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Abstraet-The efl;zct of humidity, on the photocatalytic degradation reaction of trichloroethyl~me (TCE) in gas pha~ 
was investigated by using prctreated TiOe ~l-gct films, It was observed that the photocatalytic activity of the TiO_, films 
depended more greatly on the pretreatment conditions, lbr example, UV pre-illumination, thin1 on the moisture content, 
When the relative humidity' was over 50%, the reaction rates decreased regardless of treatanent conditions of  the pho- 
tocatalyst. The photocatalytic decolnposition rate oFI'CE increased with the increase of  light intensity. However. the 
influence of hulnidity on the reaction rate was less significant under the increased light intensity,. The internmdiates 
and byproducts of  the reaction were not changed in diftbrent humidity conditions. 
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I N T R O D U C T I O N  

Volatile chlorinated oganic compounds such as trichloroethyl- 
ene (TCE) have k e n  used as a solvent in a wide range of indus- 
trial applications [A1-Ekabi and Serpone, f988; Ollis et at., 1991]. 
A serious amount of  these compotmds has been discharged or leaked 
into the environment due to the imp~,oper management. The con- 
manination of underground water, rivers and drinking water by chlo- 
rinated organic compounds has been an issue of social concern, in 
particular, some of the chlorinated organic compounds are carcino- 
genic and adversely affect human health [Hisanaga et al,, 1990; Tur- 
chi et al., 1990: Murabayashi et al., 1992]. 

Although several treatment methods are commonly used now 
such as adsorption on activated carbon and air bubbling, many of 
them simply change the state of  pollutants and the harmful com- 
pounds still exist after the treatment [Liu et at., 1995; Eleazer et at., 
I997].. "therefore, photocatalysis with TiOe has received great atten- 
tion because it leads to the rema~a~able elimination of organic com- 
pounds, involving volatile owanic compounds (VOCs) contained 
in air and water [lzumi eta[., t980; Tmguay eta[,, 1989: Dibble 
and Raupp, 1990: Fox and Dulay, 1993; Yamazaki-Nishida et at., 
I993; Nimlos et at., 1993; Hoffinann et al., 1995; Khn et at., 1996; 
Hilgendorff et at,, 1996: Yoon et aL 2000; Lee et at., 2000; Jeoug 
et al., 2001 ; liong et al.~ 20011. 

Much research on the photocatalytic decomposition of"ICE in 
water and air has been reported [Hsiao et aL 1983: Pmden and Ollis, 
t983; Ollis et al,, 1984: Ollis, 1985; Yoon et al., 2000]. In recent 
years, at*,ention has been focu~d on gas-phase photocatalysis because 
TCE can be decomposed much faster in gas phase than in aqueous 
phase [Murabayashi et al., 1999]. In addition, the gas-phase photo- 
catalytic degradation of TCE has been widely studied to elucidate 
its reaction mechanism [Kutsuna et at., 1993: Nimlos et at., 1993: 
Yamazaki-Nishida et al., 1995: Hung and Marinas, 1997; Kim et 
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at., 1998; Yoon et al., 2000]. Plenty of  experimental results on the 
photocatalytic degradation of TCE in gas phase have been reported 
in literature. However, they are not consistent with each other so 
far, especially with respect to the effect of  water vapor, Nimlos et 
at. [ f993] reported a specific chain reaction mechanism of the C1 
radical in the TCE photocatalytic reaction in the gas phase, while 
the reaction in the aqueous phase was reported {Ollis, 19851 to pro- 
ceed via an OH radical. 

It is practically quite important to clarify the effect of  water vapor 
on the gas-phase photocatalytic reaction because most of  the air 
polluted with organic chlorine compounds contains water vapor. In 
heterogeneous photocatalysis, photoinduced molecular transforma- 
tions and reactions take place on the surface of photocatalyst when 
the reactant is adsorbed under UV illumination [Matthews, f988]. 
1"he activity of  the photocatalyst might be dependent on the sur- 
face conditions; the adsorbed species, other than reactant on the sur- 
face, may affect the reaction because they can hinder the adsorp- 
tion of reactant. In particular, adsorbed water molecules on the sur- 
face of  the catalyst film can participate in the reaction if their adscN> 
tion process is competitive with reactant, TCE [Kim et al., 2000]. 

