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Abstract

Decomposition of gaseous CCl3F over in-house-prepared V2O3 (HP-V2O3), commercial V2O3, VO2, V2O5, a mechanical mixture o
the HP-V2O3/Aerogel-prepared MgO (AP-MgO), and [MgVxOy ]MgO shell/core-like particles at 280◦C has been investigated with FTI
spectroscopy. The reaction of CCl3F with the HP-V2O3 proceeds vigorously. Intermediate compounds including CCl4, CCl2F2, CCl2O,
and final gaseous products CClF3, CO2 were detected. No chloride/fluoride was found on the sample surface, suggesting the form
volatile vanadium–halogen products as well. Vanadium–chloride product wasfound to react with the surface of the bare AP-MgO lead
to deposition of vanadium–chloride species. Activities of VO2 and V2O3 were found to be qualitatively similar to the HP-V2O3. The
reaction of CCl3F with V2O5 proceeds much slower, with only CCl2O and CO2 gaseous products observed. Activation of the AP-MgO w
vanadium-containing species leads to formation of [MgVxOy ]MgO shell/core-like particles. The MgO crystalline phase was the only
detected in the [MgVxOy ]MgO samples. In the reaction with CCl3F, the [MgVxOy ]MgO samples retain some properties characteristic
the bare AP-MgO (presence of an induction period for V/Mg = 1 mol%, lower activity toward CCl4 than toward CCl2F2 for V/Mg = 1,
10 mol%), and some properties characteristic for the HP-V2O3/AP-MgO mechanical mixture (accumulation of chlorine but no fluorine
the [MgVxOy ]MgO, V/Mg = 10 mol% sample surface).
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

About a decade ago alkaline-earth metal oxides w
found to be active in numerous destructive adsorp
processes including but not limited to detoxification
chlorine- [1–5] and phosphorous- [6,7] containing orga
compounds as well as flue [8] gases. The properties of t
oxides have been thoroughly studied [9–13] and the ad
tages of their nanoparticulate form have been well do
mented.

Recently, nanoparticulate Aerogel-prepared MgO (A
MgO) was found to be active [14,15] in the destruction
ozone-damaging [16,17] CCl2F2 and CCl3F gases. Interes
ingly, these reactions begin very slowly but drastically accel
erate over time. Accumulation of halogens on the AP-MgO
surface followed by formation of a MgOxClyFz intimate
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0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
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mixture was suggested to be the reason for the reactio
celeration.

The positive catalytic influence of transition metal ox
additives on AP-MgO performance with respect to CCl3F
destructive adsorption could be expected from earlier s
ies. Indeed, coverage of alkaline-earth particles with a s
of transition metal oxides considerably improved AP-M
and CaO sorption abilities [1,9]. In the case of CCl4 destruc-
tion over AP-MgO, the effectiveness for reaction promot
increased in the following order [1]:

Sc< none< Cr < Ni < Cu< Ti < Zn < Fe< Co

< Mn < V.

In this regard investigation of the interaction of vanadiu
activated AP-MgO with CCl3F could be of particular interes
for a number of reasons. First, among all transition me
tested, the vanadium additive allowed the highest activit
be achieved. Second, upon the reaction of the vanadium
ditive with CCl3F, formation of relatively mobile and cons
quently more easily detected vanadium halogen-contai

http://www.elsevier.com/locate/jcat
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species can be expected. Third, a difference in the chem
of chlorine- and fluorine-containing compounds could be
plored, which may help in elucidating a reaction mechanism
Having this in mind, studies of the reactivity of vanadiu
oxides and vanadium-activated AP-MgO shell/core-like p
ticles toward trichlorofluoromethane decomposition w
carried out herein and compared with activity of the b
AP-MgO.

2. Experimental

2.1. Reagents and materials

CCl3F, CF2Cl2 of “pure” grade, CCl4, V2O3, VO2,
V2O5, [(CH3)2CHO]3VO, and CO2 (Aldrich), toluene, and
methanol (Fisher) were used as received.

