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ABSTRACT

Research results concerning the photocatalytic activity
and selectivity of benzene are discussed. This compound,
which represents one of an important class of volatile or-
ganic compounds found in indoor air, was oxidized in an
annular photocatalytic reactor featuring a thin film or ti-
tanium dioxide and illuminated by a fluorescent black
light. The gas phase products, carbon dioxide and carbon
monoxide, were quantified with a Fourier transform in-
frared spectrometer (FTIR). Adsorbed intermediates were
extracted from the surface with water. The extract was
analyzed via high performance liquid chromatography
and some of the adsorbed species were provisionaly Iden-
tified by retention time matching. The adsorption of re-
actants on the catalyst surface was studied explicitly,
particularly with respect to the effect of near-UV radia
tion on adsorption processes. Maximum and steady-state
rates of the surface reactions are reported here as func-
tions of the operating conditions. Deactivation of the cata-
lyst surface is characterized and methods of regeneration
of catalyst activity are explored.

This established research methodology provides the
framework for a broader outline of research into enhance-
ment of indoor air quality via photocatalytlc oxidation.
The results of investigations are discussed that pertain to a
variety of classes of compounds representative of indoor
air pollutants.

IMPLICATIONS

Photocatalytlc oxidation has the potential to be an effec-
tive process for removing and destroying low-level pollut-
ants in air. A photocatalytic reactor traps and chemically
oxidizes volatile organic compounds. converting them pri-
marily to carbon dioxide and water. Photocatalytic reactors
are also modular and may be scaled to suit a wide variety
of indoor air quality applications. They operate at room tem-
perature and with negligible pressure drop. and therefore
may be readily integrated into new and existing heating,
ventilation, and air conditioning systems.
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INTRODUCTION

Titanium dioxide (TiO,) is a semiconductor photocatalyst
with a band gap energy of 3.2 eV. When this materia is
irradiated with photons of less than 385 nm, the band gap
energy is exceeded and an electron is promoted from the va
lence band to the conduction band. The resultant electron-
hole pair has lifetime in the space-charge region that enables
its participation in chemical reactions. The most widely pos-
tulated reactions are shown in Equations 1 and 2.

OH - h” > «OH (1
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Hydroxyl radicals and super-oxide ions are highly reactive
species that will oxidize volatile organic compounds (VOCs)
adsorbed on the catalyst surface' They will also kill and
decompose adsorbed bioaerosols.”* The processis referred
to as heterogeneous photocatalysis or, more specificaly.
photocatalytic oxidation (PCO).

Severa attributes of PCO make it a strong candidate
for indoor air quaity (IAQ) applications. Pollutants, par
ticularly VOCs, are preferentially adsorbed on the surface
and oxidized primarily to carbon dioxide (CO,). Thus.
rather than simply changing the phase and concentrat-
ing the contaminant, the absolute toxicity of the treated
air stream is reduced, allowing the photocatalytic reactor
to operate as a sdlf-cleaning filter relative to organic ma-
terial on the catalyst surface. Photocatalytic reactors may
be integrated into new and existing heating, ventilation.
and air conditioning (HVAC) systems due to their modu-
lar design, room temperature operation, and negligible
pressure drop. PCO reactors also feature low power con-
sumption, potentially long service life, and low mainte-
nance requirements. These attributes contribute to the
potential of PCO technology to be an effective process
for removing and destroying low-level pollutants in in-
door air. Technical issues that must be confronted before
PCO reactors can be used in this application include the
formation of products of incomplete oxidation, reaction
rate inhibition due to humidity, mass transport issues
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associated with high-flow rate svstems, catalyst deactiva-
tion, and inorganic contamination (dust and soil).

EXPERIMENTAL METHODS

The schematic of the experimental apparatus is shown in
Figure 1. and has been described in detail in the literature.+
The photocatalvtic reactors used during the course of this
investigation have an annular geomertrv. An annular reac-
tor consists of a glass tube coated on the inner surface with
a thin film of TiO- photocatalyst. Inside the glass tube is a
cylindrical ultraviolet (C\) light source. which aso serves
as the inner surface of the annulus. The gas flows through
the annular region. This design is well adapted to the re-
search environment because the amount of catalyst esposed
to UV irradiation is known with some precision.»

