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Abstract

Photocatalytic oxidation of acetone and ethanol over nanocrystalling g@@der was studied under batch conditions using an UV-
illuminated DRIFTS chamber as a photoreactor. In this way, we could study the evolution of the reaction by examining changes in the species
at the surface of the photocatalyst under UV irradiation. In addition, we were able to simultaneously analyze the gas-phase composition of
this reaction by means of a multiple reflection FTIR gas cell. Results obtained indicate that ethanol adsorbs op thefdé® either
molecularly or in the form of ethoxide complexes. Under UV irradiation, these species are progressively removed, and acetate and formate
complexes slowly accumulate on the BiGurface. Acetaldehyde builds up in the gas phase during the photocatalytic oxidation of ethanol,
although this molecule is scarcely found on the Ji€urface. The spectroscopic data provided are consistent with the existence of two
parallel reaction pathways for the photocatalytic oxidation of ethanol: one yielding acetaldehyde vapor and the other leaditig oo
adsorbed ethoxide species. On the other hand, acetone is adsorbed exclusively in a molecular forgn ks FhGtocatalytic oxidation
yields acetate and formate complexes, along with adsorbed acetaldehyde and formic acid. These adsorbed molecules can act as intermediat
species in the photooxidation of acetone. In addition, participation of specific hydroxyls groups onjhsiffé@e during this photocatalytic
reaction can also be observed using the DRIFTS system.
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1. Introduction ton absorption [8,9]. This interest is driven by the incipient
commercial exploitation of this technology in the treatment
Photocatalytic oxidation (PCO) of organic pollutants us- of enclosed atmospheres. In this regard, certain problems can
ing TiO, as a photocatalyst has been extensively studied as e identified in this process and they must be circumvented
suitable method for the treatment of waste water [1-3]. More if photocatalysis should constitute a widely used method for
recently, it has been recognized that the PCO rates for the@ir purification. First, higher photoactivity is warranted, es-
gas-phase elimination of certain volatile organic compounds Pecially when treating persistent chemicals (i.e., pyridine)
(VOC's) can be h|gher than those observed for the photo- [10] Increases in photooxidation rates would also contribute
catalytic degradation in aqueous solutions [4,5]. Currently, to limiting the production of partially oxidized compounds,
there is increasing interest in the development of more ac-some of which can be very noxious (i.e., traces of COCI
tive catalysts based on nanocrystalline 7[6,7], especially can be produced during the PCO of TCE) [2—4]. Finally, a
when used in the form of thin films in order to optimize pho- higher resistance of photocatalysts to deactivation would im-
prove the overall efficiency of the process during prolonged
— periods of operation [10].
Corresponding authors. _ _ In this context, a better understanding of the mecha-
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nanopor@facstaff.wisc.edu (M.A. Anderson). nism of these photocatalytm reactions at' their molecular
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cific applications. With this aim, a number of studies using 2. Experimental
ESR [11], FTIR [12-17], and NMR [18,19] spectroscopies
or thermally programmed techniques [20,21] have been per-2.1. Catalyst preparation and characterization
formed. However, due to the complexity of photocatalytic
systems, which include solid and gas (or liquid) phases of  The TiO; catalyst was prepared using a sol—-gel process-
variable composition under UV irradiation, most of these ing approach [27]. Titanium isopropoxide, Ti(QRr
studies have been performed under idealized conditions of(Aldrich, Milwaukee, WI), was added to an aqueous solution
operation. These conditions may not represent those prevaof nitric acid at a volumetric mixing ratio of 1 HN§136.4
lent in real systems. In general, the experimental constraintsH,0:11.4 Ti(OPy)4, and immediate precipitation occurred.
of these studies promote the adsorption of the organic mole-This suspension was stirred continuously for 3 days until
cules, usually favoring the formation of unsaturated sites on it became a stable clear sol. The acidic sol was dialyzed
the TiO, surfaces by dehydration [13-15,17,18]. In addition, (SpectrgPor 3 membrane, 3500 MW cutoff, Spectrum, La-
reduced pressures of oxygen, spatial velocities approachingguna Hills, CA) to a final pH of 3.5. Subsequently the sol
zero, and discontinuous illumination are typically employed was dried at 60C for overnight leading to the production of
[11-19]. While such experiments provide valuable informa- @ xerogel. This xerogel was calcined at 623 K for 3 h with a
tion concerning these photoassisted surface reactions, théemperature increasing rate of 3 K per minute. The obtained
concentrations of adsorbed reactants and products (organid {02 microporous chips were ground in an agate mortar to a
molecules, oxygen, water, etc.) are most likely differentfrom fine powder.
the actual coverage found in working photocatalytic reac-  1he N isotherm at 77 K of the resulting powders was
tors. Consequently, a correlation between the observed surneasured in a Micromeritics ASAP 2010 micropore ana-
face reactions and the behavior of a photocatalyst as revealedyZer (Norcross, GAR' From these results, a specific surface
by the analysis of the gas phase may be difficult to establish,2'€@ Of ca. 160 fig~, a porosity of 35%, and a mean pore
or even misleading. dlametgr of 4 nm were obtamepl. The crysta! structgre of
FTIR spectroscopy has been widely used for the study of these e powdgrs was determmed by XRD in a Sqntag
heterogeneous catalytic processes because it provides a hig |ffractometer- using Cu-i&-rac.jlatlorj. These data mdlcate
sensitivity toward surface complexes and a short responset at the resulting Ti@material is mainly anatase (rutile con-

