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Photocatalysis  with  vacuum  ultraviolet  (VUV)  irradiation  (VUV–PCO)  was  utilized  to  destroy  air  pollu-
tants.  Escherichia  coli  (E. coli)  and  toluene  were  chosen  as  the  target  pollutants.  Two  parallel  reactions
with  254  nm  UV  irradiation  (254  nm-PCO)  and  without  TiO2 (i.e.  VUV  photolysis)  were  also  conducted
for  comparison.  Results  indicate  that  VUV–PCO  process  has  a  higher  efficiency  in destroying  toluene  and
inactivating  E.  coli.  In  addition,  the  stability  of  PCO  activity  is increased  while  the  byproducts  yield  is
lowered  during  toluene  destruction  in the  VUV–PCO  process.  Toluene  removal  efficiency  (TRE)  in  the
acuum ultraviolet irradiation
hotocatalysis
oluene
scherichia coli
ir pollutants
yproducts

VUV–PCO  process  was  more  than  5 times  higher  than  that  in the  254  nm-PCO  process.  VUV–PCO  over-
comes  some  drawbacks  of  conventional  photocatalysis,  such  as  low  efficiency  and  easy  photocatalyst
deactivation.  The  destroying  mechanism  of  air  pollutants  in  the  VUV–PCO  process  is greatly  different
from  that  of  the  254  nm-PCO  process.  The  excellent  performance  of  VUV–PCO  system  may  be  attributed
to  the  more  reaction  processes  (such  as  VUV  photolysis  and  catalytic  ozonation)  and  more  reactive  species
(such as  active  oxygen  and  hydroxyl  radicals)  formed  to destroy  the  pollutants.
. Introduction

Air pollution causes great harm to the environment and human
ealth. Air pollutants, including biological and gaseous pollu-
ants, coexist in ambient as well as in indoor environment and
equire simultaneous removal for better air quality [1].  Although
here are lots of studies on air pollutant control, most of these
tudies so far only focus on the removal of a single type of
ir pollutants [2,3]. Presently, it is usually hard to efficiently
estroy the multiple air pollutants using one single air cleaning
echnology.

Photocatalytic oxidation (PCO) is an innovative and promising
pproach to purifying indoor air [1].  It has been widely studied for
he removal of gaseous [4–6] and biological pollutants [7–9]. The

ost widely used UV sources in PCO are 254 nm [2,5] and 365 nm
V lamp [7,9]. These PCO processes are restricted in application due

o the disadvantages such as photocatalyst deactivation [10,11],
lectron–hole recombination [12,13] and low efficiency [14–16].
herefore, many efforts have been made to improve PCO efficiency
y combining photocatalysis with ozone [15,17,18],  microwave

19,20] and magnetic field [21]. However, an extra apparatus is
eeded for the assisted PCO processes, causing higher operating
ost and energy consumption, and more severe reaction condi-
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tions. Recently, vacuum ultraviolet (VUV) irradiated photocatalsyis
(VUV–PCO) has attracted much attention in the purification of
gaseous pollutants [22,23]. VUV light, generally referring to wave-
lengths below 200 nm,  can emit energetic photons while O3 will be
produced in the presence of oxygen with VUV irradiation. Previous
studies show that gaseous pollutants, such as formaldehyde and
chlorinated hydrocarbons, can be directly destroyed by VUV irra-
diation [23,24]. Nevertheless, the VUV photolysis alone is limited
in usage due to the formation of harmful byproducts such as O3 and
acetaldehyde [22,23].  Both PCO and VUV photo-degradation have
their own limitations. It is therefore of much practical significance
to improve the performance of PCO and VUV photolysis. The com-
bination of VUV and PCO is a good way  to improve the PCO and VUV
performance. The previous study on the VUV–PCO process mainly
focuses on the purification of a single gaseous pollutant [22,23],
however, little attention is paid to the disinfection and intermedi-
ates, which are necessary to promote the research and application
of VUV–PCO technology.

