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a b s t r a c t

The combination of adsorption on zeolites and vacuum ultraviolet (V-UV) irradiation was applied to the
treatment of gaseous effluents containing volatile organic compounds (VOCs). A xenon-excimer (Xe2*)
radiation source emitting at 172 nm was employed and two types of zeolites (faujasite Y (DAY) and
ZMS-5 (DAZ)) were tested in adsorption/irradiation cycles of three model VOC pollutants (1-butanol,
benzene and toluene). A specific diffusion cell was used in dynamic experiments for producing air streams
containing each VOC at chosen and stable concentrations. Scanning electron microscopy (SEM) and X-
ray photoelectron spectroscopy (XPS) analyses were performed on the solids after VOC saturation and
irradiation. Important changes were detected in the properties of the DAY zeolite when using toluene as
a pollutant. In particular, the Si/Al ratio was modified at the surface and in the framework of the zeolite,
hotochemical gas treatment
olid-state NMR

as a consequence of a rearrangement of the Al and Si atoms in the solid. In contrast, the DAZ zeolite
retained its superficial and structural properties after V-UV treatment. In the case of 1-butanol, changes
in the zeolite structure were negligible, and no change was observed in the zeolite in the case of benzene.
Solid state NMR analysis confirmed these results and revealed that when the DAY zeolite saturated with
toluene was irradiated at 172 nm, changes in the shifts of Si and Al atoms took place, suggesting a possible
interaction/reaction between the zeolite framework and the benzyl radical produced as a consequence

of the toluene oxidation.

. Introduction

Volatile organic compounds (VOCs) are major air pollutants
oming largely from industrial processes. One of the procedures
vailable for the treatment of gaseous effluents containing low
evels of pollutants involves usually two-steps: adsorption of pol-
utants onto a porous material and regeneration of the adsorbent
y pollutant degradation [1,2]. During the last two decades, devel-
pments in air and water treatment have led to an improvement
f techniques for the oxidative degradation of organic pollutants,
n particular with the application of photochemical methods, gen-
rally referred to as Advanced Oxidation Processes (AOP). A large
ttention has been devoted to photocatalytic processes, using
rimarily titanium dioxide (TiO2, generally anatase phase) as a
hotocatalyst [3], often supported on bulk materials such as SiO2,
eolites and activated carbon. The use of zeolites as photocata-

yst support is especially interesting due to their high adsorption
apacity and thermal and structural stability. Zeolites with fauj-
site structure including zeolites Y (Si/Al > 1.5) and X (Si/Al ≤ 1.5)
re of great interest because of their various applications in indus-

∗ Corresponding author. Tel.: +33 05 61 55 69 68; fax: +33 05 61 55 81 55.
E-mail address: florence@chimie.ups-tlse.fr (F. Benoit-Marquié).

010-6030/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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© 2010 Elsevier B.V. All rights reserved.

trial processes. In particular, zeolite molecular sieves are widely
applied in conventional catalysis and adsorption/separation pro-
cesses. Zeolite molecular sieves have also been employed as
supports of photocatalysts for water treatment [4–10] and, to a
lesser extent, for air treatment [11,12]. However, little attention
has been devoted to the potential role of the zeolites them-
selves (e.g. as photocatalysts). Recently, Kato et al. [13] reported
that HZSM-5 and hydrogen type mordenite exhibit a photocat-
alytic activity for non-oxidative coupling of methane under UV
irradiation in the wavelength range of 200–270 nm, suggesting
that Al–O units in the zeolite framework were the photocatalytic
active sites. Yan et al. [14] found that commercial raw HZSM-
5 zeolites showed good activities for photocatalytic oxidation of
organic compounds in an air stream under irradiation at 254 nm.
However, their photocatalytic activity was dependent on the con-
tent in iron oxides and the zeolite itself did not appear to be
involved.

We previously reported [15] the use of vacuum-ultraviolet (V-
UV) irradiation at 172 nm to regenerate a commercial zeolite which

was used as a pollutant reservoir to adsorb aliphatic VOCs (1-
butanol and methyl ethyl ketone). Complete mineralization of
1-butanol and methyl ethyl ketone could be achieved, with a very
good concomitant regeneration of the adsorbent in both cases.
However, the potential effect of the V-UV radiation on the zeolite

dx.doi.org/10.1016/j.jphotochem.2010.06.026
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:florence@chimie.ups-tlse.fr
dx.doi.org/10.1016/j.jphotochem.2010.06.026
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Table 1
Main properties of adsorbents used in this work.

Symbol Crystalline type (pore structure) Available porous volume (cm3 g−1) Channels diameter (Å) Surface area (m2 g−1)
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DAY Faujasite Y (�-cage) 0.37
DAZ ZSM-5 (interconnected channels) 0.17

tructure was not investigated and the method was not tested on
romatic pollutants.

