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Characteristics of photocatalytic oxidation
of gaseous 2-propanol using thin-film TiO,
photocatalyst
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Abstract: This work presents a photocatalysis-based method to treat and purify air because of its broad
applicability to common, oxidizable, air contaminants. The effect of oxygen content, temperature, water
vapor, and 2-propanol concentration on the TiO, surface was investigated. The rate of 2-propanol
decomposition increased with increasing the oxygen content, but was reduced at temperatures higher
than 100 °C. When water vapor concentration was in the range of 10-355 mmolm3, the rate of 2-propanol
decomposition was proportional to the water content. However, an opposite result was observed at a higher
concentration of water vapor. 2-Propanol was photooxidized to acetone, and eventually to carbon dioxide
and water. The kinetic model of 2-propanol photooxidation was successfully developed by the competitive
Langmuir-Hinshelwood rate form, incorporating the inhibition effect coming from the formation of
acetone.
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NOTATION

C, Acetone concentration (mmolm>)

C, Initial concentration of acetone (mmolm )

Cco, Carbon dioxide concentration (mmol m~>)

C,  2-Propanol concentration (mmolm™>)

Cpo Initial concentration of 2-propanol (mmolm~>)

ka Reaction rate constant of acetone (mmolm3
)

kp Reaction rate constant of 2-propanol (mmol
m3s71)

K, Adsorption equilibrium constant of acetone
(m? mmol™!)

K, Adsorption equilibrium constant of 2-propanol
(m? mmol ™)

Ta Reaction rate of acetone (mmolm > s~!)

rao  Initial reaction rate of acetone (mmolm > s~!)

rco, Reaction rate of CO, (mmol m s

o Reaction rate of 2-propanol (mmolm>s~!)

rpo  Initial reaction rate of 2-propanol (mmolm~>
)

t Reaction time (s)

o Fraction of directly oxidized from adsorbed 2-

propanol to carbon dioxide.

1 INTRODUCTION

The interest in heterogeneous photocatalysis to
remove trace organic compounds present in air exhaust
streams and in indoor environments is intense and
increasing. Heterogeneous photocatalysis is a pro-
cess in which the illumination of an oxide semicon-
ductor, usually the anatase form of titanium diox-
ide, creates photoexcited electrons (e~) and holes
(h*). The attractive advantages of this technol-
ogy are: (i) photocatalytic oxidation can proceed at
ambient temperature and pressure; (ii) the excitation
source can be sunlight or low-cost fluorescent light
sources; (iii) photocatalysts are generally nontoxic,
inexpensive, and chemically and physically stable; and
(iv) final oxidation products are usually innocuous.
The photocatalytic oxidation of single compounds,
namely alkanes,! alkenes,? alcohols,?>~7 ketones,3~1°
aromatics'®~ 12 and halogenates!>~ 15 has been previ-
ously reported.

Volatile organic compounds (VOCs) can be vapor-
ized at significant rates. Some are toxic and car-
cinogenic, and are regulated individually as haz-
ardous pollutants.!® The serious problem related
to the emission of VOCs is that they participate
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in the photochemical reaction and also in the for-
mation of photochemical oxidants, such as ozone
and peroxyacetyl nitrate.!” 2-Propanol, along with
other alcohols, is a major contaminant in indoor
air and industrial air streams. It is also an impor-
tant surface probe for titanium dioxide photocat-
alytic reactions.*”18-22 Larson et al?® indicated that
the photocatalytic oxidation of 2-propanol proceeded
through acetone as an intermediate, followed by the
slow oxidation of acetone to final products, CO, and
H,0. Xu and Raftery’ proposed that the photoox-
idation of 2-propanol proceeded along two parallel
routes. The first route occurred through the formation
of acetone, and was followed by the aldol conden-
sation of acetone to form mesityl oxide. The second
one occurred through the complete oxidation of 2-
propoxide to CO,. Ohko and colleagues*!® studied
the kinetics of the 2-propanol oxidation under light-
limited and mass transport-limited conditions. Xu
et al*®> found that the decay rate of acetone during
acetone photooxidation was much faster than that of
acetone formed as an intermediate during 2-propanol
photooxidation. However, these studies are insuffi-
cient to evaluate the kinetics of competitive oxidation
between 2-propanol and acetone.