The present study aimed to obtain a stronger ability to destroy
the air pollutants and overcome the limitations of the conventional
PCO process using VUV–PCO. Escherichia coli and toluene, which are
widely used bacteria and VOC in photocatalytic destruction stud-
ies, were chosen as the target pollutants. As an economical and

efficient technology, VUV–PCO combines the merits of O3, photol-
ysis and photocatalysis in pollutant destruction. As far as we  know,
this is the first study on the E. coli inactivation and toluene destroy-
ing by the VUV–PCO process. The gaseous by-products of toluene

dx.doi.org/10.1016/j.cattod.2011.04.015
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:seabao8@gmail.com
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Fig. 1. Experimental setup: (a) 

xidation were identified by GC–MS. Generally, the present work
rovides a novel way to efficiently destroy multiple air pollutants
nd improve the PCO performance. It also allows a new insight into
he air pollutants destroying mechanism in the VUV–PCO process
nd makes a valuable basis for its application.

. Experimental

.1. Catalyst preparation

Nano-TiO2 (P-25, Degussa) was dispersedly loaded on a �-
l2O3/nickel foam support in the form of mesh by impregnation
ethod. Briefly, the porous nickel foam support, with the size of

0 cm × 10 cm × 0.2 cm (length × width × thickness), was  impreg-
ated in the sol solution of Al2O3·nH2O, then dried at 373 K for 2 h
nd calcined at 850 K for 4 h to get the �-Al2O3/nickel foam support.
iO2 was put into distilled water and dispersed fully in an ultra-
onic cleaner bath to get 8 wt% TiO2 slurry. The �-Al2O3/nickel foam
upport was dipped into the TiO2 slurry, impregnated for 30 min
nd then dried at 100 for 2 h. The loaded TiO2 on the support is
.0 g.

The TiO2/�-Al2O3/nickel foam photocatalyst has a pentagonal
ramework and low pressure drop. Such 3D structure can improve

he molecular transport of reactants and products. It also allows
ight to penetrate easily into the inner body of the catalyst to
nhance the utilization efficiency of light in the photocatalytic reac-
ion.
zation; (b) toluene destruction.

2.2. Experimental setup

2.2.1. Experiment I: sterilization experiments
The experimental setup for sterilization was shown in Fig. 1a.

E. coli (strain M15) was used as a model bacterium in this evaluation.
All materials used in the experiments were autoclaved at 394 K for
30 min  to ensure sterility. E. coli was  inoculated into Luria–Bertani
(LB) nutrient broth (10 g/L tryptone, 5 g/L yeast extract, and 5 g/L
NaCl) at 310 K for 2 h. The treated cells were then resuspended and
diluted. 10 �L of E. coli cell suspension was pipetted onto each TiO2-
coated and uncoated filter paper (2 cm × 2 cm). The filter paper
samples supported E. coli were separately illuminated with 254 nm
UV lamp (4 W,  Philips) and VUV lamp (4 W,  Cnlight) in an airtight
illumination chamber for 5 min, respectively (see Fig. 1a). The VUV
lamp has a peak spectral emissive power at 254 nm and a smaller
(about 8%) emission at 185 nm.  After illumination, the cell suspen-
sion was collected by washing the filter paper with 5 ml  0.9% saline
solution. Then the collected cells suspension was diluted appro-
priately, and 0.5 ml  diluted suspension was spread on the nutrient
broth agar plate and incubated at 310 K for 24 h. Two parallel exper-
iments were conducted for comparison under the same conditions.
One is a blank experiment, in which there is no E. coli inoculated
and UV irradiation. The other is a dark control experiment, in which
there is E. coli inoculated but without any UV irradiation.
2.2.2. Experiment II: toluene destruction
The experimental setup and the PCO reactor for toluene

destruction were shown in Fig. 1b. A continuous-flow honey-
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ig. 2. Microbial colonies obtained in the culture plates after incubation for 24 h
nder different conditions 1#: blank; 2#: without UV irradiation (dark control tests);
#: VUV–PCO for 5 min; 4#: VUV irradiation for 5 min; 5#: 254 nm-PCO for 5 min.

