about 1–1.5 pH unit). Finally, it is interesting to note some
changes in the surface chemistry of SBA-15 alone indicating that
the NO2 adsorbed during the test is not only retained via a physical
adsorption mechanism. As suggested above, the silanol groups may
be involved in the retention of NO2 since the surface of SBA-15 ED
became acidified/oxidized.

pKa distributions of oxygen containing groups present on the
surface of the materials studied are shown in Fig. 10.  For SBA-15,
four peaks are found pKa at about 6.5, 7.8, 9 and 10.5. The first pKa is
attributed to the deprotonation of Si–OH [43] whereas the peaks at

pKa 7.8 and 9 are respectively ascribed to the first step of deproto-
nation of Si(–OH)3 [44] and Si(–OH)2 [45]. Regarding the last peak
at pKa 10.5, it is believed that it is composed by the contribution
of the second and the third step of deprotonation of Si(–OH)3 and
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Fig. 10. pK distribution of SBA-15 and Si–CZ composites before and after exposure

ig. 9. Proton binding curves of Si–CZ composites before and after exposure to NO2.

i(–OH)2 as well as the deprotonation of Si(OH)4 species [44]. In the
ase of Si–CZ100 even though the same peaks are found at similar
Ka, at the species with pKa about 9 and 10.5 may  also correspond to
erminal weakly acidic Zr–OH groups [46]. On the surface of Si–CZ0,
esides the peaks representing acidic groups of silica a small peak
round 6.5 appears. It is assigned to the pKa of Ce4+ cation [29,47].
or the mixed oxide composites, a new peak at pKa close to 7 also
epresents Ce4+ [29]. Its similar pKa to the one measured on Si–CZ0
nd the absence of this peak on SBA-15 and Si–CZ100 support this
ssignment. Moreover, an increase in the intensity of this peak with
n increase in cerium content in the composites is found.

After exposure to NO2, the intensity of the peaks at pKa higher
han 9 decreased, suggesting that the weakly acidic –OH groups
re consumed during the reactive adsorption of NO2. On the other
and, an increase in the intensity of the peak around 7, assigned
o the Ce4+ cations, is revealed on the mixed oxides and Si–CZ0. In
ddition, this species does not appear with SBA-15 or Si–CZ100 con-
rming its cerium origin. This is more evidence that Ce3+ cations,
hich are susceptible to oxidation, are the active species in the

eactive adsorption of NO2. One has to remember that even though
itrates and/or nitrites can be formed, the experimental window
f the pH between 3.5 and 11.5 for the potentiometric titration
ethod excludes their identification since their pKa are respec-

ively –1.37 and 3.37 [48].
The surface chemistry was also investigated by thermal analysis
here the decomposition/desorption of potential product of the
eactive NO2 adsorption is analyzed. Weight loss derivative curves
or the initial and exhausted samples are collected in Fig. 11.  The
eaks at about 100 ◦C observed on the DTG curves before or after
a

to NO2.

exposure to NO2 are ascribed to the removal of moisture. For SBA-
15 and Si–CZ0 the curves are featureless whereas for Si–CZ100 a
peak at about 160 ◦C related to the dehydroxylation of terminal
OH groups of zirconium hydroxide is revealed [46,49]. This peak
is also visible on DTG curves for the mixed oxides composites. The
intensity of this peak increases with the increase in the content of
Zr(OH)4.

After exposure to NO2, two  new broad peaks are revealed on the
DTG curves for mixed oxides. The peak, which appears below 300 ◦C
is assigned to the decomposition of nitrite species formed during
the exposure to NO2 [50,51]. The peak over 300 ◦C is linked to the
decomposition of nitrate species also formed during the reactive
adsorption [50,51]. Considering that the surface chemistry of our
materials differs, some differences in the temperatures of decom-
position of nitrites and nitrates are expected. It is interesting that
nitrites and nitrates formed on the materials with the highest con-
tent in Zr(OH)4 (Si–CZ100 and Si–CZ80) appear to be more stable
(higher temperature of decomposition) than those on the other
materials. Moreover, it seems that the amount of nitrates decom-
posed (signal higher than 300 ◦C) increases for the materials rich in
zirconia suggesting that nitrates are preferentially formed on zir-
conia. On SBA-15 and Si–CZ0 the intensity of the peaks is much
smaller. That intensity seems also to be independent of the NO2
adsorption capacity. The analysis of the weight loss indicates that

the decomposition of nitrite and nitrate species represents only
about 22–30% of the NO2 adsorption capacity regardless the com-
posite used. This suggests that reduction of a part of NO2 into N2O
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r N2 should not be ruled out. Unfortunately, we are not able to
etect them in our system.

In the case of mixed oxides it is, however, difficult to discuss
he potential reactivity of the –OH groups, as it was  suggested
lsewhere [29], since after exposure to NO2, the peaks ascribed to
he dehydration process and the signals due to the decomposition
f nitrite species are sometimes overlapped. Nevertheless, since
he consumption of –OH is clearly visible in the case of Si–CZ100
t suggests that –OH groups are involved in the NO2 adsorption

echanism.
FTIR (not shown here) analysis has been carried out to con-

rm the formation of nitrite and nitrates. Unfortunately, the
haracteristic vibrations of nitrate and nitrites species reported
n ceria–zirconia mixed oxides at about 1040–1070 cm−1 and
350 cm−1 [50] and expected on the composites, are apparently
verlapped by a broad peak due to the vibration of Si–O–Si bonds
t 1070 cm−1 and 1300 cm−1 [52].

