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Improved catalyst for photocatalytic oxidation of acetaldehyde
above room temperature
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Sulfated TiQ was more active and deactivated more slowly than Degussa P-251Tiihg PCO of acetaldehyde above 373 K. Thermal
catalytic reactions appear to poison both catalysts. Sulfating ifi@eased surface area by 60% and increased the number of acetaldehyde
adsorption sites by a factor of 1.7.
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1. Introduction catalysts calcined at 773 K, ﬁO’TiOz was 89.7% anatase
and had a surface area 3.6 times that of s[i@hich was

The Clean Air Act of 1990 sets limits on the emis26.9% anatase. They concluded that the improved rate for
sion of volatile organic compounds (VOCs) from industriaﬂsOf(/TiOz was due to a greater surface area as well as
processes. Many waste streams contain VOCs that are dilatéarger fraction of TiQ composed of the anatase phase,
in air with the VOC concentration below 1000 ppm [1]. On&vhich was more active than rutile for PCO.
effective method to destroy dilute concentrations of organic Previously [19], PCO of heptane, trichloroethylene
pollutants is heterogeneous photocatalytic oxidation (PCQY,CE), ethanol, acetaldehyde, and toluene were carried
which uses a semiconductor catalyst, usuallysTi@hd near- out on s(j—/Tio2 and Degussa P-25. At room tempera-
UV radiation to oxidize a wide range of contaminants in botﬂ”e' SCﬁ‘/TiOz and P-25 oxidized acetaldehyde, trichlo-
liquid-phase and gas-phase systems [2-9]. During PC{dethylene, and heptane at approximately the same rate. Al-
near-UV irradiation of TiQ excites electrons from the va-hoygh both catalysts deactivated during acetaldehyde PCO,
lence to the conduction band, leaving holes behind. Thegg origins of deactivation were not studied. This study com-
electron-hole pairs migrate to the surface where they ofjares acetaldehyde PCO at and above room temperature on
dize adsorbed organics to ¢@nd HO. SO ITiO, and P-25 and explores deactivation on both cat-

As with most catalytic processes, improvements in ralgy sts. |n addition, experiments were carried out with IO
selectivity, and catalyst lifetime are desired to improve the st \as synthesized by the same method &5 B0, but
efficiency and expand the applications of PCO. A potelyiihoyt sulfating, to determine how sulfation affects PCO
tially cost-effective way to improve PCO catalyst perfor ity Hereafter, the three titania-based catalysts will be
mance is to increase the number and strength of surfaegarred to as Sb/TiOZ (sulfated TiQ), P-25 (Degussa
acid sites since PCO activity has been shown to incregseg Ti®), and TiG (TiO- prepared by calcining Ti(OH)
with catalyst surface acidity [10-14]. Sulfated metal oxid&giinout sulfating).
are particularly strong acid catalysts [1,15-17]; although pptqcatalytic oxidation of acetaldehyde is of interest be-
they have been classified as superacids, they may not h@ifise it is a key indoor air pollutant [20] that is not efficiently
an acid strength greater than 100%3® [18]. Little ,i4ized over TiG [7]. The acetaldehyde PCO mechanism
work h:_:ts been done to study the photocatalytic activity ﬂfas been well-studied at room temperature on P-25 [2,21—
80421 MO ) ) . 24] and a previous study showed that P-25 poisoned rapidly

Fuet al. [16] studied the structure of SO/TiOz and its guring acetaldehyde PCO above 363 K [8]. Since acetalde-
activity for room-temperature PCO of GBr, CsHe, and  pyde forms during PCO of other organics ranging from al-
C2Ha in air. For catalysts calcined at 723 K, conversiopanes to alcohols [2,7,21-27], an effective photocatalyst
of CHBr over SG/TiO, was 6 times that of Ti@that st oxidize acetaldehyde with minimal deactivation. Al-
was synthesized in their laboratory. Also, Bi@eactivated hqygh typically carried out at room temperature, PCO using
faster than SE /TiOy; after 6 h of PCO, S Ti0z did  gojqr energy or high-intensity UV light may operate at ele-
not deactivate whereas for TiOconversion decreased fromy e temperatures since only a fraction of the output from
88 to 20% for GHe and from 60 to 12% for CEBr. FOr  hege sources is in the UV range and the rest heats the cat-

