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Abstract

Photocatalytic oxidations of benzene gas using the closed system (batch reactor) were induced to determine its by-products and investigate the
effect of humidity and oxygen concentration on their generation. The study was able to identify 11 gaseous by-products: 2-methylpropene, acetal-
dehyde, acetone, pentane, methylcyclobutane, methylcyclopentane, cyclohexane, 2,3-dimethylbutane, 2-methylpentane, 3-methylpentane, and
hexane. All the by-products were saturated hydrocarbons, which are less toxic than benzene and were probably formed through hydrogenation
reaction on the photocatalytic surface. The photocatalytic oxidation of benzene under higher humidity produced less by-products. However, the
amount of acetone released increased with higher humidity and oxygen concentration.
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1. Introduction

Various volatile organic compounds (VOCs) are heavily used
in many industria processes. Once released into the environment,
they can cause serious water and air pollution. They are aso con-
sidered as main pollutants of indoor air.” In addition, VOCs are
precursors in the production of ozone and peroxyacetyl nitrate
(PAN) in the atmosphere through the photo-oxidation with
nitrogen oxide, thereby causing smog.z’s) Furthermore, some of
VOCs are carcinogenic to human and animals, and even small
amounts of VOCs can adversely affect people due to their odor.

Many technologies have been applied to reduce VOCs emitted
in the working places of industries. In particular, photocatalytic
oxidation is being actively studied because of its potentia of
removing and destroying low-level pollutants in air® Tio, is
the most widely used photocatalyst, since it is less expensive
and stable under light and in a biological process. Since TiO;
has the band gap energy of 3.2 eV, absorption of less than 400
nm wavelength of light excites TiO, and induces formation of
electron-hole pairs. When the excited catalyst reacts with an
agueous solution, the hole generates an OH radical, a powerful
oxidant. The produced OH radical, then, participates in oxidation
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that decomposes organics, and electrons are utilized during reduc-
tion.>® Based on this mechanism, many researchers have stu-
died oxidation, oxidation efficiency, and reaction by-products of
a wide variety of VOCs. They were able to prove that photo-
catalytic oxidation is a very effective in treating air pollutants
such as aldehydes, alcohals, light hydrocarbons, aromatics, tri-
chloroethylene, and chlorinated solvents.*”™

The photo-oxidation of benzene has been studied using an
annular flow reactor to measure the treatment efficiency. How-
ever, when the removal efficiency of the system was evaluated,
only the increase in carbon dioxide and decrease in benzene in
the reactor were considered. In the studies performed by Turchi
and Ollis,"™® Jacoby et a.” and o Hennezel et al.," the identifi-
cation of the by-products from the photo-oxidation of benzene
were tried. They tried to detect gaseous by-products on the sur-
face of the catalyst. Using solvent-induced extraction from the
surface of the catalyst in photocatalytic reactions, they merely
proved the existence of by-products such as phenoal, 1,4-benzo-
quinone, hydroquinone (1,4-dihydroxybenzene), malonic acid,
formic acids, and acetic acids. These by-products on the cata-
lytic surface were not in gaseous state, since vapor pressure was
very low at room temperatures. These by-products continually
participated in photocatal ytic reactions before finally being oxi-
dized into CO, and H,O. However, the by-products with high
vapor pressure rapidly volatilize into the gas phase from the
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catalyst surface, and did not further participate into photocata-
lytic reactions.

Previous studies on the photocatalytic reactions of benzene
have not identified gaseous by-products, which is probably due
to the set-up of areactor and low concentration of benzene used.
Therefore, this study investigated whether harmful and toxic
gaseous by-products are generated during the photocatalytic
reaction of benzene, by introducing high concentration of ben-
zene into a batch reactor instead of the annular flow reactor to
alow gaseous by-products to accumulate. The effects of the
change in oxygen concentration and relative humidity in the
reactor on the generation of gaseous by-products were also
investigated.

2. Materials and Methods

TiO, from Pepcon Corp. was used, which was manufactured
using a Sol-Gel method and coated on the glass tube (length:
4.5 cm, id: 0.7 cm). The XRD measurement revealed that the
TiO, photocatalyst mostly had anatase structure. Likewise, the
SEM measurement showed that the TiO, was coated with a
0.26 (m thick scaffold surface. A 365-nm UV lamp (Sankyo
Denki’s blacklight blue, Model F15T8BLB) was also used as a
light source. The reactor was filled with pure nitrogen, air, and
oxygen, respectively. J.T. Baker-made benzene (100%) was
used as the target compound of a photocatalytic reaction.

Fig. 1 shows the photo-reactor used in the experiment, which
was designed as a closed rectangular parallel-piped polypropy-
lene panel case with 6.7-L volume. A quartz with a diameter of
50 mm was installed in the reactor for the UV lamp, in order to
alow closer irradiation to the catalyst. A small fan wasinstalled
to completely mix the test gas in the reactor. A sampling port
was also set up to enable the easy injection and collection of
gas sample. Gas samples were collected from the reactor using
a10 mL gastight syringe.

