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Abstract

The degradations of trace hexane in the gas phasghy\MOTiO»/UV and Gs/TiO2/UV were studied. The effects of the flow rate, inlet
concentration of hexane, water vapor concentration and ozone dosage on the conversion of hexane in the three processes were investigate
respectively. The experimental results showed that the addition of ozone significantly increase photocatalytic degradation of hexane. The
reaction rates of hexane by@V and G;/TiO2/UV increased linearly with an increase of ozone addition, which increased fastgftiivO
than in Q/TiO,/UV. L-H bimolecular model was successfully used to correlate photocatalytic reaction rate data under various hexane and
water vapor concentrations. A new model combining L-H model and ozone photolysis was developed to correlate reaction rate data of
hexane in Q/TiO,/UV.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction sultantly reduced TCE adsorption. Alberici et H8] also
detected several by-products like phosgene, DCAC and

The pollution of indoor volatile organic compounds trichloroacetyl chloride during photocatalytic oxidation of
(VOCs) has been increasingly concerned in recent years.tetrachloroethylene, TCE, chloroform and dichloromethane
The heterogeneous photocatalysis mostly based on tita-using on-line mass spectrometry and MS/MS method. Sim-
nium dioxide is considered as one of the most promising ilarly benzoic acid accumulated on catalyst and catalyst
methods to decompose indoor VOCs. Photocatalysis has arfleactivation occurred during photocatalytic oxidation of
advantage over activated carbon adsorption in that it cantoluene[12,19-21] The buildup ofo-toluic acid on the
decompose VOCs completely rather than transfer to anothercatalyst surface may also be responsible for the apparent
phase. In the past few decades, researchers have investigatddss of catalyst activity during the photocatalytic oxidation
photocatalytic degradation of a variety of gaseous VOCs of dilute o-xylene in air[22].

including alkaneq1-3], alkenes[1,4], alcohols[5], alde- To avoid deactivation of photocatalyst and increase the
hydes and ketonef6—8], chlorinated hydrocarbon,9], photocatalytic degradation rate of contaminants, many ef-
aromaticg1,10-12]and otherg13,14] forts have been made. For example, it was demonstrated

However it has been reported that Bi@hotocatalyst  that photocatalytic oxidation rate of agqueous contaminants
may be deactivated after a period of use. For example, in theand TOC reduction rate were greatly increased with addition
study of photocatalytic oxidation of heteroatom organics, of oxidants such as ozorf23,24], hydrogen peroxide and
Peral and Ollig15,16]found irreversible catalyst deactiva- persulfate[25-27] Shen and K(28] studied the decom-
tion in the case of decamethyltetrasiloxane, pyrrole and in- position of gas-phase TCE by the TV process in the
dole. Larson and Falcon§t7] reported that dichloroacetyl —presence of ozone. They found that the addition of ozone
chloride (DCAC) formed and strongly adsorbed to TiO into the UV/TiQ,/TCE system with 254 or 365 nm UV lamp
during trichloroethylene (TCE) photo-oxidation, which re- reduced the conversion of TCE, which possibly because ex-

cessive ozone molecules could scavenge hydroxyl radicals
mpondmg author. Tels86-10-62784527: produced from the excitation of Tgby UV radiation. One
fax: +86-10-62794006. of the authorg29] compared the degradation of trace ben-
E-mail addresszpy@mail.tsinghua.edu.cn (P. Zhang). zene (1.0-20 ppm) in the gas phase Byl®Y, TiO,/UV and
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O3/TiO,/UV. It was found that the addition of ozone to the -

ozone

photocatalysis process could greatly increase the conversion generator
of toluene. And in particular the deactivation of the photocat- [ccriof—~
alyst at high inlet concentration of toluene was avoided in the -
presence of ozone. Kim et 4B0] also reported that photo- & ' -
catalytic degradation of benzene and toluene was increased 9 air 3
by high voltage discharge, in which ozone was generated. — mixer ¢
Hexane is a major indoor and industrial air pollutant, |—~L§ EUmldlfler ﬁ .
and it was recommended as one of the eight representative manll g' cooling
indoor VOCs by a proposed ASHRAE test method for de- :L'pp“er

termining the effectiveness and capacity of gas-phase air
filtration equipment for indoor air applicatior{81]. The