* To whom correspondence should be addressed. E-mail: darrin_muggi®dySt [8,28,29]. Therefore, a practical photocatalyst should
und.nodak.edu be active both at and above room temperature.
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2. Experimental of acetaldehyde (Aldrich, 99%) were injected upstream of
the reactor so that acetaldehyde adsorbed onto the catalyst.
The transient and temperature-programmed reaction sfsansient PCO was carried out after excess gas-phase ac-
tem that was used in this study has been described prestaldehyde was flushed from the reactor. After a shield was
ously [19]. An annular Pyrex reactor, which was identicgllaced between the lights and the reactor, the lights were
to those used in previous studies [21,22,30,31], allowed faurned on and allowed to reach a steady output. After 10 min,
high gas flow rates and uniform UV irradiation of the cataremoving the shields exposed the catalyst to UV irradiation
lyst. Approximately 30 mg of each catalyst was coated inand initiated transient PCO. Isothermal pulse PCO was car-
thin layer (average thickness 0.4 «m) in the annular re- ried out by injecting four 73@mol/g-cat pulses of acetalde-
gion of the reactor. During PCO, twelve UV lamps (GEhyde over a fresh surface with the UV lights on at 298, 373,
8 W) surrounded the reactor to uniformly irradiate the catand 523 K. For all pulse PCOs, acetaldehyde was injected at
lyst. These lamps generate light in the 300-500 nm ran@800 s intervals into 100 sccm of 20% @ He flow. Tran-
with a maximum intensity near 360 nm [14]. A furnacesient and pulse PCO measurements have been shown pre-
made of Ni—Cr wire wrapped around a quartz cylinder suviously to correlate well with steady-state reaction [19,21—
rounded the reactor. The end of a 0.5 mm chromel-alum2g,30,31].
shielded thermocouple contacted the catalyst film to provide After transient or pulse PCO for a specified time, the UV
feedback to the temperature programmer. A Balzers QMights were switched off and either temperature-programmed
200 quadrupole mass spectrometer monitored the reactordssorption (TPD) or oxidation (TPO) was carried out to
fluent directly downstream of the reactor. A 2 ID fused identify surface species that did not desorb during PCO.
silica capillary, which fed directly to the mass spectrometdiemperature-programmed desorption was carried outin pure
ionizer, sampled the reactor effluent. He flow. The catalyst was heated at 1 K/s to 723 K and held
The preparation procedure for $0Ti02 was reported at this temperature until no products were detected in the gas
previously [19]. Approximately 30 ml of aqueous 80, phase. After cooling the catalyst to room temperature, a sub-
(0.5 M) was poured over 2 g of powdered Ti(QHdllowed sequent TPO was performed to oxidize species that did not
by drying in air. The sulfate-adsorbed material was then calesorb during TPD. The TPO procedure was identical to that
cined at 723 K in air for 4 h to form Sij/Tioz. Simi- of TPD, except the carrier gas was 20% i@ He.
larly, a TiO, catalyst was prepared by calcining powdered
Ti(OH)4 without sulfating. Degussa P-25 is commerciall
available and was used as received.
Be_fore each 'isothermal PCO, the reactor was he.Id f8" Transient room-temperature PCO
20 min at 723 K in 100 sccm flow of 20%0n He (Praxair,
UHP) to create a reproducible surface. For transient PCO atFigure 1 shows transient PCOs of acetaldehyde mono-
room temperature, two pulses (14Q@nol/g-catalyst each) layers on S@ ITiO2, TiO2, and P-25 at room temperature.

¥3. Results and discussion
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Figure 1. Transient PCOs of acetaldehyde monolayers on P—ﬁ%z, and TiQ in 20% O, at room temperature. The UV lights were turned on at
115 s (all catalysts) and off at 1300 s (P-25 an(ﬁSUiOz) and 2700 s (TiQ).
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Carbon dioxide was the only product detected in the g@s7 times that on Ti@ This indicates that the sites on
phase and it started forming immediately after UV irradiaSOf(/TiOz were about as active as those on FiQn ad-