omb type reactor was used in the experiment. The PCO reactor
s a rectangle container with sizes of 30 cm × 15 cm × 10 cm
length × width × height). The photocatalyst mesh was fixed in the
entre of the reactor, as shown in Fig. 1a. UV irradiation was  pro-
ided by a 254 nm UV lamp and VUV lamp, separately. The air flow
ate, initial toluene and water vapor content at the inlet of the PCO
eactor were 1 L/min, 50 ppm and 1 wt%, respectively.

Toluene in the air stream was analyzed on-line by a gas chro-
atograph (GC-2010, Shimadzu) equipped with a FID. The gaseous

rganic intermediates were concentrated from the outlet gas by
n adsorption bottle filled with methanol. The absorption solution
as then analyzed by GC–MS (QP2010, Shimadzu).

. Results and discussion

.1. Inactivation of E. coli

Fig. 2 shows the microbial colonies obtained in the culture plates
nder different conditions. No trace of E. coli was found in the blank
xperiment (1#) while 39 colonies of E. coli survived in the dark
ontrol experiment (2#). In the VUV irradiation experiment (4#),
5 colonies of E. coli survived. Only about 62% E. coli was killed
fter VUV irradiation. Irradiation of UV (185 nm and 254 nm)  can
ause direct DNA damage by inducing the formation of DNA photo-
roducts. The accumulation of DNA photoproducts can be lethal to
ells through the blockage of DNA replication and RNA transcription
25].

As shown in Fig. 2, no E. coli survived for both VUV–PCO (3#) and
54 nm-PCO processes (5#). The bacterial inactivation is strongly
nhanced in the presence of TiO2. When TiO2 is irradiated by UV
ight, excited pairs of electrons and holes are generated. The photo-
enerated holes react with the water to produce highly reactive
ydroxyl radicals (•OH) that can kill bacteria. Oxidative attack of
he cell membrane led to the lipid peroxidation. The combination
f cell membrane damage, and further oxidative attack of internal
ellular components, ultimately resulted in cell death [25–27].

There are more processes to inactivate E. coli in the VUV–PCO
rocess besides PCO and UV irradiation. Much O3 (30 ppm) can be
enerated from VUV lamp. O3 and the reactive oxidants such as •OH
nd atomic oxygen formed from O3 catalytic decomposition can
lso kill E. coli efficiently. Thus, VUV–PCO has better disinfection
fficiency than individual UV irradiation, O3 or 254 nm-PCO.
In the present study, the difference in antibacterial effect
etween the VUV–PCO and 254 nm-PCO process is not significant
ue to the fact that •OH formed in both process was  sufficient for
terilizing the experimental E. coli.
Fig. 3. Toluene removal efficiency in different processes.

The most common air disinfection method is UV irradiation.
However, it could only disinfect airborne bacteria close to the
lamps as UV light has limited penetration capacity. In case of a
contaminated room, UV disinfection alone is inadequate to pro-
vide virus-free environment. O3 is a powerful oxidizer and can
kill microorganisms effectively with good penetration capability
and flowability. In contrast to UV irradiation, O3 could penetrate
to every corners of environment, thus it could effectively disinfect
airborne bacteria. However, its application in air disinfection is lim-
ited due to the concern on ozone’s toxicity. O3 has adverse effects
on human health and its use for air disinfection is generally not rec-
ommended in the presence of occupants in the room. Sterilization
by VUV–PCO has the advantages of disinfection with individual UV
irradiation and O3, and overcoming their drawbacks. Residual O3
can be removed by catalytic decomposition and further enhance air
disinfection in the VUV–PCO process.

