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Photocatalytic degradation of gaseous
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Abstract: The photocatalytic degradation of gaseous trichloroethene (TCE) was investigated on
immobilized ZnO/SnO, coupled oxide in a flow-through photocatalytic reactor. It was found that gaseous
photocatalysis is an efficient method for volatile organic compounds’ abatement and air purification.
Degradation of ~100% was found for TCE at the concentrations examined, up to 400 ppmv, in a flow-
through dry synthetic gas stream. In our tested conditions, the flow rate had little influence on the
photocatalytic degradation efficiencies of TCE, while the relative humidity had a significant influence
on the photocatalytic degradation of TCE. The photocatalytic degradation efficiencies of TCE increased
slowly below 20% relative humidity and then decreased as the relative humidity increased further. The
deactivation of used immobilized photocatalyst was not observed within the 200 h testing period in the
present experiment, although the surface of the photocatalyst changed greatly during the use of the

photocatalyst.
© 2004 Society of Chemical Industry
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INTRODUCTION

Volatile organic compounds (VOCs) are widely used
in (and produced by) both industrial and domestic
activities.! Among VOC:s, volatile chlorinated organic
compounds such as trichloroethene (TCE), tetra-
chloroethene (PCE) and dichloromethane (DCM)
have been widely used as extracting solvents as
well as degreasing and cleaning agents in industrial
processes.>> Volatile chlorinated organic compounds
are some kind of the most commonly detected pol-
lutants in hazardous waste sites and landfills in many
countries.*> Moreover, they are also very commonly
detected in indoor air.® As a result, the widespread
presence of volatile chlorinated organic compounds
in the environment poses a serious challenge because
most of these compounds are toxic, and some are con-
sidered to be carcinogenic, mutagenic, or teratogenic,
and they are extremely persistent in the environment.”

Many countries have implemented VOC emission
control measures. However, it is still a technical
and management problem to reduce the emission of
these hazardous air pollutants in industrial processes
and remove them from polluted indoor or outdoor
air. Thus, to remove volatile chlorinated organic
compounds from the atmosphere is of great interest.
Among the most commonly used methods, adsorption
on activated carbon for emission control can only
change the organic pollutants from one phase to
another, and the absolute toxicity of the substances
is still preserved.® However, photocatalytic oxidation
using TiO, as a photocatalyst has been receiving
increasing attention for VOC abatement and air
purification, and has been demonstrated as an efficient
abatement technology for the mineralization of these
volatile chlorinated organic compounds.®" 1?2 Most
gaseous photocatalysis studies are focused on the
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degradation feasibility and reaction mechanism of
photocatalysis on various forms of TiO,, for example
particulate TiO, and immobilized TiO, film, and little
research has been carried out on the improvement in
the gaseous photoactivity of the photocatalyst and
the development of new photocatalysts for VOC
abatement in gaseous photocatalysis. Several attempts
have been made to improve the photocatalytic
efficiency of titanium dioxide or develop new
photocatalysts, such as noble metal deposition,!? ion
doping!41> and coupled metal oxides.'® Many binary
and ternary metal oxides have been reported to
improve the photocatalytic degradation efficiency of
organic pollutants in water. In our previous study,!”18
a nano-sized coupled oxide, ZnO/SnO,, was prepared
using two simple co-precipitation methods, and it
was successfully used to evaluate the photocatalytic
oxidation enhancement of Methyl Orange in water.
We now consider the photoactivity of our coupled
oxide photocatalyst used for VOC abatement and air
purification. To look for a photocatalyst or find a
good method to regenerate the used photocatalyst,
the photocatalytic degradation of a model VOC,
TCE, was investigated using ZnO/SnO, coupled oxide
photocatalyst immobilized on a porous nickel mesh.

EXPERIMENTAL

Materials

TCE (analytical grade) with purity over 99.8% was
purchased from Sigma and used as supplied. Ultra-
high-purity nitrogen and oxygen were supplied directly
from gas cylinders. Nitrogen carrying 400 ppmv
TCE was obtained by the evaporation of TCE using
predetermined values of flow rate of carrier gas through
a saturator containing TCE at the temperature of
40°C.