tion of each catalyst at 115 s. After reaching a maximum, thigtion, CQ, formation rates on sgj/-noz and TiQ (fig-
CO;, formation rate decreased as PCO consumed adsorpgél 1) have the same shape, suggesting that the active sites
acetaldehyde on each catalyst. When the UV lights wes these catalysts were similar. The sites of P-25 were more
turned off, CQ formation rates dropped quickly to zero, ingctive than those of Sfp/TiOZ or TiO,, however.
dicating that the appearance of £ the gas phase was  Figure 2 presents the same data as figure 1, but plot-
limited by surface reaction and not desorption [21,22,30,3%4d differently to compare the site activities of the catalysts.
The amounts of carbon-containing species that remainggr each catalyst, the GJormation rate mol/g-cats) at
on the surface after PCO were quantified by TPO so thach point in time was normalized by the amount of carbon
acetaldehyde coverages could be determined. After PG®at remained adsorbed on the surfagenfl/g-cat). The
TPO oxidized surface species to &@hich desorbed from resulting normalized rate {8) was then plottediersus the
the surface and was detected by the mass spectrometer. tf{ction of an acetaldehyde monolayer that had reacted to
ter correcting for stoichiometry, the amounts of £@at C0,. Previous researchers described acetaldehyde PCO us-
formed during PCO and subsequent TPO determined the iffig |Langmuir—Hinshelwood models that were first order in
tial acetaldehyde coverage. At room temperature, saturati@fetaldehyde concentration [24,25,32]. If acetaldehyde PCO
coverages of acetaldehyde on S@iO,, P-25, and TiQ s first order in acetaldehyde coverage and all of the reaction
were determined to be 540, 400, and 20@ol/g-cat, re- sjtes are equally active, the G@ormation rate should in-
spectively. Acetaldehyde coverage that was determined f@ease initially as intermediates accumulate and thereafter
P-25 agrees well with the value of 3Z@nol/g-cat reported decrease proportionately with coverage, producing a con-
by Luo and Falconer [28]. stant normalized C©formation rate in figure 2. Figure 2
The BET method determined the surface areas ¢f 30 shows that the normalized G@ormation rates on Ti@and
TiO2 and TiQ,, both calcined at 723 K, to be 160 andscy—/Tio, were somewhat constant with coverage; normal-
100 nt/g, respectively, whereas the surface area of P-25 wag( rates after 68% of an acetaldehyde monolayer formed
approximately 50 ffg. Fuet al. [16] reported the surface co, were 97 and 85% of the initial normalized rates for
area of S§ /TiO,, prepared by a sol-gel method and calsOZ~/TiO, and TiQy, respectively. This indicates that the
cined at 773 K, to be 136 #fg. For TiOy, they reported CO, formation rate decreased at approximately the same rate
surface areas of 197 and 3&#y for catalysts calcined at that acetaldehyde was consumed, which is expected if the
573 and 773 K, respectively. PCO sites are all equally active.
Figure 1 shows that the maximum g@@rmation rate  Both SG/TiO2 and TiG, showed small maxima in the
during PCO on S§ /TiO, was 2.6 times that on T€) CO, formation rates after approximately 35% of an acetalde-
also note that acetaldehyde coverage orﬁﬂUOz was hyde monolayer formed CQand the normalized Cffor-
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Figure 2. Normalized C®formation rates plottedersus the fraction of the initial acetaldehyde monolayer that reacted tgp @Be minus fractional
coverage) during room-temperature transient PCO in 2Q%rOP-25, S(ﬁ_moz, and TiG.
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; - : Table 1

mation rates on Sﬁj/TIOZ anq TIOZ_W_ere comparable at all Maximum CQ formation rates jgmol/g-cats) during pulse PCO of ac-
coverages. Therefore, sulfating Bidid not appear to pro- etaldehyde on SP /TiO,, TiOp, and P-25
duce different active sites, but only increased the number-of
sites that were equally active as those of Ji®he increase Catalyst
in the number of active sites upon sulfating was partly due p-25 Sg /Tio, TiOy
to the 60% increase in surface area. Temperature (K) 298 373 523 298 373 523 298 373 523

In contrast to S(ﬁT/TiOZ and TiG, the normalized C® Acetaldehyde pulse
formation rate on P-25 (figure 2) increased initially, reach- 1 12 11 15 10 070 066 056 062 0.28
ing a maximum after approximately 25% of an acetaldehyde 2 22 17 14 16 10 070 11 090 0.28
monolayer reacted to GO This initial increase in C@ 3 22 20 087 17 17 063 11 090 0.29

formation rate is not due to delay in detecting gas phase 4 21 17 044 19 21 05710 10 025