For these reasons, we tried to find the relatimship between the 
photocatalytic activities of  the pretreated and untreated TiO_~ films 
with the water vapor in the gas-phase photocatalysis of  TCE. Little 
has, however, been studied on the relation between the photocata- 
lytic activity and humidity under different pretreatment of  the pho- 
tocatalyst in the previous investigations on gas-phase TCE pho- 
tocatalysis. In this work, we tried to make clear the eflbcts of  humid- 
ity by using sol-gel TiOe films coated on glass plates (Ti~-GP) in 
the gas-phase photocatalysis of  TCE when the pretreatment condi- 
tions of  TiO2 films and light intensity were changed. 

EXPERIMENTAL 

1. Photoreactor and Experimental Procedures 
A batch reactor (125 mL)was used for file experiment [Kim et 

a1,, 1999]. It was designed for i~7 situ measurements of  the de m~ada - 
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tion reaction of TCE by using Fourier Transform lnfmred (FTIR) 
spectroscopy. "['he experimental procedure was as follows. ( 1 ) The 
TiO., films were prepared on glass plates (25~55 mm e, two plates) 
by the sol-gel process: (2) the TiO_, films were placed in the reac- 
tion chamber: (3) the atmosphere of  the reaction chamber was sub- 
stimted with dried air; (4) the initial concentration of TCE was ad- 
justed by putting 4.6 mg L ~ into the reactor, and this concentration 
of TCE was used throughout the experiment. Distilled water was 
added into the reactor if necessary. 

After the conccmtration oFTCE had reached its equilibrium value, 
the degradation reaction of  TCE was started. The temperature of  
the reaction chamber was kept at 25 "C" by air-cooling. The TiO, 
films were pretreated before the reaction at different conditions, and 
were also pretreated for repeated uses after the TCE was photocat- 
alytically degraded to a level that was undetectable with an FrlR 
spectrometer. 
2. Photocatalyst and Light Source 

The "ISO_,-GPs (25>,55 mm-", BET surface area: <0.1 m-" g~, thick- 
ness: ca, 350 rim) were prepared by a sol-gel process. The samples 
were finally heated at 500 ~ for 3.5 hours after dipping 10 times. 
The prepared samples, TiO. powder and TiO:GR were the ana- 
tase phase as shown in Fig. 1~ and they were analyzed by using an 
X-my diffractometer (XRD: Rigaku D/Max-RC, 12 kW) with Cu 
Ka radiation. A more detailed preparation method has been described 
in an earlier report [Kim et al., 19961. 

The TiQ,-GPs were pret*eated in the following two diflizrent meth- 
ods after preparation, ( 1 ) TiO,-GPs were washed with water and 
dried at f00'~C for 20rain after reaction. (21) TiO,-GPs were then 
pre-illuminated for 60 min with UV lamps, 

The l i~t  intensity was adjusted from 0.4 m 8 mW cm -~ by chang- 
ing the number of  lamps to study the effect of  light intensity. For 
other experiments in this work, eight 20 W black light fluorescent 
lamps (]bshiba FL20S-BLB) were used as a light source and their 
light intensity, measured with a light power meter (OPHIR-Laser 
Power Meter), was around 8 mW cm-'~. 
3. Analysis 

An FFIR spectrometer (Nicolet 800 FT-IR spectrometer) was 
used for the quantitative and qualitative determination of TCE and 
products. We selected the light intensity of  g r o w  cm-'to investi- 
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Fig. I. XRD pattern of TiOz powder and TiO,_-GP (A: anatase 
phase). 

gate the reaction products because the kinds of  species were found 
to be the same irrespective of the light intensity although the degrada- 
tion rate of  TCE was different. The peak hdght of 942 cm -~ for the 
C-C1 stretching vibration was used to determine the change in TCE 
concentration. 

RESULTS AND DISCUSSION 

1. Effect of  Light Intensity 
~ concentration ofTCE d~reased slowly when the illulnina- 

don was started but decreased rapidly ~ e r  several mhutes of  illumi- 
nation. 1hus, since it was difficult to evaluale the initial reaction rote, 
the average degradation rate of  TCE was calculated from the half- 
life of  the reaction, Tests o f  the effect of  light intensity were per- 
fo~med with the non4reated TiO:-GP. 

Fig, 2 shows the TCE degradation rate against UV light inten- 
sity. No reaction took place in the absence of UV light or catalyst, 
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Relationship between the degradation rate of TCE and the 
light intensity. Initial concentration of TCE was adjusted 
to be 4.6 mg/L with non-pretreated TiO:GP. 