In this work, we have investigated the effect of V-UV irradi-
tion on the degradation of volatile organic compounds (VOCs)
ontained in gaseous effluents and adsorbed on zeolites. 1-Butanol,
enzene and toluene were used as models for aliphatic and aro-
atic pollutants, respectively. Two types of zeolites were employed

s adsorbents: faujasite Y (DAY) and ZMS-5 (DAZ). Cycles of adsorp-
ion/irradiation were performed, using a xenon-excimer lamp as a
-UV (172 nm) continuous radiation source. During the dynamic
xperiments performed, the gaseous effluent was analyzed on-line
t the exit of the photochemical reactor by gas chromatography
GC) and Fourier transform infrared spectroscopy (FT-IR). More-
ver, the effects of V-UV irradiation on the properties and structure
f the zeolites themselves and when saturated with pollutant were
nvestigated. In order to further investigate the role of the zeo-
ites in the VOCs degradation process, several analytical techniques

ere employed: solid state nuclear magnetic resonance (ssNMR),
-ray photoelectron spectroscopy (XPS), Brunauer–Emmett–Teller
nalysis (BET) and scanning electron microscopy (SEM).

. Experimental

.1. Materials

1-Butanol (99.5%), benzene (99%) and toluene (99%) were pur-
hased from Aldrich, and used as received. The commercial zeolites
sed in this study were cylindrical pellets (diameter 2 mm, length
mm) supplied by Degussa. Both granular solids were made of
icrocrystals of zeolites arranged together with the same clay

inder and in the same proportion (20% weight). Table 1 summa-
izes the adsorbent main properties.

.2. Characterization of zeolites

The zeolites were characterized by the following methods: solid
tate nuclear magnetic resonance (solid state NMR), X-ray photo-
lectron spectroscopy (XPS), BET surface area measurements (BET)
nd scanning electron microscopy (SEM) coupled with an EDX
etector.

Solid-state NMR spectra were recorded on a Bruker Avance
00 spectrometer equipped with a 4 mm probe operating at
99.60 MHz for 1H, 104.12 MHz for 27Al, and 79.39 MHz for 29Si.
amples were spun at 12 kHz at the magic angle using ZrO2 rotors.
ll chemical shifts for 29Si and 27Al are relative to TMS and 1 M
l(H2O)6

3+ solution, respectively. For 27Al MAS (magic angle spin-
ing), single pulse experiments at small flip angle (15◦) were used
ith a recycle delay of 3 s. 29Si CP/MAS (cross-polarized/magic

ngle spinning) spectra were recorded with a recycle delay of 5 s
nd a contact time of 3 ms. 29Si MAS spectra were obtained under
igh-power proton decoupling conditions; a small flip angle (30◦)
as used, as well as long recycle delays (60 s).

The XPS analyses were carried out using a Leybold–Heraeus

ommercial surface analysis apparatus (LHS 11), equipped with a
ingle channel detector, and employing AlK� radiation (1486.6 eV)
t 360 W (power settings: 12 kV and 30 mA). The 100 mm radius
emispherical analyzer was set in the constant pass energy mode
pass energy = 200 eV).
7.4 680
5.6 330

The surface area and pore volume were measured by N2
physisorption experiments at 77.4 K, employing the BET method
and using a Micromeritics ASAP 2010 equipment, following the
standard Brunauer–Emmett–Teller (BET) method. The samples
were degassed for 4 h, at 120 ◦C.

The scanning electron microscope (JSM-840 A, JEOL) was oper-
ated at 20 keV, providing information on local properties together
with chemical composition of the material activated by electronic
bombardment (EDS facility). Prior to analysis, the pellets were
coated with gold to ensure conductivity.

2.3. Gas phase adsorption/irradiation experiments

2.3.1. Reactor and radiation source
Both adsorption and irradiation experiments were carried out

in a continuous flow annular reactor (length: 15 cm, optical path
length: 3 mm, total volume: 60 cm3). The reactor was equipped
with a cylindrical xenon-excimer (Xe2*) lamp emitting at 172
(±14 nm) and positioned in the central axis of the reactor. The
lamp was driven by a high voltage power supply (ENI Model HPG-
2) with an electrical power of 110 W at 185–190 kHz. The radiant
efficiency of the radiation source was approximately 8% (photonic
flux: (8.3 ± 0.5) × 1018 photons s−1 determined according to Jakob
et al. [17,18]). The fixed bed of zeolites was supported by means of
a non-porous quartz cloth inserted in the annular space and, with a
typical mass of 2 g, an homogeneous bed height of about 1 cm was
obtained.