Preparation and characterization of ZnO/Sn0O,
coupled oxide immobilized photocatalyst

The nano-sized coupled oxide catalyst ZnO/SnO,
(2:1) was prepared using the co-precipitation method
and characterized as described previously.!” Calcina-
tion at 600°C for 10h leads to SnO, and ZnO in
the coupled oxide with mean sizes of about 3.9 nm
and 46.4 nm, respectively. Five g of this powder was
added into 10 cm?® deionized water, stirred for 30 min,
then uniformly loaded onto a disc of porous nickel
mesh (radius 4.5 cm). The loaded disc was dried at
110°C for 2 h, and washed with deionized water three
times, dried at 110°C again for 1h, then weighed for
further usage. The net loaded weight of the catalyst
is 4.81 g per disc. The immobilization was conducted
at low temperature so that no change was expected
in the chemical properties of the catalyst. The SEM
images were obtained by a model LEO1530VP micro-
scope (LEO, Germany). The surface morphologies of
the porous nickel mesh coated with or without nano-
sized coupled oxide are shown in Fig 1. Compared
with the original nano-sized coupled oxide ZnO/SnO,
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Figure 1. SEM images of: (A) porous nickel mesh substrate;
(B) coupled oxides photocatalyst immobilized onto porous
nickel mesh.

powder,!” it can be seen from the figure that the

immobilized coupled oxide particles on nickel mesh
had an apparent aggregation and greater size. More-
over, the catalyst was distributed uniformly on the
supported porous nickel mesh, and the substrate was
completely covered by the catalyst. The phase did not
change after the catalyst was immobilized onto the
nickel mesh because the heat treatment temperature
is only 110°C. In the present work, the immobilized
photocatalyst was repeatedly used for all experiments
in order to investigate the reuse and deactivation of
the photocatalyst.

Flow-through gaseous photocatalytic reactor

The flow-through photocatalytic reactor used for
the gas—solid photocatalytic degradation of TCE
is shown in Fig 2A. It consists of a 125W high-
pressure mercury lamp (GGZ125, Shanghai Yaming
Lighting Co, Ltd) which was sleeved in a Pyrex
glass tube located inside a stainless steel cylinder
containing an immobilized photocatalyst disc. The
reaction gas stream was composed of four gases (pure
nitrogen, pure oxygen, humidified nitrogen, nitrogen
contaminated with TCE), and the oxygen content was
20%. The schematic set-up of the gas flow systems is

J Chem Technol Biotechnol 80:251-258 (2005)
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Figure 2A. Schematic diagram of a flow-through
photocatalytic reactor.

shown in Fig 2B. When reaction started, the gas stream
entered the stainless steel photocatalytic reactor from
the top, passed through the reactor, reacted with the
immobilized photocatalyst on the surface, and then
exited from the bottom to an alkaline trap to assure the
retention of any acidic products leaving the reaction
vessel.

Procedure and analytical methods

Nitrogen gas containing TCE was prepared by
carrying T'CE vapour into an initially evacuated clean
cylinder with a flow of pure nitrogen gas. Humidified
nitrogen gas was prepared by bubbling nitrogen
through a saturator containing deionized water at
the temperature of 40°C, and the relative humidity
was adjusted by the flow rate of bubbling nitrogen
and probed with a barothermohygrogram i situ. The
gas mixture stream was forced to flow through the
immobilized photocatalyst where TCE was degraded.
In a typical test, the gas mixture stream with TCE
passed through the photocatalytic reactor in the
absence of illumination until the gas—solid adsorption

524
520
%QE@J

D

Gy

[ 1
L
D

Photocatalytic degradation of gaseous trichloroethene

equilibrium was established under a constant flow rate.
Photocatalytic degradation was started by switching
on the UV lamp. Except as indicated, the flow
rate of the gas mixture was 300cm? min~! with
an initial TCE concentration of 400 ppmv. All
gaseous degradation reactions were conducted under
an atmosphere without water vapour except for the
experiments on the effect of water vapour.

The effluent from the photocatalytic reactor was
sampled with a 50 mm? gas-tight syringe and analysed
in an HP 6890 gas chromatograph (GC) equipped
with an electron capture detector (ECD). The
photocatalytic degradation efficiency of TCE was
defined as (1 — C/Cyp) x 100, where Cy, and C are
respectively the concentrations of TCE in the feed
to and effluent from the reactor. Ultra-high-purity
nitrogen was used as carrier gas, and the GC column
was a HP-5 capillary column (50m x 0.32 mm X
0.25 um) with a flow of 2.0 cm® min~!. The GC oven
temperature was programmed to be initially at 40°C
for 2 min, then raised to 80°C at a rate of 2°C min~!
and held for 2min, and then to 230°C at a rate
of 15°C min~! and held for 2min. The detector
and injector temperatures were 250°C and 190°C

respectively, and the gas volume injected was 5 mm?.