25 

[] 0,4 mW/c'm 2 
~' 3.2 mW/c'm z Q 

._= 20 o / 
2 

-~ 15 
.2 

~I o 
2 

lO 

= 5 

0 , ,L 
0 25 50 75 100 

Relative humidity. % 

Fig. 3. Relationship between tile relative humidity and file hall: 
lives of TCE degradation reaction. "[he non-pretreated T i O :  

GP was used. 

November, 2001 



Eflbct of i lumidity on Photocatalytic Reaction 937 

and high conversion of TCE was obtained at strong light intensity 
of 8 mW cm -2 under our experimental conditions. These results were 
consistent with others reported elsewhere [Kutstma et al., 19931. 

Fig. 3 shows the relationship between the relative humidity and 
half-life at three different light intensities, 0.4, 3.2 and 8 mW cm-:. 
For all three light intensities, the relative humidity up to 50% did 
not affect the half-lives of  TCE degradation. However, as the humid- 
ity increased ov~-v 50% the reaction became slower for all light in- 
tensities. From these results it can be said that the relative humidity 
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Fig. 4. Efl~ct of water vapor on the gas-phase photocatalysis of 
TCE over the non4reated TiO_,~E Symbols, [[], O,  <~, 
A and V indicate the relative humidity of 0%, 25%, ~gA)%, 
75% and 100%, respectively. 
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Fig. 5. Efl?ct of water vapor on the gas-phase photocagalysis of 
TCE when the TiO,_-GP washed with water and dried at 
100 ~'C for 20 min was u~d. Symbols, [3, O ,  <~, A and V 
indicate the relative humidity of 0%, 25%, 50%, 75% and 
100%, respectively. 
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Fig. 6. Effect of water vapor on the gas-phase photocatalysis of 
TCE when the TiO_,-GP pretreated by UV preilhimination 
was used. Symbols, El, O ,  ~ ,  A and V indicate the 
reactive humidity of 0%, 25%~ 50%, 75% and 100%, re- 
spectively. 

played the same role on the degradation rate of  TCE regardless of  
light intensity. 
2. Effect of  Humidity 

Fig. 4 shows the effect of  humidity on the gas-phase photocata- 
lytic degradation of TCE. In this experiment, the "I5~ films coated 
on glass plates were non-treated. The degradation rates of ' iCE were 
not changed at relative humidity in the range of 0-50%. floweret: 
the increase of  relative humidity higher than 75% made the reac- 
tion proceed slowly compared to that below 5~i,.  

Figs. 5 and 6 also show the eff~t  of  humidity on the gas-phase 
photocatalytic degradation of TCE, but films were pretrcated by 
washing with water and dried at 100"C for 20rain (Fig, 5) and by 
pre-illuminating UV light(Fig. 6), respectively. 

From Fig. 5, it was observed that the trend of the change in de- 
gradation rate was similar with non-treated films (Fig. 4) in the whole 
range ofO- 1 0 ~  of relative humidity in our experiment. When the 
TiO, films were washed with water, the surface would be covered 
with water molecules and they might keep the reaction from pro- 
ceeding [Kim et al., 1999]. Moisture added to increase the humid- 
ity would be difficult to adsorb onto the TIE), surface if it was al- 
ready occupied with other water molecules, From these reasons, it 
would be thought that water vapor added within this range e~ibits 
a negative role on the reaction, 

Our results were different fi'om those of Kutsuna et al. [1993] 
due to the lower initial concentration of TCE than ours. But for both 
results it is tree that the adsorption of the compounds onto the sur- 
face of  catalyst was shown to be important. When the amount of  
water vapor in the reactor increased, the adsorption of  TCE onto 
the photocatalyst surface would be restricted due to the competi- 
tive adsorption with water molecules. This m i ~ t  be the reason why 
the degradation rates of  TCE in the presence of water vapor of  75 ~ 
and 100% decreased. 