effect of ozone on photocatalytic degradation of alkanes
has never been investigated until now. In the present paper,
the photocatalytic degradations of hexane with and without
ozone were studied, and the effects of flow rate, hexane Néxane concentrations and relative humidity were set by
concentration, humidity and ozone dosage on the decompo-varying the ratio of gas flow rates and/or varying the sat-
sition of hexane were examined to find out rate expressionsUrator temperature. The ozone air stream (250 mL/min)

for hexane decomposition by TV and Os/TiO»/UV. from ozone generator was directed into the photoreactor
with the nominal production of 15mg/h. In ozone dosage

experiments, another ozone generator (nominal produc-
tion 100 mg/h) was used, and different ozone outputs were
obtained by adjusting voltage of ozone generator.

The cylindrical photoreactor was made of stainless steel
with a diameter of 64 mm and a length of 530 mm, with
effective volume of 1.44 L. The outside of the photoreac-
tor was a cooling water sleeve to maintain stable reaction
temperature (20-22Z). lllumination was provided with a

saturator

Fig. 1. Schematic diagram of the experimental apparatus.

2. Experimental
2.1. Preparation of supported titanium dioxide

The TiO, film coated on the aluminum sheet used in
this study was prepared by a modified sol-gel method.
Tetrabutylorthotitanate (Ti(O4Hg)4, C.P.), acetyl acetone
(CsHgO, A.R.), deionized water and-propanol (GHsgO, 15W germicidal lamp with maximum light intensity output
A.R.) were mixed with a volumetric ratio of 1:0.3:0.4:7 at at 254nm. The lamp was fixed at the center of the pho-
room temperature. Nanometer carbon black powder (De-toreactor without quartz tube protection. The FiCpated
gussa Printex L6, the primary particle size 18 nm and BET aluminum sheet (length 440 mm, height 201 mm and thick-
surface 265/g) was added in the above sol at the ratio ness 0.18 mm) closely attached the interior surface of the
of 1 mL Ti(OC4Hg)4:2.35 mg carbon black and was mixed photoreactor. For gUV process, no catalyst or blank alu-
uniformly by sonification. The prepared mixture could be minum sheet was used.
stably stored for several months. The polished aluminum
sheet was dipped in the mixture and then dried at room 2.3. Analyses and procedures
temperature before heated at 3@for 2 h. After the alu-
minum sheet was dipped and heated seven times (whichwas The concentration of hexane was analyzed on-line by a

previously optimized), a thin Ti@photocatalyst film was
formed on it. The TiQ film was very stable and durable
without any loss during experiments.

2.2. Experimental set-up

HP5890 Il model gas chromatograph with a flame ionization
detector (FID). The gas samples were collected periodically
using a six-way valve with a gas sampling loop (500

and transferred into a packed column (AT OV 101) with a
diameter of 3mm and a length of 2m. The gas chromato-

graph oven temperature maintained constant at’€50n

A schematic diagram of the experimental system for this work, no intermediates from the degradation of hexane
photo-oxidation is shown ifrig. 1L The saturated hexane were identified by the gas chromatograph probably due to
gas was prepared by passing air through a thermostated satits detection limit. The concentrations of ozone in influent
urator containing liquid hexane. The humidified air stream and effluent streams were determined by iodometry method.
was generated by bubbling air through a thermostated glassThe humidity analyzer was used to monitor relative humid-
bottle containing deionized water. Then the saturated hex-ity of the mixed air stream.
ane gas was mixed and diluted with humidified air stream  When the reactor outlet concentration equaled the reac-
in the gas mixer. The obtained hexane gas stream was fedor inlet concentration, the lamp was turned on. And after
into the photoreactor at flow rates between 5 and 17 L/min, the photocatalytic (TiQFUV) or photolytic (UV) steady
inlet hexane concentrations between 4.94 and 26.9 fhg/m state reached, it was kept lasting for at least 150 min. Then
and relative humidity (RH) in the range of 12-60%. Feed the ozone generator was turned on and ozone was fed
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into the photoreactor. The ozone-enhanced photo-oxidation

(O3/TiO2/UV or O3/UV) usually reached steady after a few
minutes. Similarly it also lasted at least 150 min.
The conversiom (%) and reaction rate) of hexane were
calculated, respectively, as follows:
Cin — Cout

x 100%

in

r = (Cin— Cout)%

whereCj, is the inlet concentratiorCot the outlet concen-
tration at steady stat€) the flow rate of air stream, and
the volume of photoreactor (1.44L).