2.1.1. AP-MgO preparation
Preparation of Aerogel-prepared MgO (AP-MgO) ha

been described earlier [9]. In short this includes format
of Mg(OCH3)2 via reaction of Mg with CH3OH, dilution of
Mg(OCH3)2 with toluene, formation of Mg(OH)2 with wa-
ter addition, supercritical drying of Mg(OH)2 suspension
and conversion of Mg(OH)2 into AP-MgO via heat treat
ment under dynamic vacuum at 500◦C overnight.

2.1.2. In-house-prepared vanadium oxide (HP-V2O3)
preparation procedure

Initially two mixtures were prepared. The first one w
obtained via addition of 1.1 mL of water to 20 mL of tolue
kept under continuous ultrasound sonication (Fisher
entific). The second one was obtained via dissolution
4.72 mL of [(CH3)2CHO]3VO into 20 mL of toluene. Abou
30 min after sonication was started the second mixture
slowly added to the first one. The resultant suspension
kept under continuous sonication for 60 min in an op
beaker. Later the toluene was removed under dynamic
uum (10−2 Torr) at room temperature overnight followed
high-temperature vacuum treatment at 300◦C for 30 min and
at 500◦C for 1 h.

2.1.3. Mechanical HP-V2O3/AP-MgO mixture preparation
Preliminary estimated quantities of the HP-V2O3 and

the AP-MgO were carefully mixed to produce a compo
tion with a ratio of V to Mg moles equal to 0.1 (V/Mg =
10 mol%).

2.1.4. [MgVxOy]MgO shell/core-like particles preparation
procedure

Initially two mixtures were prepared. The first mixtu
was made by addition of 0.2 g of AP-MgO to 5 mL
toluene kept under continuous ultrasound sonication.
second one contained 12 or 118 µL of [(CH3)2CHO]3VO
dissolved in 5 mL of toluene. The next steps were simila
those used for HP-V2O3 preparation. With 12 or 118 µL th
samples contained on average V/Mg = 1 or 10% by molar
percentage. Though no water was added, the amount of2O
and OH groups held on the AP-MgO surface was suffic
to provide complete [(CH3)2CHO]3VO hydrolysis.

2.2. Sample characterization

A scanning electron microscope (SEM, Hitachi Scienc
System) was used for obtaining sample images and d
mination of their elemental composition. The samples w
pressed into a tungsten mesh and necessarily exposed
prior to introduction in the SEM vacuum chamber. Ene
dispersive X-ray analysis (EDXA) with 20 keV electron a
celeration voltage allowed determination of surface elemen
tal composition of samples. An element was considere
be present on a sample surfaceif its concentration exceeded
the ca. 0.5 mol% detection limit.

Surface area of the samples was derived with the m
point BET method from nitrogen adsorption isotherms m
sured at 77 K on a NOVA-1200 (Quantachrome Cor
ration). Before surface area measurements, samples
additionally degassed at 500◦C under dynamic vacuum
(10−2 Torr) for 1 h.

A Sintag diffractometer working in a step mode (0.02◦
step, 1 s/step accumulation time) was employed for det
mining powder X-ray diffractograms (XRD) of the sample
All recordings were carried out in open air with no addition
sample pretreatment.

2.3. Kinetic experiments

All experiments were carried out in a stainless-steel
cell [18] (350 mL) connected to the vacuum line, pow
supply, temperature controller, and equipped with KBr cr
tal windows. An FTIR spectrometer (Mattson company) w
used to record IR spectra at 1-min intervals with 1 cm−1 res-
olution.

2.3.1. Experiments with vanadium oxides (HP-V2O3, and
commercial V2O3, VO2, V2O5), mechanical
HP-V2O3/AP-MgO mixture, and [MgVxOy]MgO
shell/core-like particles

About 0.1 g of sample was pressed into tungsten (o
the case of V2O5, VO2, and V2O3 into molybdenum) mesh
inserted into the IR cell followed by sample pretreatment
der dynamic vacuum ca. 10−5 Torr at 500◦C for 1 h. Later,
the sample was cooled to 280◦C (if not stated otherwise)
1.5 Torr of CCl3F was introduced, the cell was closed, a
the spectra recording procedure was started. No oxygen
fed in the IR cell. The IR beam passed only through the
phase; thus, changes in the gas phase were followed.