A GC/MSD (Agilent, GC6890 & MSD-5973N) equipped
with OV-624 (30 mx0.32 mmx1.8 xm) and an HP-PLOT/AI,Os
(50 mx0.32 mmx8.0 ym) column was used to identify the by-
products generated in the photocatalytic reaction of benzene.
Oxygen was supplied for two hours during the experiment,
while about 9,400 ppmv (37.3 mL/m°) liquid benzene was in-
jected into the reactor using a micro syringe. Water was also
injected in order to attain a 100% relative humidity (17.3 mL/m?°)
at 20°C. After the two-day photocatalytic reaction, 1-mL gas
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Fig. 1. Schematic diagram of photocatalytic reactor. DUV light source,
(@Photocatalyst, @Mixing fan, @Sampling port.

sample was collected using a gas tight syringe. The gas sample
was then injected into the GC/MSD.

To determine the effects of the change in oxygen concentration
and relative humidity on the generation of by-products, the study
used a GC/FID (GC5890, Agilent) equipped with a DB-624 (30
mx0.53 mmx3.0 ¢m) column. Three reactors were prepared for
the test, using the same procedure of emitting nitrogen, air, and
oxygen for two hours in the by-product identification test. The
amount of water was also adjusted to arelative humidity of 0%,
40%, and 100% at 20°C. 9,400 ppmv (37.3 mL/m3) of benzene
was then injected into each reactor. For the analysis of the test
gas, changes in the by-products were observed with the passage
of time after turning on the light source.

For the determination of the by-products using the TiO, photo-
catalyst, blank tests were conducted to determine the compounds
generated during chemical reactions aside from photocatalytic
reactions, e.g., benzene decomposition through UV, polypropy-
lene decomposition through UV, and chemical reactions bet-
ween benzene and polypropylene. Two experiments were per-
formed, i.e., one with UV light source, photocatalyst, moisture,
and without benzene, and the other with UV light source, ben-
zene, moisture, and without TiO..

3. Results and Discussions

Fig. 2 shows the results of the blank experiment of photoca-
talytic reactors. Fig. 2(a) shows the chromatogram obtained
under the blank experiment without benzene. It does not show
any peaks except the one for oxygen. Thus, the result confirmed
that there were no gaseous by-products from the photocatalytic
reactions of polypropylene or other materials. On the other hand,
Fig. 2(b) shows the condition with benzene but without TiO..
The same components verified in the photocatalytic reaction of
benzene were detected. However, a very small amount of ben-
zene was decomposed by UV.
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Fig. 2. GC/IMSD chromatograms obtained during the photocatalytic
reaction. (&) [CsHeJo = 0 mL/m? (0 ppmv), [H20]o = 17.3 mL/m® (rela-
tive humidity 100%), 10 W/m? UV lamp, and TiO, photocatalytic. (b)
[CeHe]o = 37.3 mL/m® (9400 ppmv), [H2O]o = 17.3 mL/m®, 10 W/m?,

UV lamp without TiO, photocatalytic ; HP- PLOT/AIOs.
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Fig. 3(a) and (b) show the GC/MSD chromatogram of the
gases generated during the photocatalytic oxidation of benzene.
Eleven gaseous by-products were identified from the oxidation
of benzene, e.g., 2-methylpropene (C4Hs), acetaldehyde (C:H40),
acetone (CsHgO), pentane (CsH1z), methylcyclobutane (CsHao),
methylcyclopentane (CgHiz), cyclohexane (CeHiz), 2,3-dime-
thylbutane (CeHa4), 2-methylpentane (CsH14), 3-methylpentane
(C6H14), and hexane (CGH14).

The effects of the changes in background gases and relative
humidity inside the photo-reactor on the generation of gaseous
by-products during the photocatalytic oxidation of benzene were
investigated. A GC/FID equipped with DB-624 column was
used in the analyss, i.e., describing the concentration of the
observed gaseous by-products in the benzene-injected reactor
up to 100 hr.

Figs 4, 5, and 6 show the time profiles of the gaseous by-pro-
ducts generated in the reactor with different background gases
and at relative humidity of 0%, 40%, and 100%. Results show
that the amount of by-products generated in the reactor with 0%
relative humidity were two times higher than that in the reactor
with 40% relative humidity, as well as three times higher than
that in the reactor with 100% relative humidity. 2-methylproene
(C4Hs) was identified prevaent in al reactors, showing rapid
accumulation inside the reactors as time passed. Under the con-
dition where moisture was present, a relatively higher concent-
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Fig. 3. GC/MSD chromatograms of benzene by-products, 2-methyl-
propene(1), acetaldehyde(2), acetone(3), pentane(4), methylcyclobu-
tane(5), methylcyclopentane(6), cyclohexane(7), 2.3-dimethylbutane
(8), 2-methylpentane(9), 3-methylpentane(10), and hexane(11). [CeHe]o
= 37.3 mL/m® (9400 ppmv), [H2O]o = 17.3 mL/m? (relative humidity
100%), 10 W/m?, UV lamp, and TiO, photocatalytic. ; OV-624(a),
HP-PLOT/AI-Os(b).