3. Results and discussion

In the blank tests, the photolysis of hexane by 254 nm
UV irradiation alone was found to be trivial. The conver-
sions of hexane by ozone alone or combined with;Ti®

89

In heterogeneous photocatalysis, the reaction occurred
on the surface was influenced by mass transfer from the gas
phase to photocatalyst surface. As seen fleim 2, as for
TiOL/UV and ozone-enhanced photocatalysis/iD2/UV),
the reaction was controlled by the mass transfer at low flow
rate, however the mass transfer influence decreased with
increase of flow rate and became small when the flow rate
was larger than 12L/min. Similar results were reported
by Wang et al.[32] who found the degradation rate of
trichloroethylene by TiQ/UV was no longer influenced by
flow rate when the flow rate was larger than 0.3 L/min due
to elimination of mass transfer effect. Thus, to obtain ac-
curate data for kinetic analysis, the later experiments were
conducted at the flow rate of 12L/min to eliminate the
influence of mass transfer.

Because in the UV process the reaction happened in
the gas phase, its reaction rate was little influenced by the
flow rate. However, the ozone concentration in the gas phase
decreased a little as the flow rate increased, thus the reaction
rate varied with flow rate as seenhig. 2

the absence of irradiation were less than 5% under the ex-3.2. Effect of hexane concentration

perimental condition in this study. Thus the contributions by
O3, O3/TiO2 and UV in the processes of TV, O3/UV
and Q/TiO2/UV could be neglected.

3.1. Effect of flow rate

Fig. 2 shows the effect of flow rate on the decomposition
of hexane at the inlet concentration of 10.10-11.35 nig/m
and relative humidity of 35%. It was found that the reaction
rate of hexane initially increased with flow rate and reached
a plateau when the flow rate was larger than 12 L/min in both
TiOL/UV and G3/TiO2/UV processes, while it fluctuated a
little with flow rate in the process of §0UV. In any case, the
reaction rate by @TiO2/UV was significantly larger than
that of TiG,/UV, and the Q/UV was much less efficient in
decomposing hexane than the former two processes.

40
30
)
= ‘7
"€ 20 L ——TiO,/UV
ED —&—03/Ti0,/UV
g ——03/UV
10 Mﬁ\‘
0 . I . 1 : I

0 5 10 15 20

Flow rate (L/min)
Fig. 2. Effect of flow rate on the reaction rate of hexane kyU¥, TiOy/

UV or O3/TiO,/UV processes (inlet concentration 10.10-11.35 nig/m
RH 35%).

The effect of inlet concentration of hexane on its con-
version is shown irFig. 3. The results correspond to the
flow rate of 12.0L/min (residence time 7.2s) and relative
humidity of 35%. As seen irFig. 3 the conversions in
all processes including UV, TiO2/UV and Gs/TiOo/UV
decreased with increase of inlet concentration of hexane.
Hexane degraded by {TiO,/UV much faster than by
TiO»/UV, which demonstrated the addition of trace ozone
(only 15-16 mg/rA) significantly increased the photocat-
alytic degradation of hexane. The enhancement of ozone
on photocatalysis was mainly due to two reas{2#y: (1)
ozone substituted for oxygen as photo-generated electron
acceptor; (2) ozone was photolyzed by 254 nm UV light
and hydroxyl radical was produced resultantly. However,
the conversion by @TiO2/UV was less than the sum of
conversion by TiQ/UV and G;/UV. It was because ozone

50
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2
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Fig. 3. Effect of inlet concentration on the conversion of hexane JY@
TiO2/UV or O3/TiO2/UV processes (flow rate 12 L/min, RH 35%).
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Fig. 4. Linear fitting of the ¥/ vs. 1C (flow rate 12 L/min, RH 35%).

could compete with VOC like hexane to scavenge hydroxyl
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Fig. 5. Effect of relative humidity on the conversion of hexane bysIiqV,
Os/UV or Os/TiO,/UV processes (inlet concentration 10.45 mgy/ritow
rate 12.0 L/min).

radicals[33]. Besides, the presence of ozone also attenuated

the UV intensity on the photocatalyst because of its high
absorption coefficient at 254 nm.