2.3.2. Experiments with the sample consisting of separated
spots of the AP-MgO and the HP-V2O3

Preliminary estimated amounts of the HP-V2O3 and the
AP-MgO were pressed into a tungsten mesh as sep
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spots in different locations onthe grid. Total amounts of eac
compound, their ratio, and further procedures were sim
to those used in the kinetic experiments with the mechan
HP-V2O3/AP-MgO mixture.

2.3.3. Quantitative measurements
Current CCl3F, CCl4, and CCl2F2 concentrations wer

calculated from areas under characteristic peaks of IR s
tra followed by comparison with corresponding calibrat
curves. In the case of CClF3, and CCl2O, no calibration
curves were available, so their concentrations are sh
in arbitrary units (A.U.). Due to the difficulties of takin
into account CO2 localized outside the IR cell, CO2 kinetic
curves are also shown in A.U. In most cases superim
sition of absorption peaks originating from different co
pounds could be neglected, although the measured val
the CCl3F peak at 846 cm−1 was corrected for the presen
of CCl2O.

3. Results and discussion

3.1. Vanadium oxides

XRD patterns of different vanadium oxides used in
present study are shown in Fig. 1. Comparison of the X
pattern of the in-house-prepared vanadium oxide with c
mercially available V2O3 revealed their structural simila
ities so that in-house-prepared vanadium oxide was de
nated as HP-V2O3. Surface areas of the samples deriv
from nitrogen adsorption measurements were HP-V2O3
(5 m2/g), V2O3 (1.6 m2/g), VO2 (2.7 m2/g), and V2O5
(4.0 m2/g).

Fig. 2 presents the gas-phase IR spectra recorded
ing the first 10 min of the reaction of CCl3F with HP-V2O3

Fig. 1. XRD patterns of various vanadium oxide powders tested in the r
action with CCl3F. Vertical scale is presented in counts per second (C
with base lines deliberately shifted for clarity.
-

f

-

Fig. 2. Gas-phase FTIR spectra recorded in situ at various times ela
after CCl3F was brought into contact with the HP-V2O3 maintained at
T = 280◦C.

Fig. 3. Time evolution of differentgaseous compound concentrations
ter introduction of CCl3F to the HP-V2O3 maintained atT = 280◦C. The
course of the reaction was followed by FTIR.

at T = 280◦C. Absorption bands of the reaction produ
pertaining to CCl3F, CCl2F2, CCl4, CCl2O, and CO2 are
readily noticeable. Two absorption bands around 1830 c−1

attributed to phosgene are followed by a weak unidenti
doublet at ca. 1880 cm−1. It is worth noting that the sim
ilar unidentified product was observed during reaction
chlorobenzene with V2O5 [19], suggesting that this com
pound does not contain fluorine. Since the spectrum of
unknown compound (at least in the region near 1880 cm−1)
is similar to phosgene (with some shift to higher wavenu
bers) and the concentrations of phosgene and the unk
product correlate with each other it can be suggested tha
unidentified product is a result of CCl2O interaction with a
vanadium-containing gas.

Fig. 3 shows the evolution of CCl3F, CCl4, CCl2F2,
CClF3, CCl2O, and CO2 concentrations with time. Ju
4 min is enough to eliminate CCl3F, CCl4, and CCl2F2
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Fig. 4. Time evolution of different gaseous compound concentrations af
introduction of CCl3F to the HP-V2O3 maintained atT = 180◦C.

Table 1
The presence of Mg, V, Cl, F, and O elements detected at sample su
by EDX analysis

Mg V Cl F O

Before reaction After reaction
with CCl3F with CCl3F

HP-V2O3 − + − − + − + − − +
Spot of AP-MgO + − − − + + + + − +
(with HP-V2O3
spot situated near by)
Shell/core [MgVxOy ]MgO + + − − + + + + − +
V/Mg = 10%

The “+” refers to a positive identification, “−” refers to the situation when
the concentration of an element was below 0.5 at% detection limit.

gases. Conversion of CCl2O into CO2 proceeds later. CO2,
CClF3, and traces of HCl were the only final products d
tected.