2.3.2. Production of VOC containing air streams
The polluted air streams used in dynamic adsorption/irradiation

experiments were generated with diffusion cells [19,20]. These
cells were used to produce gas mixtures of stable VOC concen-
tration for very long periods of time. The diffusion cell reservoir
containing the liquid VOC was immersed in a thermoregulated
water bath and a 80:20 N2/O2 mixture (Air Liquide) continuously
flushed the reservoir. The air stream was regulated by a mass
flowmeter (Brooks 58505, 10–50 mL min−1). VOC concentrations
were controlled by the air flow rate through the cell and the tem-
perature of the liquid VOC, and could be varied in the range between
300 and 5000 mg m−3. In this work, a concentration of 2000 mg m−3

was used, unless otherwise indicated. A specific diffusion cell was
designed for each VOC. The diffusion rate expressed by the Alt-
shuller and Cohen equation was used for the prediction of the
experimental temperature-concentration relation, as in a previous
study [19]. The vapor pressure of the liquid was estimated by the
Antoine equation, whereas the diffusion coefficient was calculated
using the Fuller relation [16]

2.3.3. Adsorption/irradiation experiments
During the adsorption phase, the air stream containing the VOC

at a chosen constant concentration passed through the fixed bed of
zeolites in the photochemical reactor, while the lamp was off. Once
the VOC breakthrough curve was totally described and adsorbent

(zeolite) saturation completed (VOC concentration at the exit of the
reactor is identical to the entry concentration), the shift from the
adsorption to the irradiation/oxidation phase was accomplished
by turning the lamp on. The temperature inside the reactor was
approximately 40 ◦C during the irradiations experiments. The anal-
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ig. 1. Schematic experimental set-up (1: N2/O2 mixing bottle; 2: flow regulator;
hotochemical reactor equipped with a V-UV lamp; 8: gas chromatograph; 9: infra

sis of the reactor outlet was performed on-line using a Chrompack
P900 gas chromatograph, and a Perkin-Elmer 1760-x Infrared
pectrograph equipped with a DTGS (deuterated triglycine sulfate)
etector for CO2, O3 and H2O detection. For IR analysis, the gas
ample continuously flushed a 90 mL NaCl cell. A scheme of the
xperimental set-up used in this work is shown in Fig. 1.

. Results

.1. Adsorption/V-UV irradiation cycles

Two adsorption/V-UV irradiation cycles were performed under
constant flow of an air stream containing a chosen and con-

tant concentration (2000 mg m−3) of VOC (1-butanol, benzene
r toluene). The experimental set-up is shown in Fig. 1 and the
rocedure is described in detail in Section 2.3. As an example, break-
hrough curves are represented in Fig. 2 in the case of toluene. The
-UV irradiation was then started and the evolution of the effluent
omposition at the reactor exit was analyzed by GC as well as by
T-IR. When the amount of VOC reaching the reactor exit was neg-
igible, the lamp was turned off and a second adsorption/irradiation
ycle was started.
.1.1. Toluene degradation
The two adsorption/irradiation cycles in the case of toluene

sing the DAY zeolite as adsorbent are shown in Fig. 2, the dot-
ed line representing the initial concentration of toluene in the
ir flow at the entrance of the reactor. During the first 125 h of

ig. 2. Adsorption/V-UV irradiation cycles for toluene in the presence of DAY zeolite:
ariation of the toluene concentration in the gaseous effluent at the reactor outlet
s a function of time.
rmoregulating bath; 4: liquid VOC; 5: diffusion cell; 6: power supply; 7: annular
ectrograph).

the adsorption process, toluene was completely adsorbed by the
zeolite, which was equivalent to 300 ± 15 mg of pollutant on the
2.132 ± 0.001 g of adsorbent. After this time, the toluene concen-
tration at the reactor outlet increased progressively, and the DAY
saturation was reached after 182 h, corresponding to 390 ± 20 mg of
toluene adsorbed in the zeolite (equivalent to 2.0 ± 0.1 mmol g−1).

Switching on the V-UV lamp induced a photo/thermodesorption
process of toluene from the solid, leading to a significant increase
of the toluene concentration in the gas phase for a short period of
time (Fig. 3), as observed previously with other VOCs [15].

After about 7 h of irradiation, no toluene could be detected at
the reactor outlet, as a result of the photolytic effect leading to the
oxidative degradation of the VOC, although the toluene containing
air stream was continuously flushed through the reactor during the
experiment.

After 12 h of irradiation, the second adsorption process was
started and the DAY was completely re-saturated after 109 h, which
represents approximately 60% of the time taken for the first satu-
ration. This difference in the adsorption time (and therefore in the
amount of toluene adsorbed) could be related to the fact that the
adsorbent was not completely regenerated after the first irradia-
tion, toluene and its oxidation products remaining in the solid in
significant amounts (see below).