The application of athin, uniform TiO, coating on the in-
side of the glass reactor tubes was essential. The Pyrex surface
to be coated was first etched with a5 M sodium hydroxide
solution at 100 °C. An agueous suspension containing 3%
Degussa P-25 (~75% anataser TiO- was used to introduce the
catay<t to the glass support. The coated reactor was thenbaked
for an hour at 120 °C. After poorly adhered catalyst particles
were rinsed off with distilled water, the sequence was repeated
until a coating smooth and opague to UV was achieved.

The TiO-, catalyst can be excited by photons with wave-
lengths shorter than 385 nm. The photon source in this
investigation was an 8-W fluorescent black light { F8TS/BLB)
with a spectra maximum of 356 nm. The intensity of the
UV radiation on the catalyst surface was determined witha
Blak-Ray ultraviolet radiometer tmodel J-221), which is spe-
cifically designed to measure the near-UV output from tluo-
rescent black lights.

A Nicolet 8220 Fourier transform infrared spectrometer
(FTIR) was plumbed downstream of the reactor. athough it
could aso be fed directiv from the injector assembly for
feed gas analysis. The FTIR collected spectra with two-wave
number resolution and had a multi-pass sample cell with a
9.85 m pathlength.
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Figure 1.Schematc or the experimental apparatus
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TheFTIR was calibrated at a standard operating pressure
of 67 kPa (500 torr) and experiments were carried out at
room temperature. National Institute of Standards and Tech-
nology traceable gas standards (Matheson) were used to cali-
brate the FTIR for dilute mixtures of CO, and carbon
monoxide (CO). Standards for benzene and other subject
~ompounds were created by iniecting the neat liquid di-
rectly into the evacuated analvtical chamber. The pressure
increase upon injecdon was measured and then compared
with the pressure increase predicted by the ideal gas law to
verify complete vaporization and accurate calibration. The
FTIR's analytical chamber was tnen backfilled to appropri-
ate analysis pressure with high-purity nitrogen. Water va-
por standards were created by taking spectra of laboratory
air of a known temperature and relative humidity flowing
through the FTIR. Feed-gas mixtures were created in batch
mode by evacuating a 4L sampie cylinder, injecting liquid
reactants, and backiilling to 160 psig with zero-grade air or
high purity nitrogen. Standard operating conditions are
listed in Table 1. During the discussion of experimental re-
sults, significant deviations from these conditions are ex-
plicitly reported. These conditions were chosen to enhance
the precision of the experiments. to match the capability of
the apparatus, and to provide an accelerated approach to
steady state. Concentrations of aromatic hydrocarbons and
water vapor that more closely match those found in the
indoor environment have been cocumented eisewhere” and
will be incorpor’amed into subsequent experiments.

RESULTS AND DISCUSSION
Products and Mass Balances

Figure 2 shows the composition of the effluent from a pho-
tocatalvtic reactor on the primary v axis as a function of
elapsed time. Instantaneous carbon mass balance an<
conversion of benzene are plotted on the secondary v
axis. The feed contained partial pressures of 58 mtorr
benzene and 500 mtorr water vapor. As the standard op-
erating pressure was 500 torr. ppm units are obtained by

Table 1. Typicalooeraung conaiticrs

Paramerer Value
Reactor hydraulic ciameter” 4.53 mm
Area coateawith cataiyst 107 cm?

Wergnt of catalvst film 40 mg

UV Light Intensity 5% 1 mW/cm?
Volumetric flow rate 265 mi/min

Residence ume 49s

Oceratng pressure 500 torr (67 xPa)
Benzene feed parual cressure 58 mtorr (116 ppm)
Water vapor feeaoaruai pressure 500 mtorr (1,000 ppm)

*Hydraulic alameter iScenned asthe insice Z:ameter of the giass tube minus the
culside ciameter ot the 1amo or twice the < siance between the hgnt source and
the catalyst him
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Figure 2. Photccataivsis of benzene snowing reactant ancerca-
uct partial pressures. reactant conversion.anc caroon mass cal-
ance as a function of etapsea ime.