species in the reactor effluent. For transient PCO of oth&gndard deviation .09 005 004 007 007 003 002 008 0.02
model organics in the same reactor, the maximum @®
mation rates quickly reached maxima after approximately
15 s of irradiation: the maximum CGQormation rate for ac- pha;e productdetectgd during pulse PCO and table 1 lists the
etaldehyde PCO on P-25 occurred after 140 s of UV irradifl@ximum CQ formation rate for each pulse. Repeat exper-
tion. Since acetaldehyde producesQBrough acetic acid, iments determined the reprodumblllty of the pulse PCO .data
formaldehyde, and formic acid intermediates [2,21-24], trhd table 1 shows the standard deviations on the maximum
increase in C@formation rate may be due to accumulatiofCz formation rates for each experiment.
of these intermediates on the surface. Analysis of the acetaldehyde uptake for each pulse indi-
Figure 2 shows that the G@ormation rate on P-25 drops cated that nearly all of the injected acetaldehyde adsorbed
significantly faster than coverage after 25% of an acetald@?d reacted during the first pulse on each catalyst at 298 and
hyde monolayer formed GO This suggests that the distri-373 K. The amounts of unreacted acetaldehyde in the re-
bution of site activities on P-25 is considerably more brog&ftor effluent for subsequent pulses were several orders of
than on either S§7/Ti02 or TiO,. Nimloset al. [25] found Magnitude larger than the first pulse, since some adsorp-
that at least two types of active sites for PCO of ethanol aH@n sites were occupied by species from the first pulse.
acetaldehyde were required to adequately model PCO ‘FHherefore, CQ formation rates for the first pulses at 298
P-25. Similarly, other studies [22,24] proposed that acetald®?d 373 K were lower than subsequent pulses since the gas
hyde reacts through at least two pathways, which may be defgase concentration of acetaldehyde was greater for subse-
to different active sites on P-25. Since some of the sites 8H€Nt pulses. On P-25 at room temperature, the maximum
P-25 appear to be more active than others, P-25 would de&&2 formation rate for the second pulse was 1.8 times that
tivate more quickly than sgj/-noz if the more active sites Of the first acetaldehyde injection. The third and fourth
are poisoned preferentially. acetaldehyde pulses produced £& nearly the same rate
The rapid decrease in Gdormation rate with acetalde- &s the second pulse. Eventually the surface composition
hyde coverage on P-25 is not due to a rate-limiting stghould be nearly the same for each pulse since the injec-
that is second order in acetaldehyde coverage; a plot tisins were at regular intervals and the maximum@@ma-
CO, formation rate, normalized by dividing the G@ate tion rates changed less with each successive pulse. Falconer
by the square of acetaldehyde coverage, also showed a @&f¢ Magrini-Bair [8] also observed an increasing acetalde-
matic decrease in the normalized rate with decreasing coveyde PCO rate; they reported that acetaldehyde conversion
age. In addition, the behavior of P-25 during transient PCiocreased from 9 to 14% during the first 200 min of PCO on
does not appear to be due to non-uniform UV irradiation &t-25 at room temperature.
the P-25 surface. Note that the normalized,G@rmation ~ After four acetaldehyde pulses over P-25 at room tem-
rates on SE/TiO, and TiQ, were approximately constantperature, the maximum GQormation rate (table 1) was ap-
with coverage, indicating that UV irradiation was essentiallproximately 1.5 times the maximum G@rmation rate dur-
uniform. During PCO on P-25, the UV lights and reactoing transient PCO (figure 1). During transient PCO, highly
were fixed in the same positions as they were for PCO @tive sites might oxidize only one molecule of acetalde-
SO~ /TiO2 and TiG. In addition, the same coating procehyde whereas during pulse PCO, the same site may oxidize
dure was used for each catalyst and the catalyst films we&everal molecules since gas-phase acetaldehyde replenishes

approximately the same thickness. the surface. Also, sites that weakly adsorb acetaldehyde
participate in pulse PCO since acetaldehyde on these sites
3.2. Pulse PCO on P-25 may react before it desorbs. During transient PCO, how-

ever, weakly adsorbed acetaldehyde desorbs as gas-phase
Pulse PCO of acetaldehyde was carried out on P-2i&;etaldehyde is flushed from the reactor in the dark.
SOf[/TiOg, and TiQ to study deactivation and estimate Table 1 shows that the maximum @€xtes for each pulse
steady-state PCO rates at 298, 373, and 523 K. Duriag373 K were lower than those at room temperature on P-25.
pulse PCO, four acetaldehyde injections were spaced &gure 3 shows the C£formation rates during pulse PCO of
proximately 1800 s apart. Carbon dioxide was the only gasetaldehyde on P-25, %O'Tioz, and TiQ at 373 K. The
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Figure 3. Carbon dioxide formation rates during pulse PCO of acetaldehyde on P%ZE/T&ZD% and TiG in 20% O, at 373 K.