To see the beginning of the process in more detail,
same reaction was carried out at 180◦C (Fig. 4) instead of
280◦C. Even at this lower temperature, still no inducti
period typical for the bare AP-MgO [15] was observed. I
tially, decomposition of CCl3F leads to equal amounts
CCl4 and CCl2F2. Soon, however, the CCl4 and CCl2F2 con-
centrations reach maximal values and begin to fall with CCl4
disappearing faster than CCl2F2.

Elemental analysis of the HP-V2O3 samples before an
after the reaction revealed no presence of even trace am
of chlorine or fluorine moieties (Table 1), whereas SEM i
ages gave evidence of surface etching (Fig. 5). These
ings indicate that vanadium–chlorine/fluorine species fo
ing during the reaction are volatile at 280◦C and leave the
surface of the sample.

To gain some information about the influence of va
dium oxidation state on sample reactivity, experiments w
commercially available V2O3, VO2, and V2O5 were car-
ried out. The V2O3 and VO2 samples demonstrated activi
s

(a)

(b)

Fig. 5. SEM images of the HP-V2O3 before (a) and after (b) the reaction

qualitatively similar to HP-V2O3. However, the behavior o
V2O5 was completely different. Though the surface area
V2O5 was higher than that of commercial V2O3, V2O5 was
much less active toward CCl3F with no CCl4, CCl2F2, and
CClF3 formed (Fig. 6).

Activity of V 2O5 [19–22] and various VxOy
+ posi-

tively charged clusters [23,24] participating in the react
with CCl4 were studied earlier. In the case of V2O5, for-
mation of CO2, CCl2O, and VOCl3 was observed. It wa
found that while CO2 concentration gradually increased an
CCl2O passed through a maximum, the VOCl3 concentra-
tion reached a limiting value and did not change later on
the reaction progressed [21].

The experiments with vanadium oxide clusters are of s
cial interest since the reactivityof vanadium in different oxi-
dation states was explored. In particular, it was found tha
clusters containing vanadium in low oxidation states w
considerably more active and reacted in a way different f
the clusters where the oxidation state of vanadium was+5.
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Fig. 6. Time evolution of different compound concentrations after exposu
of the commercial V2O5 maintained atT = 280◦C to CCl3F. The reaction
conditions are the same as in Fig. 2.

For example, the V3O6
+ cluster (formal vanadium oxida

tion state is+41
3) reacted with abstraction of chlorine ato

(1)V3O6
+ + CCl4 → V3O6Cl+ + CCl3,

whereas the V3O7
+ cluster containing vanadium atoms

the+5 oxidation state was much less active and reacted
phosgene formation,

(2)V3O7
+ + CCl4 → V3O6Cl2+ + CCl2O.

Note that cluster V3O7
+ cannot accept a chlorine ato

because it cannot provide electrons for an additional vanad
um–chlorine bond. Instead, that cluster prefers to excha
oxygen for two chlorine atoms. In this respect the clus
containing vanadium in an oxidation state lower than+5
have certain advantages since they can easily provide
trons for initiating bond formation.

These results seem to be in good agreement with
present work. In accordance with the literature data [
the reaction of CCl3F with bulk V2O5 proceeds slowly with
CCl2O to be the only detectable intermediate product.
samples containing vanadium in+3 oxidation state are con
siderably more active with CCl4, CCl2F2, and CCl2O as
intermediate species.