multiplying partial pressure in mtorr by afactor of 2 (e.g.,
38x 2=116 ppm benzene in the feed). Conducting the
experiment involved a catalyst pretreatment period of sev-
erd hours, during which zero-grade air flowed through
the illuminated photocatalytic reactor. During this inter-
val, steadily decreasing evolution of CO, and CO was ob-
served, indicating the oxidation of organic compounds
adsorbed on the catalvst surface during its exposure to
l[aboratory air. When the CO, and CO signals reached near-
zero asymptotic levels, the feed containing benzene, wa
ter vapor, and zero air was introduced. The asymptotic
values of CO, and CO evolution were subtracted from
the measurements made during the subsequent experi-
mental run to ensure that only the products of benzene
oxidation would be reflected in the data. Because the vol-
ume of the photocatalytic reactor was small compared to
the volume of the analytical chamber, a continuous
gtirred-tank reactor model was used to compute the in-
stantaneous composition of the effluent ot the reactor,
based on the instantaneous composition of the contents
of the sample cell. The assumption of perfect mixing is
valid because the folded pathlength nature of the FTIR
cell samples an average of its entire contents.

Examination of Figure 2 revedls that the primaryv prod-
uct observed in the gas phase was CO,. CO was aso formed;
a steady state, approximately 10% of the carbon atoms in
the benzene molecule was converted to this product. The
OSHA eight-hour exposure limit for CO in the workplace is
35 ppm. The combined concentration of VOCs measured in
“sick buildings’ is afew ppm.” Therefore, under conditions
relevant to the use of PCO to enhance 1AQ, conversion of
10% of the carbon atomsin VOCs to CO would creste aneg-
ligible addition to the ambient levels of this compound. In
addition, room temperature CO oxidation catalysts can be
integrated with the PCO system, if this is warranted by the
application.
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By the end of the experiment, steady state had been
attained, as shown by closure of the instantaneous carbon
mass balance. In addition. the product concentrations and
benzene conversion were virtually unchanging. It should
be noted that athough the steady-state conversion of ben-
zene was about 4. the feed contained a pollutant con-
centration several orders of magnitude higher than those
typical of indoor air. Compiete, steady-state conversions
of lower concentrations of aromatic hydrocarbons have
been observed.’

Since the FTIR has sub-ppm sensitivity for most asym-
metric molecules, one may conclude that products of in-
complete oxidation (other than CO) were not desorbing from
the surface into the gas phase. This is significant, since some
compounds, particularly nonaromatic, chlorinated organ-
ics, form volatile byproducts.’

When the influent to the photocatalytic reactor was
switched from the benzene/water vapor/air feed back to zero
air (as indicated by the “fesc off” notation on Figure 2),
CO, and CO continued to evoive. This evolution resulted
from oxidation of surface-bound reactants and adsorbed in-
termediates, illustrating the function of the PCO reactor as
a self-cleaning filter with rescect to adsorbed organic com-
pounds. Within several hours. :he near-zero asymptotic lev-
els of CO; and CO observed crior to the experimental run
were once again observed, and closure of the overall carbon
mass balance had been achieved.

Identification of polar intermediates adsorbed on the cata
lyst surface was investigated through water extraction of the
catalyst used in experiments :hat had reached steady state.
(Extraction of nonpolar intermediates with a nonpolar soi-
vent is planned.) The extract wwas subsequently analyzed via
high performance liquid chromatography (HPLC). This re-
sults of this experiment are summarized in Table 2 and in
Figures 3 and +. The runs lasted 3 hours each, except for the
run corresponding to Sample.2 which lasted 1.75 hours. The
discrepancies from the standard conditions reported above
included a feed containing 130 ppm of benzene and 980 ppm
of water vapor a atotal pressure of 623 torr and a flow rate ot
210 mi/min. with the exception of the run corresponding to
Sample A, which had a flow rate of 460 ml/min.

The catalyst films were rinsed in about 2 ml of water.
which was then diluted threefold in 18 MQH,O. Blanks
were created by rinsing unused catalyst films. In addition
to benzene, six organic standards of likely partia oxida-
tion products were made in acetonitrile solvent at con-
centrations of 300 £+ SO ppm. These included phenal
(hydroxybenzene), hydroquinone (1,4-benzenediol), cat-
echol (1,2-benzenediol), resorcinol (1,3-benzenediol), benzo-
quinone(2,5-cyclohexadiene- | .4-dione), oxalic (ethanedioic;
acid, and malonic ( propanedioic) geid, Chromatograms of these
standards are shown in Figure 3. The chromatography was per-
formed using a gradient separation, from 90"% water/acetoni-
trile to 10% water/acetonitrile over 15 minutes at 1.0 ml/min.
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Table 2 Results of the water extracticn expenments.