Langmuir—Hinshelwood (L-H) rate expression has been
widely used in gas-phase and liquid-phase photocatalysis
If the concentrations of water and oxygen remain constant,
this equation can be simplified as follows:

_kKC
"T11KC

wherer is the reaction rate (mg/ffmin), C the concentration
of hexane (mg/m), k the reaction rate constant (mg/min),
andK the adsorption constant @min). Inverse of the equa-
tion gives

1 1 1

r kKC + k

If the assumed L—H form is valid, then a plot of Mersus
1/C should be linearFig. 4 indicates that the degradations
of hexane in both TiQIUV and Gs/TiO2/UV process are in
good agreement with L-H model. The experimental data of
O3/UV did not fit the L-H model certainly because it was

not a surface reaction. The equations of linear regression for

TiOL/UV and Gs/TiO2/UV were described, respectively, as
follows:

1 1
TiOz/UV: = =0.2284- +0011§
r
R?=0.9966 k = 86.2mg/m>min, K = 0.0508 n?/mg,
O3/TiO,/UV :

- =
R? = 0.9959 k = 1124 mg/m® min,
K = 0.0417 n?/mg

1
0.21345 +0.089

Comparing the reaction rate constak} &nd adsorption
constant K) of the above two processes, it was found that
thoughk increased about 30% from 86.2 to 112.4 mgmin
due to ozone addition, th& decreased from 0.0508 to
0.0417 ni mg~! probably due to ozone competitive adsorp-
tion with hexane on the photocatalyst surface.

3.3. Effect of relative humidity

The effects of relative humidity on the photocatalytic oxi-
‘dation of VOCs including hexane have been investigated by
many authorg1,2,4,10,21,34-36]In this study, the degra-
dations of hexane at the relative humidity ranging from 12 to
65% (corresponding water concentration ranges from 238 to
7000 mg/n3) common to indoor air were investigated. The
results are shown ifrig. 5. It was found that the gUV
process was little affected by the variation of relative hu-
midity. As for the processes of THIJV and Gs/TiO2/UV,
the conversions of hexane initially increased greatly with in-
crease of relative humidity up to 20% and then almost kept
stable until 45%, however it significantly decreased when
the relative humidity was larger than 45%. It indicated that
in photocatalysis or ozone-enhanced photocatalysis a little
humidity would improve the decomposition of trace hexane
while too much humidity would depress the decomposition.
This feature agrees with the results reported in literatures.
Martra et al[35] and Augugliaro et al[36] reported that
removing water from the feed would result in deactivation
of catalyst, which indicated that the water was necessary
to maintain the surface-OH on the TiGor hydroxyl radi-
cal production. In the absence of water, the initial reaction
rate of toluend21] and hexand2] dropped drastically in
a limited time. Also other studiefd,10,22,32,34]showed
that increase of water concentration increased or decreased
the photocatalytic reaction rate, depending on the type and
concentration of VOCs. Cao et 4R1] reported the initial
reaction rate decreased with an increase of water concen-
tration resulting from competitive adsorption of water with
toluene on TiQ surface.

3.4. Effect of ozone dosage

Fig. 6 shows the effect of ozone dosage on the reac-
tion rates of hexane conducted at the inlet concentration of
11.45mg/m and 12 L/min flow rate. It wan found that in
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50 different types of surface sites with or without competitive-
/ ness, there are three forms of L—H bimolecular model:
40
= kK1C K>C
£ b form1: r= - " zw_
g - 1+ K1Ch 14+ K2Cy
&
E20 |
Bt form 2 : KK1.ChK2Cl
| " O3/UV Dor= 5
10 * 04/T0,/UV (14 K1Ch + K2Cw)
’ AV form3: KKaCh KaCw
; Dor=
0 0 0 %0 120 1+ K1Ch+ K2Cw 1+ K3Ch + KaCy

Ozone dosage(mg/m})
Fig. 6. Effect of the ozone dosage on the reaction rate of hexane by wherekiis the reaCt!on rate constariy, Ks the adsorption
03/UV or O3/TiO2/UV process (inlet concentration 11.45 md/nflow constant of contaminant such as hexafg,K4 the adsorp-
rate 12.0 L/min, RH 35%). tion constant of watelCy, the concentration of contaminant
such as hexane, art@, the water concentration.