3.2. Destruction of toluene

Toluene destruction effects by VUV–PCO, VUV photolysis and
254 nm-PCO processes were compared. As shown in Fig. 3, max-
imum toluene removal efficiency (TRE) was  only 14.3% in the
254 nm-PCO process, whereas, the stable TRE reached 63.9% in the
VUV photolysis process. VUV–PCO yielded the highest TRE, reach-
ing about 82.1%. The TRE was  notably increased in the VUV–PCO
process, compared with that in the 254 nm-PCO and VUV photolysis
process.

PCO reaction is typically governed by the generation of •OH
which is generally regarded as a primary strong oxidant in the
254 nm-PCO process [15,17,18].  In the 254 nm-PCO process, •OH
was  mainly formed via Eqs. (1)–(3) [15,17,18]:

TiO2 + h� → TiO2 + e− + h+ (1)

h+ + H2O → •OH + H+ (2)

h+ + OH− → •OH (3)

The •OH formed is inadequate for toluene oxidation due to
the electron–hole recombination, resulting in the low TRE in the
254 nm-PCO process as observed. Compared with 254 nm-PCO,
VUV photolysis obtained much higher TRE. 254 nm-PCO is generally
considered as heterogeneous catalysis in which toluene oxidation
mainly occurs on the surface of photocatalyst. However, toluene

destruction by VUV photolysis occurs in the gas phase, which is
greatly different from that in 254 nm-PCO. More reactive oxidants
are formed for toluene destruction in the VUV photolysis process.
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ig. 4. Effect of reaction medium and water vapor on the toluene removal efficiency
n  the VUV photolysis process.

xygen in air is dissociated and accordingly O3 is formed under
UV irradiation via Eqs. (4)–(6) [16,23,28].

2 + h� (< 243 nm)  → O(1D) + O(3P) (4)

(1D) + M → O(3P) + M (M = O2 or N2) (5)

(3P) + O2 + M → O3 + M (6)

here O(1D) and O(3P) represent excited and ground state oxygen
tom, respectively. Toluene can be oxidized by the atomic oxygen,
hich is the intermediate during the O3 formation. O(1D) is also

ormed from O3 decomposition by UV irradiation via Eq. (7) [28],

3 + h� (< 310 nm)  → O(1D) + O2 (7)

Besides O(1D), the •OH can also be abundantly produced via
qs. (8) and (9) in the presence of water vapor in the VUV process
16,23]:

(1D) + H2O → •OH (8)

2O + h� (185 nm)  → •OH + H (9)

The •OH and atomic oxygen formed can efficiently oxidize
oluene presented in the air stream. In addition, toluene can also be
irectly destroyed through VUV photolysis. UV light with 185 nm
avelength corresponds to a photon energy of 6.7 eV which is

arger than the energies of the C–H bond in the methyl (3.7 eV)
nd aromatic ring (4.3 eV), of the C–C bond in the methyl (4.4 eV),
f the C–C bond in the aromatic ring (5.0–5.3 eV) and of the C=C
ond in the aromatic ring (5.5 eV) of toluene [29]. Energetic pho-
ons can efficiently break down the chemical bonds of toluene and
estroy toluene.

In order to make out toluene destruction by the energetic pho-
ons, atomic oxygen and •OH in the VUV process, experiments were
arried out under different conditions. Fig. 4 shows the effect of
eaction medium and water vapor on the TRE. It is only 32% in the
ry N2 stream. Since nitrogen does not absorb light above 125 nm,
nd no oxidative reaction occurs under that condition, toluene
estruction in a dry nitrogen stream should be due to photo-
egradation of energetic photons only [28]. The TRE is increased
o 52.5% in the wet N2 stream with 1% humidity, in which both
hotolysis and the •OH contributes to the toluene destruction. The
OH can be formed from water dissociation with the 185 nm UV
rradiation, as described in Eq. (9).  The •OH formed can enhance
oluene oxidation. The TRE is 43.3% in the dry air stream, in which