The evolution of toluene oxidative degradation was also fol-
lowed by FT-IR analysis of the gaseous effluent at the reactor outlet.
The result is shown in Fig. 4. The signals of CO2 (2350 cm−1) and H2O
(3650 and 1600 cm−1) confirm an efficient mineralization process
of toluene in the gas phase. There are small signals at ca. 3000 and

1700 cm−1 corresponding to intermediates produced during irra-
diation, which disappeared after approximately 1 h of irradiation.
A small signal centered at 1050 cm−1 and corresponding to ozone
vibration could also be detected (ozone formation is due to V-UV

Fig. 3. Evolution of VOCs concentrations in the gaseous effluent at the reactor outlet
as a function of the V-UV irradiation time, after saturation of the DAY zeolite with
toluene (triangles), benzene (squares) or 1-butanol (circles).
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Fig. 6. Evolution of the toluene concentration in the gaseous effluent at the reactor
outlet as a function of V-UV irradiation time, after saturation of the DAZ zeolite with
toluene.

The two adsorption/irradiation cycles of benzene, using the DAY
ig. 4. Evolution of the IR spectrum of the gaseous effluent at the reactor outlet
uring irradiation at 172 nm, after saturation of DAY with toluene.

omolysis of O2 and the reaction of O-atoms thus produced with
2) [21].

After the adsorption/V-UV irradiation cycles, the DAY pellets
ere strongly colored (Fig. 5), a phenomenon which was not

bserved previously with aliphatic VOCs (1-butanol and methyl
thyl ketone [15]). Moreover, the color change was observed inside
f the DAY pellets as well as on the surface (Fig. 5).

The most likely explanation of this result is that colored interme-
iates of the oxidative degradation of toluene remained physically
rapped in the zeolite channels and could not be photolyzed and
urther oxidized. The zeolite could also be involved in the degra-
ation process of toluene, e.g. a chemical reaction between the

ntermediates of V-UV photolysis of toluene, especially C-centered
adicals, and the zeolite framework could occur. Changes in the zeo-
ite structure could eventually result from its exposure to the highly
nergetic V-UV radiation at 172 nm (695 kJ per mole of photons).

In order to evaluate the role of the zeolite structure in the color
hanges, experiments were carried out with the same pollutant,
sing a different zeolite adsorbent (DAZ), in otherwise identical
xperimental conditions.

The evolution of the toluene concentration in the gaseous
ffluent at the reactor outlet under irradiation at 172 nm, after sat-
ration of the DAZ pellets, is shown in Fig. 6. In this case, only
h of irradiation were necessary to obtain a negligible concentra-

ion of toluene at the reactor outlet, compared to 7 h in the case
f the DAY zeolite. The comparison of the characteristics of both
eolites (Table 1) shows that DAY has a larger available porous
olume as well as surface area; consequently, the DAY adsorption
apacity is 2.5 times higher than that of DAZ (equivalent to 2.0
nd 0.8 mmol g−1, respectively) [22]. These structural properties
ould be responsible for the differences observed in degradation

imes when both zeolites saturated with toluene were irradiated.
esides, the DAZ appearance remained almost unchanged after

rradiation (data not shown). This observation supports the hypoth-
sis that toluene does not penetrate efficiently inside the channels

Fig. 5. Pictures of DAY pellets: (a) original and (b) after s
Fig. 7. Adsorption/V-UV irradiation cycles for benzene in the presence of DAY zeo-
lite: variation of the benzene concentration in the gaseous effluent at the reactor
outlet as a function of time.

of DAZ and is degraded under V-UV irradiation in the gas phase
and at the zeolite surface. An additional experiment with DAY
was carried out, starting the irradiation when the same amount
of toluene was adsorbed on DAY as in the case of DAZ. The same
color changes in DAY were observed, independent from the toluene
concentration, confirming the important role of the adsorbent
structure in its regeneration and toluene degradation under V-UV
irradiation.

3.1.2. Benzene degradation
zeolite as adsorbent, are shown in Fig. 7. The system behavior was
different from the case of toluene: the benzene concentration at
the reactor outlet increased already after 5 h and the first satura-
tion of the DAY zeolite was reached after 67 h, which corresponds

aturation with toluene and irradiation at 172 nm.
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o 1.31 ± 0.07 mmol g−1. When the lamp was switched on, the V-
V irradiation induced a photo/thermodesorption process from the

olid, leading to an increase of the benzene concentration in the
irstream for a short period of time (Fig. 3); this increase is impor-
ant relative to the inlet concentration (2 g m−3), but corresponds
o only approximately 4% of the adsorbed amount. After approxi-

ately 3 h of irradiation, the benzene concentration was negligible
t the reactor outlet as a result of the photolytic degradation of
he VOC. Complete mineralization after 3 h of irradiation was con-
rmed by performing an on-line FT-IR analysis.