CO, formation rate on P-25 increased during the first thresteady-state PCO, UV lights were turned off for several
pulses, but then decreased for the fourth acetaldehyde puts@utes and then back on. If acetaldehyde mass transfer
After four acetaldehyde pulses at 373 K, the maximum CQo the surface limits PCO, acetaldehyde would replenish the
formation rate was approximately 81% of that at room tensurface in the dark and the G@rmation rate immediately
perature, suggesting that P-25 may have deactivated duraiter the dark period would be greater than before the lights
PCO at 373 K. For pulse PCO at 523 K (table 1), P-25 deawere switched off [21]. The C®formation rate was the
tivated rapidly; the C@formation rate decreased with eaclsame before and after the dark period, indicating that ac-
successive pulse so that the maximumyG@rmation rate etaldehyde mass transfer to the surface did not limip CO
for the fourth acetaldehyde injection was only 29% of thdormation during steady-state PCO. For pulse PCO, the gas-
for the first pulse. Note that PCO rates at 523 K should lghase concentration of acetaldehyde at the time when CO
even lower than those listed in table 1 since thermal oxidprmation reached a maximum rate was more than an or-
tion contributes to the C&formation rate; CQ starts form- der of magnitude greater than that of the steady-state exper-
ing at 423 K during acetaldehyde TPO on all catalysts studnent. Therefore, acetaldehyde mass transfer to the surface

ied. does not appear to limit pulse PCO on P-25.
Room-temperature pulse PCO rates may be similar on the
3.3. Pulse PCO on SOi‘/TlOz two catalysts because of site blocking by® which is a

product of acetaldehyde PCO. If some of the highly active
o) sites on P-25 are blocked by adsorbegOH P-25 activity

At room temperature on SO/TiO2, the maximum C  are _ _
formation rate increased with each successive pulse, readfy Not be significantly different from that of $QTiO,.

ing 1.9mol/g-cats after four acetaldehyde pulses. This rafdthough HO also forms on S /TiO, the site activi-
is 90% of the maximum C@formation rate on P-25 after ties on S(ﬁ‘/TiOz were nearly uniform so that site block-
four pulses and the C{formation rate on S /TiOz was  ing by water would affect the PCO rate on $QTiO; less
stillincreasing with each pulse whereas the C&te on P-25 than P-25. Even with some of the more active sites on
remained relatively constant after the second pulse. Ts25 blocked by adsorbed,®, CO, formation rates during
suggests that the steady-state PCO activity oﬁi‘ﬂDOz is  pulse PCO (table 1) were still greater than those of transient
comparable to that of P-25 at room temperature. PCO (figure 1), since gas-phase acetaldehyde replenished
The similar activities of S§T/Ti02 and P-25 during the surface during pulse PCO. Similarly, Mugefial. [21]
pulse PCO contrasts transient PCO, which showed P-25stiowed that the steady-state ethanol PCO rate was greater
be significantly more active than §OTi02 (figure 1). The than the maximum rate during transient PCO even though
similar pulse PCO activities do not appear to be due to ad>0 blocked some of the active sites on P-25 during steady-
etaldehyde mass transfer limiting the £@rmation rate state PCO.
on P-25. Steady-state PCO of acetaldehyde was performedhotocatalytic oxidation at 373 K (figure 3) was simi-
on P-25 to determine if mass transfer limits PCO. Durinigr to PCO at room temperature on ﬁU)TiOz in that the
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Figure 4. Temperature-programmed desorption to 723 K of an acetaldehyde monolayer on P-25.