oluene destruction is due to both energetic photons and atomic
xygen. However, it is increased to 63.9% in the wet air stream
ith 1% humidity, in which the •OH is also responsible for toluene
estruction besides energetic photons and atomic oxygen. The TRE
ay 175 (2011) 310– 315 313

is increased remarkably in both N2 and air stream with water vapor,
compared with the dry stream. Since water molecules exhibit a con-
tinuous UV adsorption spectrum between 175 and 190 nm,  much
•OH can be produced in the gas phase [30]. The TRE in the dry air
stream (43.3%) is higher compared with that in the dry N2 stream
(32%). The TRE in the wet air stream (63.9%) is higher than that in
the wet  N2 stream (52.5%). Compared with N2 stream, it is increased
in both dry and wet  stream in the presence of oxygen. The formed
atomic oxygen and •OH enhanced TRE in the air stream. Therefore,
both energetic photons and highly reactive radicals (i.e. atomic oxy-
gen and •OH) are responsible for the toluene destruction in the VUV
photolysis process.

Toluene destruction in the VUV–PCO process is greatly different
from that in the 254 nm-PCO process. In the 254 nm-PCO process,
toluene destruction was  mainly attributed to the •OH formed on
the catalyst while the 254 nm UV light itself hardly contribute to
toluene degradation. However, more processes (such as VUV pho-
tolysis, catalytic ozonation) are involved in the toluene destruction
in the VUV–PCO process. It combines the merits of O3, VUV  photol-
ysis and 254 nm-PCO process. TiO2 can be irradiated by the 185 nm
and 254 nm UV light, leading to photocatalytic oxidation. In addi-
tion, O3 generated from the VUV lamp can greatly enhance toluene
destruction with higher removal efficiency and better PCO durabil-
ity [17,18,31].  In the meanwhile, O3, with higher electron affinity
than oxygen, can reduce the recombination rate of photogenerated
electron–hole pairs and increase the formation rate of •OH [32–34].
What is more, O3 can be catalytically decomposed by TiO2, forming
more •OH and atomic oxygen via Eqs. (10) and (11):

O3 + ∗ → O ∗ + O2 (10)

O + H2O → 2OH• (11)

where * denotes an active site on the surface of photocatalyst.
Photochemical oxidation occurs in the gas-phase while PCO oxi-

dation and catalytic ozonation occur over the TiO2 catalyst. The
increased TRE in the VUV–PCO process is mainly attributed to
increased pathways to form highly reactive species for toluene
destruction. Toluene destruction happened both in the gas-phase
and on the surface of photocatalyst. Accordingly, toluene could be
destroyed more quickly by VUV–PCO than the other two processes.
Among the multiple processes in the VUV–PCO system, VUV pho-
tolysis played a key role in toluene destruction. As shown in Fig. 3,
the TRE reached 63.9% in the VUV photolysis process.

It can be observed that the TRE in the PCO process gradually
dropped after operation for 50 min  (Fig. 3), indicating that the pho-
tocatalyst was  easily deactivated. However, this phenomenon was
not observed in the VUV–PCO process even after operation for 3 h.
The TRE in the VUV–PCO process kept stable after operation for
about 100 min  (Fig. 3). The enhanced durability of PCO activity in
the VUV–PCO process is probably due to the following facts: (i)
more reactive oxidants were formed, resulting in complete oxi-
dation of toluene and less byproducts formed on the surface of
the photocatalysts; and (ii) some toluene was  destroyed by VUV
photolysis in the gas-phase before the PCO reaction.

3.3. By-products of toluene destruction

The possible byproducts of the toluene destruction process
include residual O3 and organic intermediates.