peaks for hydroquinone and

benzoquinone eluted simulta-

Sampie ID T, tint Water Wasn unt Comments Tentaive Peak iD ) D )
- neousiv, making it impossible
A aark yellow very lignt yellow Run on fresn cataivst Maicnic Acid to differentiate these two spe-
cies without a spectral analy-
3 azk yellow very lignt yetiow Aun on catalyst regeneraiec  Cherds Ss. Phenol was sable and
with zerc aiwr ang ignt = Maicnic Acia .
with Zere awr ang ignt cr : a C eluted asasmgle peak.
20 hours Hygreauinones o i .
2enzocuinone The provisional identifica-
tion of phenol, malonic acid,
C cark yeliow very hignt vetlow Run on fresn catalyst Phenci and hydroqui none and/or
Maicnic Acia benzoquinone as surface-
on bound intermediates provides
5} zark yellow very light yellow Run 0on fresn cataivst Pherc: ] ) )
Hycrequinone! g start_l ng_p0| nt for a detailed
Benzocuinone investigation of the mecha
nism of the PCO of benzene
E wnite clear Run on fresn cataivst. tnen Ncre in air. Examination of Figure
zero ar analignticr 21hecurs 4 reveds that the chromato-
| z o Nere gram of the extract of the film
lank vnite clear ero air anaugntfor thour n )
Senkt o ¢ that was exposed to clean air
Blank 2 wnite clear Zero aranangrifor 1nour  Nere and Light after the benzene re-

The column (250 x 4.6 mm) was packed with 5 mm C+
Kromasil stationary phase and held at 30 °C. Data were col-
lected at 5 Hz from a UV-Vis detector set at 254 nm. The stan-
dard injections were 10 mL and the sample injections were 30
mL, due to the difference in concentration between the stan-
dards and the samples. The provisiona identifications of
adsorbed intermediates shown in Table 2 and on Figure 4 were
made on the basis of retention time matching.

Determining retention times for the organic standards was
complicated by the reactivity (which resulted in low stan-
dard purity) and structural similarity between the organic stan-
dards. Hydroquinone, benzoquinone, catechol, malonic.
oxalic acid, and benzene standards ail had some degradation
products in addition to the parent compounds. The parent

. ' \
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Figure 3. HPLC chrcmatograph showing the elution times ot stan-
dards of benzene ana seven possibie partial oxiaation products
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acuion (Sample E} was identi-
ca to the chromatogram of
the blanks. Further, the ex-
tract and the catalyst film for this sample were not discol-
ored. This supports the contention that the adsorbed
intermediates eventually are oxidized to CO, and CO. Thus,
the PCO reactor acts as a self-cleaning filter with respect to
adsorbed organics.

Adsorption
A heterogeneous catalytic reaction proceeds along the fol-
lowing pathway:® (1) bulk mass transport of the reactants
from the gas-phase to the surface of the catalyst particle; (2)
mass transport of the reactants within the catalyst particle;
(3) adsorption of the reactants onto the catalyst surface: and
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/ Malonic scid ‘; Phesol !
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Figure 4. HPLC chromatograph showing the elution umes ot
adsorbed intermediates from the benzene reaction extracted with
water from the surface of the TiC. catalyst.
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(4) surface chemical reaction. Anv one of these steps can limit
the rate of the overal process. Evidence will be presented
that step 1, bulk transport due to convection and diffusion,
occurs at a high rate relative to surface reaction in the annu-
lar reactor, and is not rate limiting. Because the TiO, catalyst
is configured in a thin film, and reactive sites are limited b
light penetration depth, intraparticle transport (step 2)isalso
not an important process. Thus, steps 3 and 4 must be under-
stood in order to properly apply the PCO process to IAQ, and
they are the focus of the remainder of this section.