3.2. Mechanical HP-V2O3/AP-MgO mixture

The course of the reaction of CCl3F with a mechanica
mixture of HP-V2O3/AP-MgO having V/Mg = 10% molar
ratio and kept at 280◦C is shown in Fig. 7. As this samp
contained a lower amount of the HP-V2O3, the reaction pro
gressed slower than with the pure HP-V2O3 (Fig. 3). At the
same time the evolution of different compound concen
tions was quite similar to the HP-V2O3 alone with exception
that no CClF3 was observed. From these considerations
conclude that in the early stages of reaction, HP-V2O3 is the
-

Fig. 7. Time evolution of different compound concentrations after mec
ical HP-V2O/AP-MgO mixture (V/Mg = 10 mol%) was brought into con
tact with CCl3F; T = 280◦C.

major active component of the HP-V2O3/AP-MgO mechan-
ical mixture.

To trace vanadium movements, an experiment with s
rated spots (different locations on the grid) of the AP-M
and the HP-V2O3 was carried out. Elemental analysis
vealed (Table 1) that some vanadium as well as chlorine
no fluorine was deposited on the AP-MgO. This is pro
bly due to the higher reactivityof vanadium–chlorine com
pounds, which would be volatile and move to the surfac
the MgO, exchanging chlorine for oxygen at reactive site
Vanadium–fluorine compounds would be less volatile (com
pare, for example, boiling points of VOF3 (480◦C) with
analogous VOCl3 (126.7◦C)) [25] and perhaps more the
modynamically stable and therefore would be less lik
to interact with the MgO surface. Since the atomic ra
of chlorine to vanadium deposited was Cl/V = 3.2 ± 0.4,
VCl3 might be considered as a possible volatile vanadiu
chlorine-containing compound involved in the reaction.

3.3. [MgVxOy]MgO shell/core-like particles

Activation of the AP-MgO with the vanadium add
tive results in a substantial surface area decrease: AP-
(530 m2/g), [MgVxOy ]MgO (V/Mg = 1 mol%) (359 m2/g),
[MgVxOy ]MgO (V/Mg = 10 mol%) (110 m2/g). Since de-
position of the vanadium compound on the AP-MgO w
done in a way similar to the preparation of HP-V2O3, for-
mation of a V2O3 phase on the top of the AP-MgO mig
be expected. However, as it is evident from the XRD d
presented in Fig. 8, no new crystalline phase forms u
heating of the AP-MgO with the vanadium species. This r
sult is not unusual in view of earlier studies where vanad
oxides were found to react with MgO at elevated temp
atures forming numerous compounds [26]. Having this
mind and due to the higher vanadium concentration at
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Fig. 8. XRD patterns of the AP-MgO and the [MgVxOy ]MgO shell/
core-like samples with different vanadium contents.

MgO surface, vanadium-activated (heat treated) magne
oxide particles are denoted herein as [MgVxOy ]MgO.

The formation of an intimate mixture of the AP-Mg
and vanadium oxide resultsin the appearance of a ne
compound, [MgVxOy ]MgO (Figs. 9 and 10), with som
properties similar to and some properties different from
properties of the bare AP-MgO, HP-V2O3, or their mechan-
ical mixture. Indeed, [MgVxOy ]MgO (V/Mg = 1 mol%)
demonstrates the presence of an induction period typica
the AP-MgO [15], but not for the HP-V2O3. Interaction of
CCl3F with the [MgVxOy ]MgO results in the appearance
CCl4, and CCl2F2 (Fig. 9). Although these intermediates a
typical for both the AP-MgO [15] and the HP-V2O3 (Figs. 3
and 4), the lesser stability of CCl2F2 as compared to CCl4
makes the [MgVxOy ]MgO sample resemble the AP-Mg
rather than the HP-V2O3. The ability for the accumulation o
halogens is yet another way to stress the similarities and
differences in the properties of the [MgVxOy ]MgO and the
AP-MgO, HP-V2O3, as well as the AP-MgO/HP-V2O3 me-
chanical mixture. As can be seen from the results of Tab
the [MgVxOy ]MgO demonstrates an ability to accumula
chorine but no fluorine, whereas the AP-MgO accumulate
both chorine and fluorine [15]. The AP-MgO/HP-V2O3 me-
chanical mixture accumulates chlorine but no fluorine an
none of the halogens deposit on the HP-V2O3 surface.