3.3.1. Residual ozone
The biggest problem with VUV photolysis is the possible pol-
lution caused by residual O3. The formation of O3 with the VUV
irradiation is described in Eqs. (4)–(6).  As shown in Fig. 5, no O3
was  detected in the air stream of the 254 nm-PCO process while the
O3 concentration reached 30 ppm in the effluent of the VUV pho-
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Fig. 5. O3 concentrations in the effluent in different processes.

olysis reactor. It dramatically dropped from 30 ppm to 1.8 ppm
n the VUV–PCO process compared to the VUV process. The O3
evel was greatly reduced with the photocatalyst. As such, the O3
oncentration in the effluent of VUV–PCO process can be easily
educed to a safer level by increasing the catalyst loading or improv-
ng the catalytic performance for O3 decomposition. O3 level is
educed mainly through two pathways in this process: decom-
osition by photolysis and catalysts, consumption by acting as
lectron acceptor and scavenger to •OH [15,18]. Among them, cat-
lytic destruction played an important role in the O3 destruction.
s shown in Eqs. (7),  (8),  (10) and (11), highly reactive •OH and
tomic oxygen were produced during the O3 decomposition, which
an further enhance toluene oxidation. Therefore, the residual O3
nd unreacted toluene can be simultaneously eliminated in the
UV–PCO process. In a previous study, an O3 decomposition cat-
lyst (ODC) layer was set up behind the photoreactor in order to
liminate excess O3 in the effluent gas stream [28]. However, addi-
ional ODC layer will complicate the setup and add extra cost. In
his experiment, most of the residual O3 can be eliminated without
he need of an additional ODC layer.

.3.2. Organic by-products
Toxic by-products from incomplete oxidation of VOCs are also

 serious challenge for practical application of photolysis [28,35].
he gaseous byproducts formed in the VUV photolysis process are
ainly formic acid, acetic acid, benzaldehyde and benzoic acid

Fig. 6a). In the VUV photolysis process, decomposition of toluene
ainly occurs in the gas-phase, and intermediates of toluene oxida-

ion are directly discharged with the effluent gas stream. However,
he byproducts are greatly reduced in the VUV–PCO process, com-
ared with the VUV photolysis process. Only formic acid, acetic acid
nd benzaldehyde were identified by GC–MS (Fig. 6b) while the
enzoic acid and benzyl alcohol was not found in the VUV–PCO pro-
ess. The gaseous intermediates from toluene photo-degradation
ould be trapped by the catalyst mesh and further oxidized by
he •OH and atomic oxygen generated, leading to the reduction
f by-products in the VUV–PCO process.

During toluene oxidation in the 254 nm-PCO process, less-
eactive intermediates are responsible for the deactivation of
atalyst. These intermediates are strongly adsorbed onto the sur-
ace of the TiO2 catalyst and deteriorate its photocatalytic activity
y blocking its reaction sites [10,11,15].  Benzaldehyde, formic acid
nd acetic acid were identified by GC–MS in the 254 nm-PCO pro-

ess, which was consistent with the results of the previous study
5,36,37]. The intermediates generated from toluene oxidation
esulted in the quick deactivation of photocatalysts in the PCO pro-
ess. The intensity of formic acid and acetic acid is a little higher
Fig. 6. GC–MS chromatogram of the gaseous byproducts of toluene decomposition
by  (a) VUV photolysis; (b) VUV–PCO; (c) 254 nm-PCO.

than that of 254 nm-PCO and VUV photolysis due to the fact that
the amount of toluene oxidized in the VUV–PCO process was larger
than the other two  processes.

4. Conclusions

VUV–PCO process has a higher efficiency in destroying toluene
and inactivating E. coli, compared with the 254 nm-PCO and VUV
photolysis processes. In addition, the stability of PCO activity is
increased while the yield of byproducts such as O3 and organic
compounds is reduced during toluene destruction in the VUV–PCO
process. The TRE in the VUV–PCO process was more than 5 times
higher than that of 254 nm-PCO. VUV–PCO can overcome some
drawbacks of conventional photocatalysis, such as low efficiency

and easy photocatalyst deactivation. The destroying mechanism of
air pollutants in the VUV–PCO process is greatly different from that
of the 254 nm-PCO process. The excellent performance of VUV–PCO
system may  be attributed to the more reaction processes (such as
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