Form 1 describes the adsorption of hexane and water
either Q/UV or O3/TiO2/UV process the reaction rate of on different types of sites without competitive adsorption;
hexane increased almost linearly with the ozone concentra-fgrm 2 represents adsorption of hexane and water on same
tion ranging from 15.2 to 106 mgAnlt indicated that the  type of sites with competitive adsorption; form 3 represents
hexane degradation ingJV or Os/TiO2/UV process obey  adsorption of hexane and water on different types of sites
the first order with ozone concentration. However the ef- \uith competitive adsorption, however water adsorbed on
fect of ozone concentration were much more significant in reaction sites of hexane does not involve the reaction, and
Og/UV than that in Q/TiO2/UV process, the slope ing0JV hexane adsorbed on reaction sites of water does not in-
was nearly two times of that in the later. The different ef- y|ve the reaction either. All these forms assume that only
fect of ozone in two processes is probably due to the fol- hexane and water not reaction products have influences
lowing two reasons. First, as we know, ozone is not only a on reaction rate. Using the experimental data presented in
source but also a scavenger of hydroxyl rad[es,29,33] Figs. 3 and 5we performed the simulations for the above
and ozone also will scavenge O produced by ozone photol-three rate expressions. Correlations coefficients for ob-
ysis to form oxyger{23]. Thus at higher ozone dosage, if served versus predicted values of forms 1-3 were 0.8472,
reactant such as hexane molecules is not enough for reacp 9110 and 0.9834, respectively, indicating the suitability
tion with hydroxyl radical or O, the radical will be scav- of form 3 for the present investigation. The parameters
enged by excessive ozone. In comparison wighr@,/UV, of form 3 were, respectively; = 98.2617 mg 3 min—1,
the reaction rate of €UV is much smaller, the reaction is K1 = 0.0634mPmgl, K, = 0.0002n¥mg~?, K3 =
less limited by deficiency of hexane molecules and thus in- 1.2525¥mg~2, K4 = 0.1376 m$mg~L. Fig. 7(a) and (b)

crease more fast with increase of ozone dosage. Secondlyshows the agreement of experimental data with calculated
higher ozone concentration will attenuate the UV irradia- zccording to form 3.

tion available to the photocatalyst. For example, when ozone According to the model, reaction rate of hexane by
concentration is 15.2mgfnit can be calculated that the  Tjo,/Uv under various conditions could be predicted.
UV attenuation due to ©absorbing is only 4.5%, while  Fig ga) and (b), respectively, shows the reaction rate de-
it is 27.7% when the ozone concentration is as high as pendence on hexane and water concentration. As seen in
106 mg/n?. Accordingly the reaction rate contributed by Fig. ga), under various relative humidity, reaction rate ini-
TiO2 photocatalysis will decrease due to reduction of UV tja|ly increases greatly to a maximum and then decreases

intensity. with increase of hexane concentration. In general, low rel-
ative humidity is appropriate to reaction of low hexane
3.5. Kinetics of hexane degradation by 310V concentration, while high relative humidity favors reaction

of high hexane concentration. As seerFig. 8b), for low

As described above when the concentrations of water hexane concentration like 1 and 5mginits reaction rate
and oxygen remained constant, the hexane degradation bylecreases slowly when the water concentration increases
TiOo/UV was in good agreement with L—-H model. When from 865 to 17,291 mg/f(corresponding to relative hu-
the water or oxygen also varied, L-H bimolecular model midity 5-100% at 20C), while it sharply increases to
was found to provide a good correlation to the photocat- reach a maximum and then decreases with increase of wa-
alytic reaction rate dat®,32,34] According to L—H model, ter concentration when the hexane concentration is much
the reaction happens between adsorbed reactants. Becaugdgher. The higher is the hexane concentration, the higher
different reactants such as hexane and water maybe comis relative humidity where the maximum reaction rate
petitively adsorb on same type of surface site, or adsorb onreaches.
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Fig. 7. Fitting of hexane reaction rate by BV with L-H model: (a)
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Fig. 8. Predictions of hexane reaction rate by FI@QV depending on (a)
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3.6. Kinetics of hexane degradation by/0O>/UV