Based on the experimental data and the considera
given above, the following conclusions regarding the proc
of decomposition of CCl3F over [MgVxOy ]MgO core/shell-
like particles can be drawn. Addition of vanadium moiet
to the shell of AP-MgO particles leads to substantial act
tion of the AP-MgO. However, in the case of small amou
of vanadium (V/Mg = 1 mol%), the role of vanadium a
an activator is mainly seen in its influence on the ind
tion period of the reaction. Indeed, in comparison with
bare AP-MgO, introduction of such a small amount of va
dium shortens the induction period of the reaction but d
Fig. 9. Time evolution of differentgaseous compound concentrations
ter [MgVxOy ]MgO shell/core-like sample (V/Mg = 1 mol%) was brought
into contact with CCl3F; T = 280◦C.

Fig. 10. Time evolution of different compound concentrations aft
[MgVxOy ]MgO shell/core-like sample (V/Mg = 10 mol%) was brough
into contact with CCl3F; T = 280◦C.

not eliminate it entirely. Thus, by analogy with the ba
AP-MgO [15] it is reasonable to suggest that the prese
of the vanadium additive accelerates accumulation of halo
gens (mainly chlorine) on the surface of MgO and is f
lowed by formation of a MgVxOyClz intimate mixture. The
MgVxOyClz mixture is more active than the initial MgVxOy

so that acceleration of the reaction takes place.
Overall, the following processes (not balanced)

thought to be responsible for the observed behavio
[MgVxOy ]MgO samples. First, the reaction of the vanadi
containing part of the shell, [MgVxOy ], with CCl3F leads to
chlorine accumulation:

[MgVxOy ]MgO+ CCl3F

(3)→ [MgVxOy ][MgVxOyClz]MgO+ VFy + CO2.
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Since the [MgVxOyClz] is more active than [MgVxOy ],
the observed reaction acceleration takes place. Highe
tivity of [MgV xOy ] with respect to the bare MgO [15] ex
plains the shorter induction period of the reaction. La
[MgVxOyClz] may react with CCl3F giving CCl4:

[MgVxOy ][MgVxOyClz]MgO+ CCl3F

(4)→ [MgVxOy ][MgVxOyClz]MgO+ VFy + CCl4.

Fast reaction of [MgVxOyClz] with CCl3F and CCl4 should
lead to progressive substitution of surface oxygen by cho
until complete oxygen exhaustion. At this point, vanadi
may leave the surface in the forms of volatile VClx as in the
processes used for extraction of vanadium from ores [27

[MgVxOy ][MgVxOyClz]MgO+ CCl3F/CCl4

(5)→ [MgVxOy ][MgCl2]MgO+ VClx + VFy + CO2.

In the presence of bare MgO, VClx reacts with it creating
active [MgVxOyClz]:

[MgVxOy ][MgCl2]MgO+ VClx

(6)→ [MgVxOy ][MgCl2][MgVxOyClz]MgO.

In excess of CCl3F, conversion of [MgVxOy ]MgO into
MgF2 as the most thermodynamically stable magnes
compounds and volatile vanadium–halogens can be e
pected:

[MgVxOy ]MgO+ CCl3F → MgF2 + VClx + VFy

(7)+ CCl4 + CO2.

4. Conclusions

In-house prepared V2O3 (HP-V2O3) was found to be
the most active in the decomposition of CCl3F as com-
pared with the commercial V2O5, VO2, and V2O3. The
HP-V2O3 is consumed in the reaction so that besides C2
and some CClF3, the reaction products include vanadium
halogen species that leave the surface of the HP-V2O3 under
the reaction conditions studied.

Formation of the volatile vanadium–halogen species
lowed by their recapture by bare MgO is thought to be
reason behind the catalytic influence of vanadium addit
on the performance of the AP-MgO in the destructive
sorption of CCl3F. As a result, the [MgVxOy ]MgO samples
demonstrate higher activities and shorter induction period
as compared to the bare AP-MgO. As the reaction proceed
the activity of the [MgVxOy ]MgO with a low vanadium
-
loading level additionally enhances due to the accumulati
of chorine.
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