RESULTS AND DISCUSSION

Adsorption of TCE onto immobilized
photocatalyst

The adsorption of pollutants onto the photocatalyst
surface is the first step of the photocatalytic reaction;
moreover, the adsorbability of the pollutants onto the
photocatalyst surface is an important factor to evaluate
the efficiency of the photocatalytic degradation of
pollutants.!® In the present work the adsorption of
TCE at various relative humidities has been performed
in the dark in the presence of the immobilized
photocatalyst. The feed mixture flowed through the

S

Figure 2B. Schematic set-up of the synthetic-gas flow and mixture systems. A: Pressure controller; B: pressure meter; C: flow controller; D: flow
meter; E: TCE saturator; F: water vapour saturator; G: mixture system; H: humidity sensor; I: flow meter; J: photoreactor.
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Figure 3A. Adsorption kinetics of TCE onto immobilized
photocatalyst at various relative humidities.
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Figure 3B. Dependence on relative humidity of amount of TCE
adsorbed.

immobilized photocatalyst for a certain time until
a steady exit concentration of TCE was achieved.
The adsorption in the dark was performed under
an identical constant flow with the concentration
of TCE at 400 ppmv, and the adsorption Kkinetics
profiles at various relative humidity are given in
Fig 3A, which shows that the adsorption equilibrium
of TCE in the absence of water vapour can be
completely established within 2h. Moreover, it was
found that the relative humidity had a slight effect on
the adsorption kinetics of TCE. In order to clearly
see the relationship between the relative humidity
and amount of TCE adsorbed, the effect of relative
humidity on the adsorption of TCE on the surface of
photocatalyst was also investigated, and the profiles
are plotted in Fig 3B. From this figure, we can find
that at any tested interval an inverse dependence of
relative humidity on the adsorbed amounts of TCE
was obtained, ie with increase in the relative humidity,
the adsorption of TCE on photocatalyst decreased
slowly at any reaction interval. This indicated that
TCE had a lower adsorption affinity than water,
and there was a strong competitive adsorption with
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water molecules at higher humidity. The higher
the relative humidity is, the less TCE is adsorbed
onto the immobilized photocatalyst, and the sooner
the adsorption equilibrium is achieved. No TCE
degradation was found when gas mixture streams
were passed through the immobilized photocatalyst
in the absence of light. All photocatalytic degradation
experiments in the present work were conducted after
the adsorption equilibrium of TCE was established.

Photocatalytic degradation of TCE
It has been reported that in the absence of
photocatalyst, the photolysis of TCE was not
apparent under illumination provided only by a high-
pressure mercury lamp. This indicated that TCE
could not be decomposed directly by UV light of
365 nm, presumably because the maximum adsorption
wavelength of TCE was about 240 nm.?° In the present
work, a high-pressure mercury lamp emitting radiation
at a maximum wavelength of 365 nm was also used
to conduct the photocatalytic reaction of TCE, thus
the photodegradation of TCE without photocatalyst
should be investigated first. Both photodegradation
and photocatalytic kinetics curves of TCE are shown
in Fig 4A. It was found that in absence of photocatalyst
TCE was degraded partially when irradiated by UV
light, and the photolytic efficiency obtained was only
14%. This is because with increasing the reaction
time, the photochemical degradation reaction reached
a photochemical steady-state, ie the photochemical
reaction efficiency reaches a maximum of 14% in the
continuous flow reaction stream within a few minutes
of the start. However, in the presence of ZnO/SnO,
immobilized photocatalyst, the TCE concentration in
the reactor decreased strongly, indicating an apparent
photocatalytic degradation of TCE when the UV
light was turned on. In this case, the photocatalytic
degradation efficiency of TCE was as high as ~100%
under the experimental set-up and the conditions
described above.