On the other hand, as shown in Fig. 6, when the TiQ films were 
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used after being washed with water and then pre-flluminated by 
UV light, the degradation rate was the fastest at relative humidity 
of  ~,;, but decreased with the increase of  relative humidity. It is 
possible to explain that water molecules adsorbed onto the surface 
of fihn after washing with water desorbed or decomposed by UV 
pre-illttmination, and therefore TCE can be easily adsorbed and de- 
graded. The decrease of  the degradation rates of  TCE with the in- 
crease of  the relative humidity would be also due to the competi- 
tive adsorption of water molecules on the surface of  TiO,_ film, 
3. Intermediates 

The series of  I~TIR spectra taken during the photocatalytie degra- 
dation of ' ICE over ~ with the light intensity of  8 mW cm -" 
are shown in Fig, 7. We confirmed the production of C~CHCOC~ 
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Fig. 7. A series of FI'IR spectra taken during the pho|ocatalytic 
degradation of TCE with light intensity of 8 mW/enf. (a), 
(b), (c), (d) and (e) are the peaks used to determine the con- 
cenlratiou of TCE, DCAC, CO, HCI, and COC[, respec- 
tively. TiO,_-GP was used. 

~lhble 1. Main standard peaks of products obtained from the li- 
brary spectra supplied by Nicolet 

Compounds Main peaks of  FI'IR {cm -~ ) 

TCE 782,845,942,1253o1556,3097 
DCAC 739,803,991o1077oi218 
COCL 858, 1835 
CO 2112,2140 
CO~ 675, 2400 
HCI 2703-3020,2906 

(dichloroacetyl chloride, DCAC), which was the main intermedi- 
ate, together with COCI2, CO, CO, and HCI, The pr~xluction of C ~  
was identified mainly from the peak at 2,400 cm-' but could not be 
determined quantitatively because of the strong interference of that 
in air, "i'he standard peak positions in FHR spectra of 'ICE, DCAC, 
COCI> CO, CO, and t fCI are listed in Table f. The change in the 
concentration of products with the illumination time during the pho- 
tocatalytic degradation of  TCE was illustrated in Fig. 8. 

Fig. 9 shows the relationship between the production of DCAC 
and the relative humidity. The production amount of  DCAC was 
decreased with the increase of  relative humidity, This might be due to 
the fact that the produced DCAC reacts immediately with water, and 

5 - - 0.05 

"~.~ 0.04 r~ 

:gs ,"-. 

0.03 q 
~2 

"S 

g 0.02 

o 0 
0 5 10 15 20 25 30 

l l luminatkm time (rain) 

Fig. 8. The change in the concentration of products with the illu- 
mination time fi~r the photocatalytic degradation of TCE. 
TiOrGP and blacklight fluorescent lamps having the light 
intensity of 8 mW/cm -~ were used. ~ :  DCAC, <~: COCI2, 
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Fig. 9. Relationship of the production of DCAC during TCE pho- 
tocatalysis with the relative humidity; the concentration of 
DCAC was tile highest in the reaction. ~IKX-(;P and black- 
light fluorescent lamps having the light intensity of 8 mW/ 
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Fig. 3 0. D R i f t  spectrum of TiO2 powder after the photocatalytic 
degradation of TCE. 

soon produces CL, CHCOOH (DCAA) on the TiO~ surface through 
hydrolysis as follow. 

(l) C[.~CI-ICOC[-~- H,O------, CI_,CHCOOH + HCI 

In fact, DCAA was confirmed on the Ti(~ surface by the observa- 
lion of three peaks of COOH by using a DRIFT (Diffuse Reflectance 
Infrared Fourier Transform Spectroscopy'), as shown in Fig 10. 

CONCLUSIONS 

Through detailed experiments it was found that the effect of  hu- 
midity on the photocatalytic degradation rate of  TCE in gas phase 
depended on the pretreated states of  the T i ~  films. It was also ob- 
served that the photocatalytic activity of  the Ti(~ films was aflbcted 
more strongly by the pretreatment conditions (especially UV pre- 
illumination) compared to the moisture content, When the relative 
humidity was over 50%, the reaction rates decreased regardless of  
ueatment conditions of  photocatalyst. These results indicate that 
water vapor could be easily adsorbed on the clean TiO, surface pre- 
treated by UV illumination, and the adsorbed water -vapor hinders 
the reaction, 

The photocatalytic decomposition rate of  TCE increased with 
the increase of  light intensity. The intermediates and byproducts o f  
the reaction were not changed in different humidity conditions, 

From our results, the UV illumination on the surface of TiO, film 
after washing with water was the most effective pretreatment meth- 
od to increase the activity of  TiQ films. Consequently, in order to 
regenerate the photocatalytic activity of  the TiO, films, the UV pre- 
illumination after washing with water is recommended before their 
reuse, 
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