After about 8 h of irradiation, the second adsorption process
as started and the DAY was completely re-saturated after 68 h,

lmost the same time as taken for the first saturation, confirm-
ng that a complete and efficient mineralization of the benzene
bsorbed in the DAY zeolite was obtained after the first irradiation.
n contrast to the case of toluene, the aspect of the zeolite pellets
emained unchanged after irradiation (data not shown). Appar-
ntly, the zeolite was well regenerated under irradiation in this
ase. The difference observed between toluene and benzene when
sing the DAY zeolite demonstrates the important role of the CH3
ubstituent on the aromatic ring.

.1.3. 1-Butanol degradation
The results obtained with the aromatic VOCs were compared

ith those for an aliphatic compound, 1-butanol, using the DAY
eolite as adsorbent. The first saturation of the DAY zeolite was
eached after 240 h, and relatively large fluctuations were observed
n the adsorption process. This phenomenon has already been
escribed and was the consequence of temperature changes occur-
ing during the day [15,16]. The maximum adsorption capacity of
AY for 1-butanol is 2.6 mmol g−1 [16]. Taking into account this
alue, it can be expected that 385 mg of 1-butanol was adsorbed in
g of DAY zeolite. When starting the V-UV irradiation, similar to

oluene, the photo/thermodesorption phenomenon was observed
Fig. 3). After approximately 90 min of irradiation, the 1-butanol
oncentration at the reactor exit was negligible, a faster degra-
ation than in the case of the aromatic VOCs. The evolution of
-butanol oxidative degradation was also followed by FTIR and a
omplete mineralization was obtained.

During the second adsorption process, the re-saturation of the
olid needed 152 h, equivalent to approximately 65% of the time
ecessary to reach the first saturation. However, the adsorption
apacity of DAY can be regenerated after V-UV irradiation at
72 nm, as previously reported [15,16]. As in the case of benzene,
o color change was detected after irradiation of the 1-butanol
aturated DAY.

.2. Analyses of the zeolites before and after V-UV irradiation

The adsorbents were analyzed using different techniques for
hecking if changes in the zeolite structure might result from the
xposure to V-UV irradiation at 172 nm or if changes required the
xposure to both the VOC and the V-UV irradiation.

.2.1. 1H, 29Si and 27Al solid state NMR
In order to evaluate the effect of VOC adsorbed on the zeolite,

olid state NMR analyses were performed on the adsorbent before
nd after saturation with VOC, as well as after irradiation at 172 nm.

Control experiments showed that V-UV irradiation of the zeo-
ites (DAY and DAZ) at 172 nm for more than 8 h, in the absence

f pollutant, did not induce any change in their solid state NMR
pectra (29Si CP/MAS, 27Al MAS and 1H MAS).

Representative 1H solid state NMR spectra are shown in Fig. 8.
everal broad signals were observed between 1.0 and 7.0 ppm in
he 1H MAS of the original DAY. These NMR resonances have been
Fig. 8. 1H MAS NMR spectra of original DAY, DAY irradiated in the absence of VOC,
DAY saturated with toluene, DAY saturated with toluene, 1-butanol or benzene and
irradiated at 172 nm.

assigned to different types of OH groups (SiOH, AlOH, bridging SiO-
HAl, etc.) [23]. Some signals can also be due to physisorbed water
molecules.

When the DAY zeolite was saturated with VOC, besides the
signals assigned to the DAY original structure, new signals were
observed, as expected: at 2.0 ppm for the 1H of the CH3 group in
the case of toluene and 1-butanol, and at 7.0 ppm for the 1H of the
aromatic ring (toluene and benzene).

Clear changes appeared in all cases when the zeolite saturated
with a VOC was irradiated at 172 nm (Fig. 8). In the case of toluene,
the difference may be attributed to the presence of intermediate
compounds produced during the oxidation/degradation process
(and remaining initial pollutant not completely degraded). Con-
cerning benzene and 1-butanol, the signals are more diffuse but it
appears clearly that the amount of organic compounds remaining
in the solid is much lower in comparison to the toluene case. Taking
into account the long irradiation time applied to treat the toluene
saturated DAY, the organic compounds detected by NMR should be
strongly bound inside the zeolite framework.