As previously describef9], in the G/TiO2/UV (1 <
310 nm) process the hydroxyl radical was generated via two
pathways: (1) TiQ photocatalysis (TiQUV) and (2) ozone
photolysis (GQ/UV). In TiO, photocatalysis, the generation
of hydroxyl radical is described as follows:

TiOs + hv — ht + e, h™ + OH™ — OH,

ht + H,O > OH+ H*

In case of ozone addition, ozone substitutes oxygen as ac-
ceptor of photo-generated electron and forms hydroxyl rad-
ical as follows:

O3+€e — 03,
HO3* — O, + OH*

H* + 03*~ — HOg",

In the ozone photolysis, hydroxyl radical is generated via
following reactions:

O3+ hv (A <310nm — O° + Oy,
O* + H,O — 20H°

Thus the degradation of hexane not only happens on the sur-
face of photocatalyst but also occurs in the bulk of gas phase.
The surface reaction on photocatalyst can be described with
L—H model, and the reaction in the bulk phase can be de-
scribed by first-order kinetics with ozone concentration if the
hexane concentration is excessive. Thus the following reac-
tion rate expression was used to correlate the experimental
data in the @Q/TiO2/UV process:

kK1Ch K4Cw
r =
1+ K1Ch+ KoCw 1+ K3Ch + K4Cy

+k'Co

wherek is the surface reaction rate constdiithe gas phase
reaction rate constari{y, K3 the adsorption constant of con-
taminant such as hexany, K4 the adsorption constant of
water,Cp, the concentration of contaminant such as hexane,
Cw the water concentration, afit} the ozone concentration.
We performed the simulation for the above rate ex-
pression. Good agreement was obtained as shown in
Fig. 9 The parameters of the model were, respectively,
k = 97.7849mgm3min~!, ¥ = 0.104mgnT3min—1,
K1 = 0.0727m¥mg %, K, = 0.0002mPmg 1, K3 =
0.2716 m*mg~1, K4 = 0.0446 n¥ mg~L. According to the
above model, the reaction rate ) contributed by surface
photocatalysis was calculated at different hexane concen-
tration. The photocatalytic reaction rate) in TiO2/UV
without ozone addition was also calculated. Comparing
andrp, it was found thatr; was always larger tharn, as
shown inFig. 10 which clearly indicated that addition of
ozone enhanced the photocatalytic degradation of hexane
besides the contribution of ozone photolysis.
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Fig. 9. Fitting of hexane reaction rate byDiO,/UV with L-H model:
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Fig. 10. Comparison of calculated photocatalytic reaction rate in
O3/TiO2/UV (r1) and that in TIQ/UV (r2) (assuming water concentration
is 5187 mg/m, i.e. RH 30%, flow rate 12.0 L/min).

93
4, Conclusion

The decomposition of trace hexane in the gas phase by
O3/UV, TiO2/UV and G3TiO2/UV were investigated and
compared. The &JTiO2/UV process was the most efficient
among these three processes. The conversion rate in all these
three processes decreased with increase of inlet concentra-
tion of hexane. Relative humidity played a significant role
in decomposing hexane in both TV and Gs/TiO2/UV
processes. It was found that a little humidity would improve
the decomposition of trace hexane while too high relative
humidity (>45%) would depress the decomposition, which
resulted from competitive adsorption of water on photo-
catalyst surface with other reactants. The reaction rate of
hexane by @UV and Gs/TiO2/UV linearly increased with
increase of ozone addition. However, it increased more
slowly with ozone concentration in £1iO2/UV than in
0O3/UV, which was explained by hexane deficiency and UV
attenuation by ozone available to photocatalyst. L-H bi-
molecular model was successfully used to correlate hexane
reaction rate data in Tig@UV. Accordingly the reaction
rate under various conditions was predicted. A new model
combining L—H bimolecular model and ozone photolysis
was developed and well correlated hexane reaction rate data
in O3/TiO2/UV. Calculations based on model confirmed
that addition of ozone enhanced the photocatalytic reaction
besides contribution of ozone photolysis.
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