maximum CQ formation rate increased with each succes.4. Pulse PCO on TiO2

sive pulse. After four pulses, the G@rmation rates at 298

and 373 K were comparable, indicating that increasing reac- Pulse PCO on Ti@was similar to that on SY/TiOz;

tion temperature to 373 K did not deactivateiSUiOz. At the maximum CQ@ formation rates after four acetaldehyde
373 K, the maximum C@formation rate after four pulsespulses were comparable at 298 and 373 K, but those at
on SG /TiO, was 1.25 times that on P-25, since P-2§23 K were approximately one-fourth of these rates and
deactivated at elevated temperature. After pulse PCOTaP2 deactivated with each successive pulse at 523 K. The
373 K, TPO showed that the amount of carbon on the similarity between pulse PCO behavior onS@¥iO, and
face of P-25 (26Qumol/g-cat) was approximately twice thatT1O2 further indicates that sulfating TiOapparently only

on S(j[/TiOg(lZSumoI/g-cat) even though Sfp/TiOZ ad- increased the number of active sites on Fi@ithout pro-
sorbs 33% more acetaldehyde at room temperature. Sig€ing any different types of active sites. After four ac-
P-25 deactivated during pulse PCO, the two-fold differen&d@ldehyde pulses, the maximum £@rmation rate on

in TPO amounts may be due to a stable species that &2 /1102 was approximately twice that on Tiat each

cumulated faster on P-25 than on 5@102_ Also. a temperature, which is in reasonably good agreement with
' transient PCO. The CJormation rate during transient PCO

lower TPO amount for Sbmoz may be in part due to was approximately 2.6 times larger on ?@Tioz than on

more acetaldehyde reacting during PCO, sinc@fSDOz
was more active than P-25 during the fourth acetaldehyde

pulse. 3.5. TPD of acetaldehyde
Atter four acetaldehyde pulses on $QTiO,, the maxi- y

mum CG formation rates at 298 and 373 K were both ap- temperature-programmed desorption of acetaldehyde
proximately 3.5 times greater than the rate at 523 K. In ag;35 performed on P-25, ﬁO/TiOZ, and TiQ to determine
dition, the maximum C@formation rate after four acetalde-jt similar thermal catalytic reactions occur on the catalysts
hyde pulses at 523 K was 86% of the initial rate, indicatingnd to further explore the origins of PCO deactivation at el-
that SG/TiO, deactivated at elevated temperature. No@ated temperature. Figure 4 shows TPD of a monolayer of
that PCO rates at 523 K for all catalysts are lower than thgetaldehyde on P-25. The mass fragments shown in fig-
rates in table 1 since thermal catalytic oxidation contributege 4 were also detected during acetaldehyde TPD on TiO
to CO;, formation rates. at approximately the same temperatures. The assignment of
Comparing pulse PCOs on $OTiO, and P-25 in ta- species to mass fragments is analogous to previous acetalde-
ble 1 indicates that steady-state PCO rates at room tempgfde TPD studies [28,33,34]. At low temperature, acetalde-
ature on the two catalysts may be similar, butﬁSOiOz hyde ¢n/e = 29) desorbed in a peak centered at 400 K and
deactivates more slowly than P-25 during PCO at elevatadgmall desorption peak due to crotonaldehydge(= 70)
temperatures. After four acetaldehyde pulses, the maximappeared, but it is not shown in figure 4. At higher tem-
CO, formation rate on SﬁT/TiOz was 24 and 30% greaterperatures, butenen(/e = 56), butadienen/e = 54),
than on P-25 at 373 and 523 K, respectively. and acetonenf/e = 58) desorbed. Two high tempera-
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Figure 5. Temperature-programmed desorption to 723 K of an acetaldehyde monolay«%‘zfrﬁi@@.

ture peaks form/e = 70 were observed, one at 610 Kvious study [19] showed that ﬁO/TiOZ had approximately
and another peak that was not fully resolved when heatittyee times as many acid sites as either P-25 or &
stopped at 723 K. The high temperatui¢e = 70 signal these sites may be responsible for the low-temperature de-
may be due to crotonaldehyde, as observed orp(Di@L) sorption of butadiene on ﬁO/TiOZ. Overall, the TPD spec-

by Idriss and Barteau [34] or from pentene as reported la for P-25, S@’/Tioz, and TiQ indicate that the same

Luo and Falconer [28,33], during TPD on P-25. Althougkeactions occur on these surfaces during TPD.
Luo and Falconer [28,33] presented spectra for temperature-