In this study, Degussa P25 titanium dioxide
was used due to its high activity and commercial
availability. Firstly, we found the optimum condition
for the removal of 2-propanol as a function of inlet
concentration of 2-propanol, water vapor, oxygen
content, and reaction temperature. Afterwards, a
single-site Langmuir—Hinshelwood kinetic model was
developed. It incorporated the competitive oxidation
of 2-propanol and intermediates. Kinetic parameters
for each component were determined separately,
and then combined to produce a kinetic model,

(a)

attempting to predict the Kkinetics of 2-propanol
degradation and by-product (acetone and carbon
dioxide) formation. The kinetic modeling results were
compared with experimental data, and then a modified
Langmuir—Hinshelwood kinetic model was proposed.

2 EXPERIMENTAL

2.1 Apparatus

The annular reactor made of Pyrex glass is represented
in Fig 1a. The width of the annulus varied from 1.5 to
1.85cm and the length was 30 cm. The total volume
of the reactor was 110 cm?. The photocatalytic system
is displayed in Fig 1b. Illumination was provided by
a 10 W black light lamp (Sankyo Denki Japan-BLB)
with a maximum light intensity output at 365 nm.
The light intensity was measured by UV spectrometry
(International Light, IL-1700) and was 3.0 mW cm >
on the surface of TiO,. 2-Propanol and water were
drawn by syringes to stainless steel tubes wrapped with
heating tape for vaporization. The concentrations of
2-propanol and water were controlled by the syringe
pumps (KD Scientific, Model 250). The mass flow
controller (MKS, Model 247C) controlled the flow
rates of nitrogen and oxygen. The gas flow of nitrogen
and oxygen carried gas-phase 2-propanol and water
into the reactor. The reactor was wrapped with heating
tape to maintain the reaction temperature.

Typical experiments followed the steps: (1) close
the valves at the two sides of the reactor when the
concentration of 2-propanol stabilized; (2) turn on
the UV lamp for 10s; (3)insert a 10cm® syringe
into the sampling port to adequately mix the gas
in the reactor; (4) use a gas-tight syringe to sample
from the sampling port; (5) repeat steps 2—4 until the
experiment is completed.
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Figure 1. (a) Schematic diagram of reactor. 1, Teflon screw bolt; 2, ‘O’-ring; 3, gas inlet; 4, outer tube; 5, TiOy film; 6, inner tube; 7, UV light; 8, gas
outlet. (b) Set-up of experimental apparatus. 1, Gas cylinder (N2 and Oy); 2, mass flow controller; 3, syringe pump; 4, heater; 5, mixer; 6, dewpoint
sensor; 7, photocatalytic reactor; 8, GC/FID; 9, computer; 10, gas gate; 11, sampling port.

1294

F Chem Technol Biotechnol 79:1293—1300 (online: 2004)



2.2 Photocatalyst

The catalyst used in this study was Degussa P-25
titanium dioxide. The surface area of the powder is
50 +£15m?g~! (BET). The TiO, thin-film catalyst
was prepared using a spread-coating method. It was
coated on the outer surface of the inner tube using
a well-mixed slurry of 10wt% TiO, in deionized
water. The area of catalyst film was 52cm? (the
length of spread = 5.5cm). The TiOj,-coated tube
was then heated at 110°C for 1.5h. A TiO, loading
density of 0.09 mg cm~2 was obtained by weighing the
tube before and after the coating. Scanning electron
microscopy (SEM, Hitachi S-4300) images are shown
in Fig 2, which shows top (a) and cross-sectional
(b) views. The film consists of small crystalline
particles with an average diameter of about 40 nm. The
thickness of the TiO, film was approximately 0.6 um.
The surface roughness of the film was examined by a
topography measurement instrument (Taylor Hobson,
Talyscan 150). The average roughness of the TiO, film
was 0.22 pm.