In order to completely understand the effect of
UV light, the photocatalytic experiments were carried
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Figure 4A. Photocatalytic degradation and photodegradation
kinetics of TCE.
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Figure 4B. Light on—off experiments on photocatalytic degradation
of TCE.

out without UV light initially, then the UV light
was switched on and off several times. The results
are shown in Fig 4B. From this figure, it is noted
that under the general conditions, by turning off the
UV light, the concentration of TCE will be kept
constant after 2h adsorption. The results indicated
that the photocatalyst alone could not decompose
TCE without UV light. However, when the UV light
was turned on, the concentration of TCE dropped
dramatically and reached the steady state within
110 min. On the contrary, the TCE concentration was
raised to the original concentration within 120 min
when the UV light was turned off. It was found that
the concentration of TCE did not decrease until the
UV light was turned on again, then the decomposition
reaction occurred with the same pattern as the previous
one, ie reaching the steady state again. The light off—on
procedures were repeated and the results were the
same as the previous ones. This indicated that the UV
light played an important role in the photocatalytic
degradation of gaseous TCE.

The effect of flow rate

In heterogeneous catalysis, the factors for the rate-
controlling step are mass transfer and surface reaction
control.2%2! At low flow rates, the reaction rate
is under the influence of mass transfer, for which
the increase of flow rate increases the reaction
rate. The mass transfer effect from the bulk phase
to the surface increases with the flow rate, and
then gradually levels off. The variation of reaction
efficiencies of TCE degradation in the flow rates
ranging from 100cm?® min~! to 500 cm>® min~! are
shown in Fig 5(A). From this figure, it is found that
the photocatalytic degradation efficiencies decreased
slowly for the first 10 min, then levelled off and had
the same trend thereafter with increase of the flow
rate. The photocatalytic degradation efficiencies at
various reaction time under different flow rates are
shown in Fig 5(B), it was found that the flow rate
had a slight effect on the photocatalytic degradation
efficiencies of TCE. For example, the degradation
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Figure 5. Effect of flow rate on TCE conversion efficiency.

efficiencies in the first 5min under various flow
rates were 98.6%, 98.6%, 98.5%, 98.3% and 97.8%,
respectively. Moreover, as the reaction time increased
the influence of flow rate on the photocatalytic
efficiency became less and less. The degradation
efficiencies at the photosteady state varied very little
under various flow rates. Thus, we could conclude that
there was no apparent mass transfer control effect and
the flow rate had little influence on the photocatalytic
degradation of TCE in this work. Thus, in the present
investigation, the flow rate of 300cm? min~! was
selected for other studies.

The effect of relative humidity

In the above experiments, TCE degradation reactions
were all conducted under an atmosphere without
water vapour. However, water vapour plays an
important role in the photocatalytic degradation of
gaseous VOCs. Many researchers have investigated
the photocatalytic degradation of TCE using TiO,
as photocatalyst in the presence or absence of water
vapour.!012:22.23 Hyang and Marinas found that TCE
degradation was not affected by relative humidity
up to 20%, but it deteriorated as the gas mixture
approached saturation with respect to water vapour.?3
But Amama ez al believed that the presence of water
vapour molecules suppressed or delayed the Cl atom-
propagated chain reaction.??
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To date, there is controversy relating to the effect
of water vapour on photocatalytic degradation of
TCE. Huang and Marinas pointed out that in the
absence of water vapour, TCE degradation at high
oxygen concentrations, including that of ambient air
resulted in the formation of inorganic compounds,
with hydrochloric acid and molecular chlorine being
the primary chlorine-containing products.?> Both
Liu eral®® and Nimbles eral®® also found that
CO;, HCl and Cl, were detected as the final
products, and a stoichiometric formula was given
(see eqn (1)). However, Dibble and Raupp reported
that CO, and HCI were the final products of the
photocatalytic oxidation of TCE when water vapour
was incorporated in the reactant stream,?® and Amama
et al presented a stoichiometric chemical equation of
TCE photocatalysis in the presence of water vapour

(eqn (2)).%?

h
C,HCl; + 20, —— HCl+ 2CO, + Cl,

TiO,

(1)