programmed hydrogenation (TPH) rather than TPD, theye. Catalyst deactivation
detected the same products at similar temperatures during
TPD. Luo and Falconer [28,33] assigned pentene to the highMmuggli and Falconer [31] reported that acetaldehyde re-
temperature: /e = 70 desorption due to a similar/e = 55 acts during TPD to form stable surface species that poison
signal in the same temperature range. Although not showms during PCO. They utilized these reactions to poison
in figure 4, a signal at/e = 55 followed then/e = 70 de-  the CQ-producing sites of P-25 and change PCO selectiv-
sorption at high temperatures, suggesting that the high tefiy- A subsequent study by Falconer and Magrini-Bair [8]
peraturen /e = 70 desorption was due to pentene. A smajeported that P-25 deactivates rapidly during acetaldehyde
peak atn/e = 67 is also shown in figure 4, from an unidenPCO above 363 K due to thermal catalytic poisoning that
tified molecule. Our results agree with those reported hykes place in parallel with PCO. They concluded that ther-
Luo and Falconer [28,33] for TPH and TPD on P-25 sinc@al catalytic decomposition products accumulate on the
they observed the same mass fragments shown in figure 4afalyst surface and deactivate it above 363 K. Luo and
similar temperatures. Falconer [28] found that acetaldehyde forms trimeric con-
Acetaldehyde TPD on SPI/TIO; (figure 5) was also densation products, higher molecular weight compounds,
similar to TPD on P-25. Acetaldehyde (e = 29) desorbed and coke at relatively low temperatures on P-25. They pos-
in a peak near 400 K, and continued to desorb until the catiated that these reactions poison P-25 during acetaldehyde
alyst reached 600 K. Above 500 K, acetaldehyde TPD spgeecO.
tra are remarkably similar for all catalysts. The same mass Similar reactions may have occurred during PCO on
fragments were detected during TPD on P-253S@iOy, SO ITiO; at 523 K because it deactivated, but at a lower
and TiQ, although species desorbed at slightly lower tentate than did P-25. After PCO of four acetaldehyde pulses
peratures on SP/TiO,. The unique feature of TPD on at 523 K, the maximum Coformation rate decreased 14%
SOf[/TiOg was the butadienen(/e = 54) desorption peak on S(j(/TiOg, compared to a 71% decrease in activity
at 460 K; butadiene desorbed at significantly higher teron P-25. The amounts of GQdetected during TPO after
peratures on Ti@ and P-25. Luo and Falconer [28] pro-pulse PCO were 1110 and 1230nol/g-cat for P-25 and
posed that butadiene forms on P-25 by dehydroxylation SDE(/TiOZ, respectively. These values are 39 and 14%
acetaldehyde dimeric condensation products, the formatigreater than the amounts of carbon that are contained in the
of which are catalyzed by both acidic and basic sites. A presom-temperature saturation coverages of acetaldehyde on
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P-25 and S(ﬁT ITiO2, respectively. The large coverages afPCO oxidized acetaldehyde as it adsorbed. Apparently dur-
ter pulse PCO are most likely due to accumulation of stag pulse PCO on Sﬁ)/TiOz at 373 K, acetaldehyde PCO
ble surface species that deactivated the catalysts. Pulse F@@hed intermediates more quickly than thermal catalytic re-
at 523 K on TiQ was similar to S@*/Tioz; the maximum actions produced stable species so that the pulse PCO rate
CO, formation rate after four pulses was approximately 89%as approximately the same at 298 and 373 K. Previous
of the initial rate and the amount of carbon detected on thesearchers concluded that at elevated temperatures with-
surface after PCO was 20% greater than that of an acetaldat UV, acetaldehyde molecules primarily react with each
hyde monolayer at room temperature. other through aldolization and reductive coupling on differ-

Deactivation during PCO on all catalysts appears to lemt titania catalysts [28,33,34]. During PCO, however, ac-
due to thermal catalytic reactions that poison these sw@taldehyde oxidizes to acetic acid, formaldehyde, and formic
faces. Experiments were performed to determine if theseid intermediates on the catalyst surface [2,21-24]. During
mal reactions form surface species that react more slovgulse PCO, these intermediates block acetaldehyde adsorp-
than acetaldehyde during PCO on P-25 andSID'Oz. Six tion sites, decreasing acetaldehyde coverage. The lower ac-
1400umol-acetaldehyde/g-cat pulses were injected at 60@taldehyde coverage should favor PCO since stable species
intervals over both catalysts in the dark at 373 K in floware produced by thermal catalytic reactions between two ac-
ing 20% Q& in He. The catalysts were then cooled to roorstaldehyde molecules whereas acetaldehyde molecules do
temperature and transient PCO was carried out. not react with each other during PCO [2,21-24].