2.3 Analytical methods
The 2-propanol and acetone concentrations were
analyzed by a China GC-9800F gas chromatograph

EE 16-Rpr-04 WD 9 . 5mm 5.0kYV %60k S500;m

(b)n

Figure 2. SEM photographs of (a) top and (b) cross-sectional views
of the TiO, film on the Pyrex glass tube.
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equipped with a flame ionization detector (FID) and a
Cobalwax packed column (2.0 m long x 3.2 mm od).
Hydrogen was used as the carrier gas.

Carbon dioxide formed as a result of 2-propanol
photooxidation was analyzed with an FID and
a Porapak Q column (2.0m long x 3.2mm od)
after converting CO, to CH, through a Ni-catalyst
methanizer. The temperatures of the Porapak Q
column and methanizer were 60°C and 370°C,
respectively.

3 RESULTS AND DISCUSSION
3.1 Effect of initial concentration
The variation of 2-propanol concentration in air with
the reaction time for five different initial concentration
levels is shown in Fig 3; in these experiments the
temperature was 100 °C, the oxygen content was 20%,
and the water vapor content was 10.3 mmolm>. The
intensity of the UV irradiation on the catalyst surface
was 3.0 mW cm 2. Because the reaction area was large
(52 cm?) and the total volume of reactant was small
(110 cm?), 2-propanol can be destroyed quickly under
these conditions.

In general, the kinetics of the photocatalytic
degradation of organics would follow the Lang-
muir—Hinshelwood model (eqn (1)).1°

.= 1kapCp 1
+ K Gy
Owing to the complex mechanism of photocatalytic
oxidation, kinetic modeling of the reaction is usually
limited to the analysis of the initial rate of degradation.
This can be obtained from the initial slope and the
initial concentration of 2-propanol in an experiment in
which the variation of the 2-propanol concentration is
measured as a function of time. As can be seen in Fig 3,
the initial slope increased with increasing the initial
concentration, but remained almost constant beyond

& 3.72 mmol m*

15.1 mmol m*°
30.0 mmol m®

50 |-
40.7 mmol m*

o< > oo

40N 55.7 mmol m°

Con. of 2-propanol (mmol m™)

0O 10 20 30 40 5 60 70 8
Reaction Time (s)
Figure 3. Effect of 2-propanol concentration on photocatalytic

degradation (experimental conditions: t = 100 °C; oxygen = 20%;
water vapor = 10.3 mmol m~3).
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a certain concentration. Rearranging eqn (1) for initial
rate analysis gives:

1_1. 1
Tp()_k

1

P Kp/ Coo (2
A plot of the reciprocal initial rate (1/ry) versus
the reciprocal initial concentration (1/Cy) can be
represented by a straight line (Fig 4), with a linear
least-squares fit (solid line, Fig 4) having a slope of
13.1 and an intercept of 0.613 (+*> = 0.99). From
eqn (2) the slope and intercept are given by:

1
intercept = — 3)
ko
1
1 = 4
slope K, (4)

The kinetic parameters &, and K, are 1.63 mmol m7>-
s7! and 0.0469m>®mmol~!, respectively. Figure 5
describes the initial rate as a function of initial
concentration of 2-propanol. By substituting the k&,
and K, values into eqn (1), the analytical relationship
between 1,0 and Cj is obtained. The solid line drawn
in Fig 5 represents this relationship; a good fitting of
the model to the experimental data may be observed.
It is indicated that the photocatalytic oxidation of
2-propanol was through the physical adsorption of 2-
propanol on the active sties of the titanium dioxide.
The higher the concentration of gas-phase 2-propanol,
the more adsorbed molecules on the catalyst surface,
unless the saturation point is approached. Therefore,
with increasing initial concentration of 2-propanol, the
reaction rate of 2-propanol increased.