The process of adsorption was studied explicitly. Of par-
ticular interest was the manner in which near-UV irradia
tion of the catalyst, which transfers energy to the catalyst
surface, intluences adsorption. A series of experiments was
run in which a mixture containing 38 mtorr of benzene
and 500 mtorr of water vapor was fed into a photocatalytic
reactor. The amount of benzene adsorbed was calculated by
monitoring the effluent benzene partia pressure from the
photocatalvtic reactor and comparing these observations to
the inlet benzene partial pressure. Reacted benzene molecules
were determined from product concentrations and ac-
counted for in the adsorbed inventory calculation. When
the effluent concentration of benzene reached steady state.
it was assumed that the benzene molecules on the catalyst
surface had reached equilibrium with the benzene molecules
in the gas phase. Table 3 outlines the cases investigated.

Table 3. Mass transcort/agdsorcticn excenments

Case Lignt Catalyst Air/N, Water Vapor
i No No Air 500 mtorr

i Yes No Alr £00 mtorr

i No Yes Air 500 mtorr

Y Yes Yes N, 500 mtorr

v Yes Yes No Dry

vi Yes Yes Alr 500 mtorr

Table 4. VOCs amenable to treatment v1a PCO.

Class of Compound Chemicals Tested

Aromatics Benzene. Toluene

Nitrogen-containing Ring Comoounas Pyridine, Picoline.
Nicotine

Aldehydes Acetaldehyde,
Formaldehyae

Ketones Acetone

Alcohols Metharol. Ethancl,
Propanai

Alkanes Ethylene. Propene,
Tetramethyl Ethviene

Terpenes a-Pinene

Sulfur-containing Organics Methyl Thiophene

Chlorinated Ethylenes Dichloroethylene.
Tricnloroethylene.

Tetrachiorocetnylene

Dichloroacetyl Chiorice.
Trichlorcacetyt Chiorige

Acetyl Chlondes
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Figure 5 shows that the interaction between the UV light
and the catalyst surface mav be important in the adsorp-
tion process. Case i shows that small quantities of benzene
adsorbed on the Pyrex substrate in the dark. while case ii
reveals that dightly more benzene adsorbed when the un-
coated substrate was irradiated. The presence of a film of
TiO, approximately doubled the affinity of benzene for
the surface in the dark (caseiiil. When the catalyst surface
was illuminated in cases iv, v. and vi, a large increase in
the adsorbed inventory of benzene was observed. Cases is
and v employed N, as adiluent, in order to decouple the
photocatalvtic reaction from the photoadsorption. This
decoupling was accomplished because oxidation rates are
much lower when benzene is mixed with N, relative to
air, although some oxidation did occur from residuai
adsorbed oxidative species or lattice oxygen. Comparison
of these cases with case vi, in which the solvent was air.
reveal that co-adsorption of oxvgen does not interfere with
the adsorption of benzene. Co-adsorption of water vaper
does attect benzene adsorption. This is shown by compar-
ing cases iv and v. The feed for case iv included a water
vapor feed partial pressure of 300 mtorr. while the feed for
case v was dry, and benzene exhibited a greater affinity for
the catalyst surface in the drv feed. This confirms that wa-
ter vapor can interfere with the adsorption of aromatics on
the catalyst surface,;

Reaction Rates and Catalyst Deactivation
Figure 6 illustrates the maximum and steady-state reaction
rates of benzene oxidation as a function of feed benzers
partial pressure. The rate of benzene oxidation is cal culated
from the partial pressures of the products (CO, and CO) ob-
served in the reactor effluent, thus reflecting oxidation rather
than adsorption. The units of reaction rate are pumol/m?/s.
The areaterm “m?" refers to the geometric area of the glass
substrate that is covered with a TiO, film. This selection of

1 20E-05

1 00E-05

$ 00E-06

o 0QE-06

4 QE-06

Maoles Benzene Adsorbed

2.00E-06

0 QUE+00

case 1 case i case case iv casev case vi

i

Figure 5. Amount of benzene acsorbed as a function of resencs
cr absence of catalyst and near-L'/ Irraaiation: cases eluc:datec~
Taple 3

Journal of the Air & //aste Management Associancn 895



Jacoby, Blake, Fenneil, Boulter, Vargo, George. ana Doiberg

0, §S. Convermon

S

Maximum

A i

\

{ bA

-4

Steady State

0.08

] 10 0 9 40 50

Benzeae Feed (mtorr)