After acetaldehyde exposure at 373 K, the Cforma- On P-25, however, the CCformation rate during pulse
tion rate on P-25 during subsequent room-temperature PEQO at 373 K was approximately 20% lower than that at
reached a maximum rate of OQ.3nol/g-cats and decreased298 K. This decrease in rate was attributed to accumulation
throughout transient PCO until the lights were switched ofef products from thermal catalytic reactions, which poison
Subsequent TPO oxidized the remaining adsorbed speciethi® surface. Since the PCO activity of P-25 is derived from
CO and CQ. The total amount of carbon that formed CCa fewer number of more active sites than%ﬂioz, P-25
and CQ during PCO and TPO was 1.2 times the amoumtould be more susceptible to poisoning if the products of
of carbon contained in an acetaldehyde monolayer at rodhermal catalytic reactions preferentially block these sites.
temperature. Although the amount of carbon on the suliso, SO}(/TiOz oxidized the products of these thermal cat-
face after acetaldehyde exposure at 373 K was greater thdytic reactions more quickly than did P-25; the ratio of tran-

a room-temperature acetaldehyde monolayer, the maximsgiant PCO rate for acetaldehyde exposure at 373 K to the
rate of CQ production during transient PCO was only 204 CO rate after acetaldehyde adsorption at 298 K was 67%
of that for transient PCO of acetaldehyde that was adsorkfed Sofl‘/Tioz, compared to a value of 20% for P-25. This
at room temperature. The dramatic difference in PCO amore than three-fold difference in relative activity indicates
tivity for acetaldehyde exposure at 298 and 373 K indthat S(j‘/TiOz deactivates less from poisoning by thermal
cates that the adsorbed species after acetaldehyde exposatalytic reactions.

at 373 K reacted more slowly than when acetaldehyde ad- Although stable species formed after acetaldehyde expo-
sorbed at room temperature. The species adsorbed aftersage at 373 K, TPO to 723 K regenerated botIﬁS/G)iOz
etaldehyde exposure at 373 K are most likely the productsarid P-25. After pulsing acetaldehyde over each surface
thermal catalytic reactions taking place on P-25 at 373 K at 373 K, TPO to 723 K oxidized surface species to CO
the dark. and CQ. After TPO, subsequent room-temperature tran-

Similar to P-25, PCO on SP/TiO formed CQ more  sient PCOs of acetaldehyde were carried out on both cata-
slowly after acetaldehyde exposure at 373 K than durimgsts. Acetaldehyde coverages and{@rmation rates dur-
PCO of an acetaldehyde monolayer that was adsorbedraf transient PCOs were nearly identical to those of transient
room temperature. During room-temperature PCO, the CQcetaldehyde PCOs that were performed prior to acetalde-
formation rate reached a maximum of (uhol/g-cats and hyde exposure at 373 K.
remained there until the lights were turned off after 600 s of
irradiation. This maximum C@formation rate is 67% of
that for PCO after acetaldehyde exposure at room tempér-Conclusions
ature (figure 1) and the coverage after adsorption at 373 K
was 10% greater than at room temperature. Above 373 K, S@_/TiOZ was more active than P-25 for

Even though surface species after acetaldehyde adsd?§-O of acetaldehyde. More importantly, P-25 deactivated
tion at 373 K oxidized photocatalytically to GCat two- Significantly more quickly than did SP/TiO; at elevated
thirds the rate of room temperature acetaldehyde PCO, tamperatures. Since acetaldehyde is a PCO intermediate of
ble 1 shows that pulse PCO rates on3S@iO; at 298 and other molecules, SP/TiO, may be a superior catalyst for
373 K were similar after four acetaldehyde pulses. Note tha€O at elevated temperatures. The sites on P-25 were more
when SG/TiO, was exposed to acetaldehyde at 373 K iactive than those on SOITiO; for room temperature PCO
the dark, PCO did not compete with thermal catalytic reaef acetaldehyde and they had a broader range of activity than
tions. During pulse PCO, however, UV irradiated the caglid those on S§/TiO,. Thermal catalytic reactions were
alyst as acetaldehyde was injected into the reactor so teahilar on both P-25 and Sfp/TiOz, but these reactions
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poisoned P-25 more rapidly during PCO at elevated tema4]
perature. Sulfating Ti(OH)followed by calcining to form
SO;TiO, produced a greater number of active sites thaﬁ'g
did calcining Ti(OH) without sulfating to form TiQ. The
activities of the sites on these two catalysts were remarkaky;
similar, however, suggesting that sulfation did not produce

any different active sites for acetaldehyde PCO. {15}
16
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