The 27Al MAS and 29Si CP/MAS NMR analyses are shown in Fig. 9.
The original DAY shows a predominant 27Al MAS signal at 58.4 ppm
(Fig. 9a), corresponding to tetrahedral (four-coordinated) frame-
work Al species [24] and a sharp 29Si MAS signal at −107.1 ppm

characteristic of highly siliceous zeolite which are assigned to
Si(OSi)4, also called Q4 sites [25]. In the 29Si CP/MAS NMR
(Fig. 9b), two additional peaks could be detected at −91.1 and
−99.6 ppm corresponding, respectively, to Q2 (Si(OSi)2(OH)2) and
Q3 (Si(OSi)3(OH)) site.
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Fig. 9. 27Al MAS and 29Si CP/MAS NMR spectra of original DAY, of DAY irradiated
(
w

w
s
m
i
d
t

172 nm) in the absence of VOC, of DAY saturated with toluene, of DAY saturated
ith toluene or 1-butanol or benzene and irradiated (172 nm).

No change was observed in these spectra when the DAY zeolite
as saturated with VOC, confirming that the VOC adsorption in the

olid does not produce any change in its Al and Si structure. It also

eans that the VOC molecules trapped inside the zeolite (observed

n the 1H MAS spectrum) are probably highly mobile because no
ipolar coupling (average to zero) between the VOC protons and
he silicon of the zeolite was detected in the 29Si CP/MAS spectrum.

Fig. 11. 27Al and 29Si solid state NMR spectra of original DAZ as w
Fig. 10. 1H solid state NMR spectra of original DAZ as well as DAZ saturated with
toluene and irradiated at 172 nm.

When DAY was saturated with benzene and irradiated at
172 nm, no change occurred in the 27Al MAS NMR spectrum. How-
ever, in the case of 1-butanol and toluene, a new signal could
be observed, small in the former case and more pronounced in
the latter (Fig. 9a). This signal at 2 ppm could be attributed to
six-coordinated extra-framework Al species observed in the dea-
lumination process [24]. In the 29Si CP/MAS NMR spectra, the
intensity of the signal of the silicon Q4 site at −107.1 ppm (Fig. 9b)
clearly increased after irradiation at 172 nm. This enhancement can
be explained by dipolar couplings between Q4 silicons and pro-
tons of some of the intermediates compounds produced during the
oxidation/degradation process and physisorbed in the zeolite.

Because the most pronounced changes were observed with
toluene, solid state NMR analyses were performed with this com-
pound using the DAZ zeolite. The original DAZ shows an 1H MAS
NMR spectrum similar to that of the original DAY (Fig. 10). After
saturation of DAZ with toluene and irradiation, the 1H MAS NMR
spectrum underwent a similar change as observed for DAY. Two
additional broad signals at 7.3 and 2.3 ppm were obtained (corre-
sponding to 1H of aromatic and CH3 group, respectively), showing
the presence of remaining toluene and/or degradation products in

the DAZ structure. However, according to the relative intensities of
zeolite and toluene signals, the amount of VOC remaining in the
structure of the DAZ was much lower than in the case of DAY,
possibly because the VOC-zeolite interaction was much stronger

ell as DAZ saturated with toluene and irradiated at 172 nm.
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Table 2
BET analyses of original DAY, DAY irradiated in the absence of toluene, DAY satu-
rated with toluene and irradiated, original DAZ and DAZ saturated with toluene and
irradiated at 172 nm.

Surface (m2 g−1) Porous volume (cm3 g−1)

DAY 680 ± 7 0.37 ± 0.01
DAY + h� 678 ± 7 0.38 ± 0.01
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Table 4
XPS analyses of the Si/Al ratio for original DAY, DAY irradi-
ated in the absence of toluene, DAY saturated with toluene
and irradiated, original DAZ and DAZ saturated with toluene
and irradiated at 172 nm.

Solids Si/Al analyses

DAY 6.7 ± 0.3
DAY + h� 6.6 ± 0.3
DAY + Tol 7.3 ± 0.3
DAY + Tol + h� 584 ± 6 0.33 ± 0.01
DAZ 330 ± 3 0.17 ± 0.01
DAZ + Tol + h� 318 ± 3 0.19 ± 0.01

n the latter case (larger zeolite channels). When DAZ was satu-
ated with toluene and irradiated, in contrast to the case of DAY,
o change was observed in the 27Al MAS and 29SI CP/MAS NMR
pectra (large 27Al single peak at 54.3 ppm, indicating the presence
f four-coordinated extra-framework Al [26]; three 29Si peaks at
96.6, −102.3 and −113.0 ppm assigned to Q2, Q3 and Q4 silicon

ites, respectively, Fig. 11).

.2.2. Physicochemical analyses

.2.2.1. BET analyses. The BET analyses for DAY and DAZ zeolites
re shown in Table 2. The surface areas and porous volumes of
AY remained almost constant when irradiated without pollutant.
owever, after saturation with toluene and irradiation, both sur-

ace and volume decreased in comparison to the original DAY.
Concerning DAZ, the porous volume remained unchanged

ithin experimental error, while the surface area decreased
lightly. The NMR analyses of DAZ saturated with toluene and irra-
iated showed some residual VOC in the solid after irradiation. The
ET results lead to the conclusion that the remaining toluene and/or
xidation products found in the DAZ after irradiation should be on
he surface of the solid and not inside the structure.