Based on the characterization of the materials before and after
xposure to NO2, a mechanism of reactive adsorption is suggested,
n order to elucidate the impacts of structural and chemical parame-
ers on the NO2 retention process at ambient temperature. Since the
resence of Ce3+ cations, caused by the insertion of Zr4+, leads to a
trong enhancement of the NO2 adsorption capacity this cations are
onsidered as the main centers taking part in NO2 reactive adsorp-
ion. This is also related to the high reactivity of oxygen vacancies,
ssociated with the reduced cerium. The higher NO2 adsorption
apacities were, indeed, found on composites, which have more
xygen vacancies than pure ceria or zirconium hydroxide [11]. It is
elieved that an electron transfer reaction occurs between NO2 and
xygen vacancies to form nitrite species (observed by TA analysis)
s well as the re-oxidation of cerium as demonstrated by Eq. (2)
51,53].

O–Ce3+ + NO2(g) → Ce4+ ONO− (2)

e4+ ONO− + NO2(g) → Ce4+–NO3
− + NO(g) (3)

here VO represents an oxygen vacancy.
The oxidation of the surface after exposure to NO2 was evi-

enced by potentiometric titration (Figs. 9 and 10)  and the decrease
n the pH of the materials (Table 1). Following the Eq. (2),  the nitrite
pecies formed may  be oxidized into nitrates by NO2 according the
q. (3).  However, the higher temperature required for the decom-
osition of nitrite and nitrate species observed on mixed oxides
icher in Zr(OH)4 during thermal analysis (Fig. 11)  have to be taken
nto account in our discussion. Therefore the formation of bridging
itrate cannot be ruled out as described by Eq. (4).

here VO represents an oxygen vacancy.
The formation of such bridging nitrate species, which are known

o be more stable in comparison with monodentate nitrates species
ormed according to Eqs. (2) and (3) [54], was identified based on

TIR data obtained on the Ce1−xZrxO2 samples exposed to NO2 [29].

The reactivity of –OH groups towards NO2 and NO at ambi-
nt temperature has also to be taken into consideration since a
onsumption of these groups was revealed on pKa distributions.
(4)

Fig. 11. Thermal analysis of DTG curves of SBA-15 Si–CZ composites before (solid)
and after (dotted) exposure to NO2.

Moreover, as shown in Fig. 1 and Table 1, the retention of NO
increases with an increase in the density in hydroxyl groups orig-
inating from Zr(OH)4. Thus two  reactions are suggested involving
–OH and NOx [29]:

2Ce4+–OH + NO2 → Ce4+–NO3
− + Ce3+–VO + H2O (5)

2Ce4+–OH + NO → Ce4+–NO2
− + Ce3+–VO + H2O (6)

where VO represents an oxygen vacancy.

NO2 or NO is expected to react with –OH leading to the formation
of respectively nitrites or nitrates as well as to the reduction of ceria
[55]. However, this kind of reactions is believed to occur also on
terminal Zr–OH and silanol since some changes in proton binding

curves and pKa distributions were observed on SBA-15 alone and
Si–CZ100. The reactivity of silanol groups is, in addition, in agree-
ment with the change in the pore size distribution of the SBA-15
after exposure to NO2. Thus the higher NO2 adsorption capacities
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easured on the composites materials are explained by the higher
ensity in both oxygen vacancies, associated with Ce3+ cations and

n –OH groups due to the insertion of Zr4+ cations in the fluorite
tructure of CeO2.

. Conclusions

The mixed oxides Ce1−yZryO2−x were successfully dispersed on
he surface of mesoporous silica SBA-15. The new composite mate-
ials have a mesoporous structure with a 2D-hexagonal network
f pores, in spite of a slight disorganization of this network due to
he utilization of NaOH as precipitating agent. The decrease in the
ize of the pores clearly indicates that the mixed oxides are formed
nside of them. This high dispersion is responsible for an enhance-

ent in the NO2 adsorption capacity of the composite materials in
omparison with the capacities measured on mixed oxides syn-
hesized without a mesoporous support. It is proposed that the
eduction of Ce4+ into Ce3+ due to the insertion of Zr4+ in ceria
uorite structure is a major factor enhancing NO2 adsorption at
mbient conditions. Ce3+ cation is considered as the active adsorp-
ion sites of NO2 and it contributes, by electron transfer reaction,
o the formation of nitrite and nitrates species on the materials.
nother important centers enhancing the retention of NOx are also
OH groups, which take part in the oxidation process. Thus any

ncrease in the amount of Ce3+ in the structure by addition of
r(OH)4 is associated with an increase in the density of –OH. High
ispersion of these adsorption centers in the pore system intensifies
heir contact with the adsorbate and thus enhances the adsorption
apacity. After exposure to NO2 the structure remains quite stable
ince only a decrease of around 15% in the volume of pores was
easured on Si–CZ80 after exposure to NO2.
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