3.2 Effect of temperature

Temperature is one of the important factors in
gas—solid heterogeneous photocatalytic reactions.
Photocatalytic degradation of trichloroethylene and

383
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Figure 4. Linearized reciprocal kinetic plot for the photocatalytic
degradation of 2-propanol.
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Figure 5. The initial reaction rate for the photodegradation of
2-propanol at different initial concentrations (experimental conditions:
T =100°C; oxygen = 20%; water vapor = 10.3 mmol m‘3).

methanol was more effective at a moderate temper-
ature than at higher temperatures.??> The yield of
acetone from 2-propanol oxidation was maximized at
a surface temperature of 77 °C and decreased to low
values at —23 °C and 327 °C.%* To explore the effect of
temperature, variable temperatures in the range from
25°C to 200°C were investigated at a fixed concen-
tration of 2-propanol. Figure 6 shows that the initial
reaction rate of 2-propanol oxidation increased with
increasing temperatures ranging from 25 °C to 100 °C.
Above 100°C, the initial reaction rate was reduced
with increasing temperature. At low temperature, the
desorption of product can be the rate-limiting step,?’
and acetone was the major intermediate of 2-propanol
photooxidation. The yield of acetone from 2-propanol
oxidation was limited by the desorption of acetone
at low temperature.?* Raising the temperature accel-
erated the desorption of acetone. Hence, increasing
temperature increased the reaction rate of 2-propanol
when reaction temperatures were below 100°C. In
contrast, adsorption of reactant would be the rate-
determining step at high temperature.?> The surface
coverage of the reactant decreases with increasing
temperature.!®?> Therefore, the photocatalytic rate of
2-propanol was reduced when reaction temperatures
were above 100°C.

3.3 Effect of oxygen content

Activation of TiO, can be achieved through the
adsorption of a photon of ultraviolet light (A <
365 nm), which results in the promotion of an electron,
e, from the valence band to conduction band, with
the simultaneous generation of a hole, ht, in the
valence band (eqn (5)).

hv(A < 365 nm)

TiOp ———————>  hwy  +ew” 5)

The holes may be depleted directly by the organics
or trapped by hydroxyl ions forming hydroxyl radicals

F Chem Technol Biotechnol 79:1293—1300 (online: 2004)



12
1.0 -
O
08t \
- O
IE \O
S 06
S
E
(B 041 O
02+ /
O/O
0.0 L L L L
50 100 150 200
Temperature (°C)

Figure 6. The variation of initial reaction rate constants under
different temperatures (experimental conditions: water vapor
= 10.3 mmol m“o’; oxygen = 20%; Cpo = 30.3mmol m‘3).
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Figure 7. The variation of initial reaction rate under different
oxygen contents (experimental conditions: T = 100°C;
water vapor = 10.3 mmol m~3; Cpo = 30.3mmol m~3).

(eqn (6)).
h*yp 4+ HyOp4s —— OHeyq + HT (6)

The holes lose the capacity of oxidation if they
recombine with the electrons. Oxygen is an electron
acceptor. The electron may be trapped by oxygen
to reduce the probability for recombination of
electron/hole pairs (eqn (7)).

O2(ads) +e —> OiZ(ads) (7)

Oxygen was important for the complete oxidation
of 2-propanol in the UV/TiO, system. When the
oxygen concentration increased from 0.003% to 3%,
the extent of 2-propanol mineralization was promoted
from 3.3% to 42%.2° For acetone, the degradation
ratio increased from 20% to 70% while increasing
the oxygen content from 0% to 5% (v/v).2% Figure 7