.2.2.2. Energy dispersive X-ray spectroscopy (EDS) and X-ray photo-
lectron spectroscopy (XPS) analyses. The results of the EDS analyses
n the cases of the DAY and DAZ zeolites are shown in Table 3.

When DAY was saturated with toluene and irradiated, the ratio
i/Al decreased in comparison to the original DAY. As already
bserved in the NMR analyses, there was no change when DAY
as irradiated in absence of pollutant. Adsorption of toluene might

ffect slightly the Si location in zeolite structure, as Zhu et al. have
bserved with a zeolite Na-Y [27]. The EDS analysis made on the
AY saturated with toluene shows also a change in the Si/Al ratio,
s a consequence of the toluene adsorbed inside the zeolite which
s producing a small re-arrangement in the zeolite structure, partic-
larly in one of the Si positions [27]. However, taking into account
he NMR analysis, this change occurring in the solid is not affecting
n a significant way the basic structure of the solid, so any pos-

ible change in the DAY structure is mainly a consequence of the
72 nm irradiation of the toluene saturated solid. Concerning DAZ,
o change could be observed in the Si/Al ratio when irradiated after
aturation with toluene.

Table 3
EDS analyses of original DAY, DAY irradiated in the
absence of toluene, DAY saturated with toluene and irra-
diated, original DAZ and DAZ saturated with toluene and
irradiated at 172 nm.

Solids Si/Al ratio

DAY 24.8 ± 0.2
DAY + h� 24.5 ± 0.2
DAY + Tol 23.0 ± 0.2
DAY + Tol + h� 19.9 ± 0.2
DAZ 15.4 ± 0.2
DAZ + Tol + h� 15.3 ± 0.2
DAY + Tol + h� 8.1 ± 0.3
DAZ + h� 6.4 ± 0.3
DAZ + Tol + h� 6.4 ± 0.3

Supplementary surface analyses (X-ray Photoelectron Spec-
troscopy, XPS) were made in order to compare the Si/Al ratio at
the surface (XPS) and inside the zeolites (EDS). The results of the
XPS analyses in the cases of the DAY and DAZ zeolites are shown
in Table 4. They confirm that the change in the Si/Al ratio was sig-
nificant in the case of the DAY zeolite saturated with toluene and
irradiated.

In summary, the EDS and XPS results demonstrate that a zeolite
structure rearrangement was taking place under irradiation in the
presence of toluene. Some Si and Al atoms were changing their
chemical characteristics and moving from their original area at the
surface or in the framework of the zeolite. As already pointed out,
this change was not observed without irradiation.

4. Discussion

In all the experiments described (Section 3.1), the VOC contain-
ing air stream (2000 mg m−3) was continuously flushed through the
reactor. For comparison, experiments were also carried out under
conditions where a pure air stream was introduced in the reactor
during V-UV irradiation (i.e. as soon as the zeolite was saturated
with the VOC). Within experimental error, no significant differ-
ences were observed between the former and the latter series of
experiments. This result is not surprising, taking into account the
two following observations:

(i) when an air stream containing the VOC at a constant concen-
tration of 2000 mg m−3 was flushed through the reactor in the
absence of zeolite, in a very short time after the V-UV irra-
diation was started, no VOC could be detected at the reactor
outlet; therefore, V-UV irradiation at 172 nm in the presence
of air proved very efficient in mineralizing the VOCs in the gas
phase [15–16,19];

(ii) The photo/thermodesorption phenomenon, induced by switch-
ing on the lamp, led to an important increase of the VOC
concentration in the gas phase (Fig. 3); under these condi-
tions, the amount of photons emitted by the lamp was not high
enough to initiate efficiently the VOC oxidation/degradation
process, thus leading to much longer mineralization times.
Moreover, the intermediates in contact with the zeolite (pro-
duced during irradiation) could react at the surface, and/or
diffuse inside the channels being shielded from the radiation.

The important difference in the irradiation times needed for
VOC degradation in the case of toluene compare to benzene and
1-butanol may be due to basically two factors:

(i) the diffusion process through the solid and the desorption from

the solid, not only of the original VOC but also of its oxidation
products;

(ii) and the interaction between the VOC (and eventually its oxida-
tion products) and the zeolite framework that might be stronger
for toluene.
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In fact, the �-electron system of the aromatic toluene ring inter-
cts strongly with the Lewis acid extra-framework cation, whereas
he methyl hydrogen atoms interact with the basic framework oxy-
en atoms [28]. This double interaction could explain the higher
rradiation time required to degrade toluene, compared to benzene
nd 1-butanol.