60%

50%

0%

0%

0% | lower than the maximum rate. which occurs

early in the run. Whenever the penultimate
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an acuve Site becomes available and another
gas-phase benzene molecule adsorbs in its
piace. Thismodel is also consistent with the
findings in the water extraction experimernts
reported earlier. Figure 7 furttier supports this
concept, showing elapsed time to maximum
rate as a function of benzene-feed concen-
tration. It illustrates that at a given flow rate.
the higher the partia pressure of the reac-
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Figure 6. Maximum and steady-state reaction rates for the photocatalytic oxidation

of benzene as .a function of influent benzene partial pressure

units yields a highly repeatable measurement. Its advantages,
disadvantages, and convertibility to other units have been
discussed in the literature.0 Examination of Figure 6 reveas
that the maximum and steady-state reaction rates are not
strongly dependent on the gas-phase concentration of ben-
zene. This is indicative of a process in which the rate of
adsorption is faster than the rate of surface reaction. Thus,
surface reaction is the rate-limiting step in this concentra-
tion range. As the concentration of the pollutant decreases,
the number of molecules adsorbing on the surface at a given
flow rate also decreases, and the difference between the rate
of adsorption and the rate of surtace reaction grows smaller.
Extrapolation of the steady-state conver-
sion curve indicates that a feed contain-

sites were being occupied by adsorbing reac-
tants, and no benzene exited the reactor. This
lag time amounted to about five minutes.
with a benzene feed partial pressure of 38
mtorr and a volumetric flow rate of 265 mi/min (see Figure
2). At lower reactant partial pressures and/or lower tlow rates.
the lag time would be longer. This behavior endows aphoto-
catalytic reactor with the ability to handle surgesin pollutant
concentration, a Situation typical of indoor environments.
As reported above, for afeed containing less than or equal to
5 ppm of benzene flowing at this flow rate, it appears that
100% steady-state conversion would be achieved.

A series of experiments was run to measure the maximum
and steady-state reaction rates during repeated use of a cata
lyst film. In each individual experiment. a steady state was
achieved according to the standard operating conditions listed

ing 5 ppm or less of benzene would a0
undergo complete conversion at steadv
state in a photocatalvtic reactor operating

under these conditions. This concentration 16
is considerably higher than that typical for 14
indoor air pollutants.!? s

Figure + can be interpreted in light of a Elupsed
Time 10

conceptual model; benzene adsorbs on the (mim

surrace and undergoes oxidation during 8
which CO, and CO are formed. These prod-
ucts desorb and are detected in the gaus
phase. Also formed are a suite of adsorbed
intermediates that remain on the surface e
and react more slowly than the benzene in 0
the feed, also forming CO, and CO as final
products. The steady-state rate is a compos-

L

i ) \E

10 20 30 40 S0 60

Beonzene Feed (mtorr)

ite of the reaction rates of benzene and the
suite of intermediates. This accounts for the
fact that the steady-state reaction rate is
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Figure 7. Time to maximum rate of the photocaiatytic oxiaaton of benzene as a func-
tion of intluentbenzenepartial pressure.
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in Table 1. The feed was then switched to zero grade air in
the presence of UV light. During this interval, adsorbed in-
termediates were oxidized from the surrace. Figure 8 shows
that the activitv ot the catalvst was entirely recovered. and
maximum and steady-state reaction rates were repeatable
within experimental error. These experiments support the
contention that photocatalytic reactors can act asself-clean-
ing filters with respect to organics. Once again. therelative
rates of adsorption and surtace reaction afford PCO reactors
the capacity to effectively control short-term surges in pol-
lutant concentrations. In a separate experiment. photocata-
lvtic activity wasalso restored by washing the catalyst surtace
with water in a manner similar to the water extraction ex-
periment described above. Thisregenerative process works
very quickly, but it may not be a practical option if the in-
termediates in the extract render it a hazardous waste stream.

Other VOCs

Most of the VOCs found in indoor air can be trapped and
destroyed in a PCO reactor in single-component and multi-
component mixtures. Table 3 lists classes or compounds. as
well as specific chemicals. that have shown photocatalyvtic
activitv in our laboratorv. Information on other studies is
available in a bibliography that contains more than 600 pho-
tocatalysis citations.” The possibility of forming gas-phase
intermediates must be carerullv investigated relative to each
compound. In some cases, it may be necessary to integrate
a PCO reactor with aco-catalvst bed, a scrubber. or a granu-
lar-activated carbon bed, as a safeguard against the release
of undesirable byproducts.