F Chem Technol Biotechnol 79:1293—1300 (online: 2004)
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reveals that the initial reaction rate increased as the
oxygen content increased from 0% to 20% when
the temperature was 100°C, water vapor content
was 10.3mmolm~>, and 2-propanol content was
30.3mmolm . The initial reaction rate reached a
stable level when the oxygen content was higher than
20%. When the oxygen concentration was reduced to
0%, the photocatalytic oxidation of 2-propanol could
still take place, due to the participation of the holes or
hydroxyl radicals (eqns (5) and (6)). The probability
for the recombination of electron/hole pairs could
be reduced because gas-phase oxygen adsorbed on
the surface reacts with electrons to form super-oxide
ions (O, ; eqn (7)). Additionally, super-oxide ions are
highly reactive species that can oxidize 2-propanol.
The amount of adsorbed oxygen on the TiO, surface
increases with increased concentration of gaseous
oxygen. Consequently, increased oxygen content can
promote the photocatalytic oxidation of 2-propanol.
However, the surface site was saturated with adsorbed
oxygen when the oxygen content was high, leading
to the result that increased gaseous oxygen did not
increase the amount of adsorbed oxygen. Fortunately,
the adsorption sites on oxygen and organics were
different, oxygen does not inhibit the oxidation of
2-propanol at high oxygen content.?’

3.4 Effect of water vapor

Actually, the treatment of gaseous 2-propanol is likely
to be performed in the presence of water vapor.
The influence of water vapor on the photooxidation
is complex since water plays an important role
in the formation of the active species (OHe,
eqn (6)). However, the adsorbed water is an effective
electron—hole recombination center, leading to less
efficient photoactivity.?® To examine the effect of
water vapor, different quantities of water vapor
were applied to a fixed concentration of 2-propanol.
Figure 8 shows the initial reaction rate versus initial
water vapor concentration, varying from 10 to
1800 mmolm™>. The photocatalytic degradation rate
was enhanced by water vapor with concentrations up
to 355 mmol m >, and inhibited above 355 mmol m>.
In this case, the reaction of 2-propanol and surface
hydroxyl radicals during the oxidation process caused
the depletion of these hydroxyl radicals. The oxidation
rate of 2-propanol was raised because the production
of hydroxyl radical increased with increasing water
vapor. Additionally, the adsorption sites for water
and 2-propanol were the same.?” Hence, water vapor
competed with 2-propanol for adsorption sites on the
catalyst’s surface. The concentration of water vapor
was much higher than that of 2-propanol at high water
vapor. This is beneficial to the adsorption of water,
leading to the reduction of 2-propanol oxidation at
high concentration of water vapor.

3.5 Competitive oxidation of 2-propanol and
acetone

The mechanism for 2-propanol photooxidation on
TiO,/PVG (porous Vycor glass) is reported to be
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Figure 8. The variation of initial reaction rate under different
humidities (experimental conditions: T = 100 °C; oxygen = 20%;
Cpo = 30.3 mmol m‘s).
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Figure 9. Photocatalytic degradation pathway of 2-propanol.

2-propanol,g, — acetone(ds—>— carbon dioxide.”
In this study, acetone and carbon dioxide were
detected in the photocatalytic oxidation of 2-propanol.
Hence, the pathway of 2-propanol degradation
through an observed gaseous intermediate, acetone,
to the final product, carbon dioxide was proposed (see
Fig 9). The photocatalytic destruction of 2-propanol
on the TiO; is assumed to follow a single-site Lang-
muir—Hinshelwood rate form, where the 2-propanol
reactant and partially oxidized intermediate compete
for surface sites, and therefore inhibit the photooxida-
tion rates of each other. The simplifying assumption
is that the product (carbon dioxide) does not inhibit
the photocatalytic rates. The resulting rate equation
for 2-propanol is:

kPKPCP
e =
P71+ K,C, + K,C,

(8)

The rate of change in number of moles of the reactant
due to reaction is dNp/dz. Based on unit volume of
reactor, the rate of reaction is defined as follows:

1dN,  dG,

"TTVY G T A

%)
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Thus, the rate equation becomes:

dc, kK, Gy
d  1+K,C,+K,C,

(10)
For acetone, the net rate for acetone formation during
2-propanol oxidation is:

dC, k,K,C, — kK,C,
Ve = =
T dr 14+K,C,+K,G,

(11)