h
C,HCl + 3/20, + H,0 ——s 3HCI 4 2CO; (2)
TiO,

Comparing eqn (1) with eqn (2) we can easily see
that the gaseous TCE can be degraded with or with-
out water vapour. However, what is the underlying
reason for the effect of water vapour on the photocat-
alytic degradation of TCE? Thus, we conducted the
photocatalytic degradation experiments of TCE in the
range of relative humidity from 0% to 80%, and the
results are shown in Fig 6 (A). It was found that relative
humidity had a significant influence on the photocat-
alytic degradation efficiencies of TCE, especially for
the first 5 min. The dependence on relative humidity
of the degradation efficiency of TCE in various reac-
tion times is shown in Fig 6(B). From this figure we
can see that at any time interval, the photocatalytic
degradation efficiency for TCE increased slowly at up
to 20% relative humidity and then decreased substan-
tially with further increase in the relative humidity, and
the photocatalytic conversion of TCE was significantly
inhibited by excessive water vapour. About 99.2%
TCE was degraded at 0% relative humidity, while at
20% relative humidity, about 99.8% TCE conversion
was achieved at steady state. But only 96.4% and
92.9% of TCE was degraded at 50% and 80% relative
humidity, respectively. The results revealed that a little
water vapour could promote the photocatalytic degra-
dation of TCE, while excessive water vapour could
inhibit the photocatalytic degradation of TCE. This
phenomenon is in agreement with to the observations
reported previously.?> The decrease in the photocat-
alytic degradation efficiencies was probably due to the
increase in water vapour competing with the adsorp-
tion sites on the photocatalyst’s surface. Moreover, the
decrease in the amounts of TCE initially absorbed on
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Figure 6. Effect of relative humidity on TCE conversion efficiency.

the photocatalyst with increase in the relative humid-
ity may be another convincing reason accounting for
the decrease of photocatalytic degradation efficiency
at higher relative humidity.

Long-term photocatalytic activity of immobilized
coupled oxide

It had been reported by many researchers that the
photocatalytic activity of TiO, decreases dramatically
after only a few minutes irradiation in the absence of
water vapour; however, under an abundance of water
vapour, the photocatalytic activity could be main-
tained indefinitely.?”-?8 In this study, it was found that
the photocatalytic degradation of gaseous TCE with-
out water could be completely accomplished under
our experimental conditions, and ~100% degradation
was achieved for TCE concentrations examined up
to 400 ppmv whilst the humidified atmosphere had
a significant inhibiting effect on the photocatalytic
degradation of TCE. Figure 7 presents the long-
term photocatalytic degradation profiles. The lifetime
experiments of immobilized photocatalyst were carried
out with a flow rate of 300cm’® min~! and with-
out water vapour. It showed that when light was
turned on the photocatalytic degradation efficien-
cies of TCE increased dramatically until it reached
a steady state. Fortunately, the deactivation of used
immobilized photocatalyst was not observed within

F Chem Technol Biotechnol 80:251-258 (2005)
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our 200 h testing period. From the figure, we can eas-
ily see that the photocatalytic degradation efficiency
of TCE remained nearly 100% after the immobilized
photocatalyst had been used for 200h. As a result,
the gas-phase photocatalytic oxidation may be free
of catalyst regeneration in this work. But this con-
clusion did not conform to the results reported in
the literature.?” This difference may be interpreted
by the fact that the used immobilized coupled oxide
photocatalyst could make charge separation more
efficient than did TiO,, thus decreasing the recom-
bination of electrons and holes in the ZnO/SnO,
couple.!”

In order to further understand the deactivation
and the surface morphology change, the used
photocatalysts were also observed by SEM. The SEM
micrographs of the immobilized photocatalyst used
for 100h and 200h are presented in Fig 8(A and B,
respectively). From this figure we can conclude that
though the decrease in the photocatalytic degradation
efficiencies for 400 ppmv TCE and the photocatalyst
deactivation were not found within our 200 h testing
time, the surface morphology of the photocatalyst
was greatly changed. It was found that the surface
of our immobilized photocatalyst was covered by a
lot of colloid species, and the colloid species also
accumulated with increase in the reaction time. The
surface morphology change of the photocatalyst could
be attributed to the long-term corrosion effect of
HCI formed in the reaction. Thus, we can predict
that the deactivation of immobilized photocatalyst
will be observed with further usage. Thus, it is
very necessary to develop a good photocatalyst
regeneration method in further gaseous photocatalytic
research.

CONCLUSIONS

(1) Gas—solid photocatalytic degradation is an effi-
cient method for volatile chlorinated organic
compounds’ abatement and air purification using

F Chem Technol Biotechnol 80:251-258 (2005)
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Figure 8. SEM images of used immobilized photocatalyst after:
(A) about 100 h; (B) about 200 h.

immobilized ZnO/SnO, coupled oxide as a pho-
tocatalyst.

(2) In our tested conditions, the flow rate had
little influence on the photocatalytic degradation
efficiencies of TCE, while the relative humidity
had a significant influence on the photocatalytic
degradation of TCE.

(3) No deactivation of the immobilized photocatalyst
was observed within the 200 h testing period, and
the gas-phase photocatalytic oxidation may be free
of catalyst regeneration in this work.
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