The control of organic molecules containing hetero-
atoms, such as nitrogen, sulfur, or chlorine, provides a
unique challenge for a PCO reactor. Nitrogen-containing

®Maxumum
Z Steady State

|

Run | Run 3

Runs on Catalyst Film

Jacoov Eizxe. Ferrei. Eculter

Figure 8. Maximum anc steaay-state reactonrates of the pnoto-
catalytic oxldation of cenzene as a function or consecutive runs on
the same catalyst film In cetween runs. the cataivsiiitm was regen-
erated by exposure to clean air ana near-UV irraaiaten

volume 46 September 1996

.2rgo, Gecrce. anc Zeiberc

ring compounds are one ot tme MOSt common classes of
indoor air contaminants (e.z.. nicotine found in environ-
mental tobacco smoke!. During the PCO of pyridine. CO,
and 3small amount of CO were formed. So nitrogen-con-
taining products were observeZ in the gas phase. This does
not preclude the formation ¢f N., which is not detectable
via FTIR. The concern arises. <herefore, that nitrogen-con-
taming intermediates may buiid up on the catalyst surface
and lead to irreversible deactivation.

Figure 9illustrates theresuizs of an experiment designed
to investigate this possibility. A feed mixture containing a
pyvtidine partial pressure of 70 mrtorr and a water vapor par-
tial pressure of SO0 mtorr flovwed through a photocatalytic
reactor coated with 96 mg ot 7i0,. All other experimental
conditions were similar to these specified in Table 1. When
3steady state was achieved. t-e feed mixture was switched
to zero-grade air, with theligr.: ill on, and a self-cleaning
cvcle proceeded overnight or wztil the near-zero asymptotic
levels ot CO, and CO were zzained. This process was re-
peated six times using the sa—e reactor. During the entire
experiment, the catalyst was =xposed to the pyridine feed
for more than 16 hours. and :oout 0.5 umols of pvridine
were adsorbed and destrovec. Zxamination of Figure 9 re-
veals that although some cata: st activity was lost berween
the first and second runs, bo:= the adsorptive capacity (as
measured by the lag time be:ore pyridine appears in the
effluent) and the oxidative czoacity (as measured by CO-
evolution) remained approximmately constant during the re-
maining runs. XPS examinaticn of the catalyst surface re-
veaied the presence of some n:zogen atoms on the surface.
Identification of surface-bounc intermediates also proceeded
through liquid extraction of .z catalyst and analysis of the
extract viaHPLC. One may ccriclude from this experiment
that during the reaction of py=dine viaPCO, the self-clean-
ing function of the photocatzivtic reactor is preserved and
nitrogen-containing, surface-bcund intermediates do not lead
to immediate and irreversible deactivation of the catalyst.

CONCLUSIONS

The only gas-phase products izrmed during the photocata-
lytic oxidation of benzene are CO, and a small amount of
CO. intermediates phenol, bsnzoquinone and/or hvdro-
quinone, and malonic acid have been provisionally identi-
fied on the catalyst surface. Closure of instantaneous and
overall mass balances has been achieved. Adsorption of ben-
zene on the surface of TiO, appears to be promoted by the
presence of UV light. The adsorption of water vapor inter-
feres with the adsorption of benzene, but oxygen adsorp-
tion has no effect. The surface reaction is the rate-limiting
step under the conditions investigated; adsorption of ben-
zene occurs more rapidly than surface reaction, affording a
photocatalvtic reactor the capacity to control transient surges
in pollutant concentration. During the photocatalvtic oOxi-
dation of pvridine, no nitrogen-containing products were
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Figure 9. Effluent prccuc: anareactani cartiai pressures as a function or efapsed time
for the photocatalytic oxicaticn of pyricire for consecutive runs on the same caialysi
film. In between runs, ine catatystfiim was regenerated by exccsure to cleanair ana
near-UV irragiation.

observed in the gas phase, but buildup of surface-bound ni-
trogen-containing species did not lead to deactivation dur-
ing repeated runs. Finally, it has t.en established that a
photocatalvtic reactor can function as aself-cleaning filter
with respect to adsorbed organic compounds in the [AQ
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application. This ability, combined with operationa at-
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prove the quality of the indoor environment.
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