ration of acetone (CsHeO) was observed in the reactor filled
with oxygen and air compared to the reactor with nitrogen.
Except for acetaldehyde and acetone, all by-products (saturated
hydrocarbons less than C6) were probably generated through
the direct hydrogenation reaction of benzene on the catalytic
surface.? Through the elution analysis of solvents, Turchi and
Ollis™ and Obee and Brown” revealed that malonic acid, acetic
acid, phenoal, 1,4-benzoquinone, 1,4-dihydroxybenzene, 1,2-ben-
zenediol, and 1,2,3-benzenetriol were generated through the
oxidation of benzene on the catalytic surface. However, they
could not detect these substances in gas phase, probably due to
the thermo-dynamic characteristics of the generated by-products.
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Fig. 4. Time profiles of the by-products in the benzene photocatalytic
oxidation. [CsHeJo = 9400 ppmv, relative humidity 0%, 10 W/m® UV
lamp.

1.210°
Relative huricity40% in N,
L C,
sodo’ cl,
—A—C3H50
40x10't  —v-CH, — |
—0—CH, / A———D—T1
00l oommpe=t—=F i 3
1.2d10°
P Relative hurricity 40% in air
1" L
b 8.0x10*
T 40x0'| zigjsz/
g R £;£O/"‘ —
0.0l oo—t==— —
1.2410°
Relative humicity 40% in O,
8.0x10°
4,0x10* g
/5¢5/
/’/—_ a. a -
0.0laz —=—t= =t
0 20 4 60 80 100
Time (hr)

Fig. 5. Time profiles of the by-products in the benzene photocatalytic
oxidation. [CeHgJo = 9400 ppmv, relative humidity 40%, 10 W/m? UV
lamp.
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Fig. 6. Time profiles of the by-products in the benzene photocatal ytic
oxidation. [CsHgJo = 9400 ppmv, relative humidity 100%, 10 W/m? UV
lamp.

The by-products identified in their studies had lower vapor
pressure compared to the gaseous by-products identified in
previous studies.* Due to their low vapor pressure, the by-
products could not release into gas phase at room temperature,
and they were absorbed on the catalytic surface instead. On the
other hand, the by-products with high vapor pressure volatilized
into gaseous state as soon as they were generated. Consequently,
the question of hazardousness was of little significance because
the by-products on the surface of TiO, had low vapor pressure;
thus, they were not emitted in the air. As mentioned earlier, the
generated by-products that change into gaseous state due to
higher vapor pressures are emitted in the air; thus, they do not
participate in photocatalytic reactions. As such, if these substan-
ces were more toxic than the target matter (benzene), they would
adversely affect humans; hence the need to determine the degree
of toxicity and hazardousness of the benzene gaseous by-products
found in this study.

Table 1 shows the permissible exposure limits of the hazardous
chemicalsin the air as set by the Occupationa Safety and Health
Administration (OSHA) in the United States. The time-weighted
average limit (TWA) of gaseous by-products such as acetalde-
hyde (200 ppm), acetone (1000 ppm), pentane (1000 ppm), cyclo-
hexane (300 ppm), and hexane (500 ppm) is higher compared
to benzene (1 ppm, STEL: 5 ppm).

The other identified by-products, e.g., 2-methylpropene, methyl-
cyclobutane, methylcyclopentane, 2-methylpentane, 3-methylpen-
tane, and 2,3-dimethylbutane do not fall under this standard.
This indicates that the gaseous by-products from the photocata-
Iytic reaction of benzene were less toxic and hazardous than
benzene.™

4. Conclusion

The study identified 11 gaseous by-products of benzene. Com-

Table 1. Permissible exposure limits for the by-products in the TiO,
photocatalytic oxidation of benzene

PEL s(ppm) PEL s(ppm)

Byproduct -~y saosna  PYPOMCt o osHA

Acetaldehyde 200 (TWA) Acetone 1000 (TWA)
2-methylpropene - Methylcyclobutane -
Pentane 1000 (TWA) Methylcyclopentane -
Cyclohexane 300 (TWA)  2-methylpentane -
3-methylpentane - 2,3-dimethylbutane -

Hexane 500 (TWA) Benzene :_: ((;1\{\!/5?_))

PELs: Permissible exposure limits.
TWA : (an 8-hour) time-weighted average limit.
STEL : (15 minutes) short-term exposure limit.

pared to the by-products identified on the catalytic surface, these
gaseous by-products had higher vapor pressure at room tempe-
rature; thus, they were easily detected in gaseous state. Except
for acetaldehyde and acetone, saturated hydrocarbons of less
than C6 were generated through the direct hydrogenation reac-
tion of benzene instead of oxidation. They also continuously
accumulated in the reactor. The amount of the generated gase-
ous by-products depended on the concentration of moisture and
oxygen in the reactor. As moisture increased, the generation of
gaseous by-products generally decreased. On the other hand, the
amount of acetone in the reactor filled with oxygen was high.

The by-products identified from the TiO, photocatalytic oxi-
dation of benzene were lower permissible exposure limits than
benzene.
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