Taking into account the larger porous volume of the DAY com-
ared to DAZ, it is expected that the toluene will diffuse much
etter in the DAY and the CH3 group will interact in a better way
ith the DAY framework. This behavior leads to different degrada-

ion pathways for the pollutant, which might affect the structural
haracteristics of the solid, clearly observed when the DAY was
aturated with toluene and irradiated (in contrast to the DAZ).

The change in superficial and structural characteristics obtained
ith the DAY saturated with toluene and irradiated could be

ttributed to two possibilities:

(i) Some sites in the DAY zeolite are occupied by organic com-
pounds as a result of the photolytic oxidation process of toluene
or/and,

ii) There is some intrinsic change in the zeolite which modifies the
original surface characteristics.

Actually, both phenomena could occur at the same time and
he oxygen molecule plays an important role in the overall oxi-
ation process. V-UV irradiation has enough energy (695 kJ/mol
t 172 nm) to cleave C–H bonds, leading directly to the forma-
ion of C-centered radicals by photolysis of the organic substrate
reaction 1)

H + h�(172 nm) → R• + H• (1)

In this case, the more labile C–H bonds in toluene are those
rom the CH3 group, and V-UV irradiation of toluene leads to the
roduction of the benzyl radical.

The benzyl radical may undergo several reactions. It may be
rapped by molecular oxygen to yield peroxyl radicals, which are
ey intermediates of the subsequent thermal reactions leading to
he production of by-products (i.e. benzaldehyde and benzoic acid)
reaction 3). These by-products could be retained in the zeolite
tructure or mineralized to produce CO2 and H2O. Another pos-
ibility is the recombination between two benzyl radicals, to form
imers (reaction 4). Moreover, benzyl radicals may react with the
AY framework (reaction 5). The possibility to produce a complex

adical–zeolite has been studied by Lei et al. [29]. They reported

hat under appropriate conditions at room temperature, some of
he radicals generated by photolysis could be persistent for a long
eriod of time, depending on the supramolecular structure of the
adical–zeolite complex and the diffusion and reaction dynamics
f the radical.
otobiology A: Chemistry 214 (2010) 194–202 201

(2)

In this case, the benzyl radical generated during irradiation
of the DAY saturated with toluene may diffuse to the inter-
nal structure of the solid, forming a very stable complex benzyl
radical–zeolite, which produces a change in the original structure
of the zeolite. Apparently, this behavior is not happening with the
DAZ. In the case of 1-butanol and benzene, both zeolites behave as
a reservoir, where the pollutants are absorbed and later degraded
by V-UV irradiation (V-UV photolysis), regenerating the adsorption
capacity of the solids [15,16].

The physicochemical analyses corroborate the hypothesis of a
reaction between the radical and DAY. The benzyl radical is proba-
bly bound to the Al atom of the solid structure, in agreement with
the solid state NMR results, showing that changes occurred in the
chemical shifts of some Al and Si atoms. In the original DAY, the Al
atoms are four-coordinated and after toluene saturation and irradi-
ation, some six-coordinated Al atoms were found, which could be
attributed to the presence of a complex structure produced when
the benzyl radical reacted with the zeolite framework. This reaction
induced also an effect on the Si atoms shifts, which initially were
in Q3 sites and after irradiation new Q4 sites were detected.

5. Conclusion

The results obtained in this work show the possibility to treat
gaseous effluents containing VOCs by employing two types of zeo-
lites as solid reservoirs (DAY and DAZ) and using V-UV irradiation
at 172 nm in order to regenerate the adsorption capacity of the
solids. However, important changes were detected in the structural
properties of the DAY zeolite, when saturated with toluene and irra-
diated. These changes have been attributed to complex formation
and reaction between the solid framework and the benzyl radi-
cal formed under irradiation of adsorbed toluene. In contrast, the
DAZ zeolite retained its superficial and structural properties after
toluene saturation and V-UV treatment. Concerning 1-butanol,

changes in the DAY zeolite structure were negligible, whereas no
change was detected in the case of benzene. These results could be
related to two possibilities:

(i) Depending on their stability, the radicals produced during VOCs
irradiation could diffuse inside the solid and react with the
zeolite framework, changing its properties.

(ii) The diffusion rate of VOCs could control the efficiency of the
degradation process, since the V-UV radiation at 172 nm cannot
penetrate inside the zeolite and an efficient degradation of the
VOC may only occur in the gas phase or at the zeolite surface.

Thus, although the combination of the adsorption process and
the V-UV photolysis may be of advantage to treat pollutant con-
taining air streams, the pollutant characteristics as well as the
adsorbent properties have to be taken into account, as modifica-
tion of the reservoir/adsorbent solid structure could decrease the
adsorption capacity of the solid for following treatment.
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