If one mole of acetone is completely oxidized, three
moles of CO, are produced. Thus, the rate equation
for CO, formation is:

dCe, 3k, K, C,
dt  1+K,C,+K,C,

rco, = (12)

The 2-propanol kinetic parameters, &, and K, are now
given from initial-rate data of 2-propanol described
above. A plot of the initial reaction rate of ace-
tone oxidation versus the initial acetone concentra-
tion, similar to 2-propanol, can be represented by
a straight line (Fig 10), with a linear least-squares
fit (solid line) having a slope of 22.18 and an
intercept of 3.10. The values of %k, and K, are
0.322mmolm>s~! and 0.140 m?® mmol~!, respec-
tively. Equations (10)—(12) should now construct a
predictive model for 2-propanol oxidation over a time
course where two contaminants, 2-propanol and ace-
tone, are present. To verify this hypothesis, the model
was evaluated at the same conditions as that of the
2-propanol experiments; the model predictions and
the experiments are compared in Fig 11. The predic-
tive model described well the variation of 2-propanol.
However, acetone and carbon dioxide did not vary
as expected. A simple modification to the reaction
scheme of Fig9 improves the fit of the model: a
fraction ‘e’ of the adsorbed 2-propanol is allowed
to be oxidized to carbon dioxide via a mechanism
that does not involve an adsorbed acetone inter-
mediate. Hence eqns (11) and (12) were revised to
eqns (13) and (14), respectively.

dC, (1 — wkK,GCp — kKoC,

- 13

de 1+ K,C, + K,C, (13)

dCco,  3(akyK,Cp + kK, Cy) 14)
d  1+K,C,+K,C,

The fraction (o) was determined using trial and
error analysis and gave o = 0.25. Figure 12 compares
the revised model predictions and the experiments.
The revised model predicts the variation of 2-
propanol oxidation as well as the acetone formation
with reaction time. The amounts of carbon dioxide
production analyzed by experiment were lower than
that by the model predicted before 60s. In this
case, the adsorbed acetone formed surface-adsorbed
species, for example, diacetone alcohol, mesityl
oxide, propylene oxide, and acetic acid; they were
subsequently oxidized photocatalytically to carbon

F Chem Technol Biotechnol 79:1293—1300 (online: 2004)
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Figure 10. Linearized reciprocal kinetic plot for the photocatalytic
degradation of acetone.
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Figure 11. 2-Propanol photooxidation, experimental data and
predictive model, including intermediate and product evolution
(experimental conditions: T = 100 °C; water vapor = 10.3 mmol m~3;
oxygen = 20%; Cpo = 30.3 mmol m3).

dioxide.” Therefore, the rate of carbon dioxide
production was at first slower than predicted.

4 CONCLUSIONS

The photocatalytic degradation of 2-propanol as a
function of initial concentration, water vapor, oxygen
content, and reaction temperature was investigated
using a batch photoreactor. The higher the initial 2-
propanol concentration, the faster the reaction rate.
The optimum temperature for the 2-propanol oxida-
tion in this study is 100 °C. When the oxygen content
was higher than 20%, the reaction rate was almost con-
stant. The photocatalytic oxidation of 2-propanol can
take place without the presence of gaseous molecular
oxygen. The water vapor enhanced the degradation
of 2-propanol at low humidity but inhibited the
reaction at high water content. 2-Propanol and the

F Chem Technol Biotechnol 79:1293—1300 (online: 2004)
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Figure 12. 2-Propanol photooxidation, experimental data and revised
predictive model, including intermediate and product evolution.

partially oxidized intermediate, acetone, competed
for surface sites, resulting in inhibition of the pho-
tooxidation rate of both chemicals. The competitive
Langmuir—Hinshelwood type behavior was used to
describe the photodegradation reaction.
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