. . . . tent is estimated to be ca. 30% according to the relative
time (i.e., a good quality spectrum can be collected in a few intensities of the XRD peaks) with an average crystalline
seconds) [12,17]. In addition, this technique allows one to P ge cry

. size of 10+ 2 nm.
detect most of the molecules in the gas phase (homonuclear

diatomic molecules like @are the exception), providing that
a long optical-path cell is utilized [22,23]. Consequently,
the study of both the Ti@ surface under UV irradiation ) )
and the gas-phase composition can be carried out simulta- Simultaneous FTIR analysis of both the catalyst surface

neously by means of FTIR under conditions close to those ?nd the gzls—ph:;\]se S?.eC'lfs vr\]/as C"?‘”'Fe.d olutltusmg .trledre?c—
prevalentin real systems. In fact, the variation in intensity of or assembly schemalically shown in F1g. 1. It consisted o

CO, bands in the gas phase, which are frequently detectedtWo IR cells, a peristaltic pump (MasterFIex'Ivllod.eI 7520
. . 10, Cole Palmer, Vernon Hills, IL), and an injecting port
superimposed on the spectra of the solid phase, has been oc- . .
. . . (Thermolite Septa, Restek Corp., Bellefonte, PA), which
casionally used to determine the extent of the photocatalytic

: : : were connected witrﬁ ft. Teflon tubing. The analysis of
reaction [12—-14,17]. Alternatively, by using two separate IR the surface of the Ti powder was performed using the

Cel!s for the analy3|s of .e-a.ch pha§e,- We can obtain Spe,Ctradiffuse reflectance Fourier transform spectroscopy (DRIFT)
which have optimal sensitivity and limited interferences with mode. The corresponding accessories were the Spectra-Tech
respect to both the gas phase and the gga interface. In - \;54e| 0030-005) system of mirrors for collecting the dif-
the current article, we present results obtained with a recy- ¢ ,se |R radiation and a high temperatiracuum environ-
cling reactor designed for the simultaneous monitoring of ental chamber (Model 0030-101, Thermo Spectra-Tech,
the gas and surface composition during these photocatalyticgpelton, CT) attached to the Teflon line by means of ad-
reactions. For this study, ethanol and acetone were used agquate reduction fittings. The stainless-steel dome-shaped
model compounds and were photodegraded using nanocrystop part of the chamber contains two Bakindows, which
talline TiO, powders as photocatalysts. The photocatalytic agre transparent in both the IR and the UV ranges (10,000—
oxidation of these small organic molecules proceeds with 700 cn?1). Inside the cell, we placed about 30 mg of the
high yield and it has been extensively studied under different catalyst on top of a porous ceramic cylinder, through which
conditions [10,13,17-27]. These chemicals can be conve-gaseous reactants could permeate. The ceramic cylinder is
niently used as test molecules to explore the capabilities, asattached to a heater cartridge and a to a K-type thermo-
well as the possible limitations, of a photoreactor connected couple, both connected to an electronic controller (Thermo
to dual FTIR detectors. Spectra-Tech 0019-22). These devices, in conjunction with

2.2. Reactor apparatuswith dual FTIR detection
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Fig. 1. Schematic diagram of the system used for the in situ simultaneous analysis of the surface and gas species during photocatalytic oxdttaten of ac
and ethanol. Components are not drawn at scale.

a water-cooling system, provided accurate temperature con-dark and illuminated periods at different time intervals. Typ-
trol (£1 K) for the sample which might otherwise overheat ical photocatalytic degradation experiments were followed
during irradiation. UV illumination of the Ti@sample was  for approximately 4 h.
supplied by a medium pressure Hg vapor lamp (Model 7825-
32, 200-W, Ace Glass, Vineland, NJ). The lamp was placed 2.3. Fourier transform infrared spectroscopic analysis
underneath the mirror system in such a way that, despite
some shading, the hemispherical mirror could focus part of  Two different infrared spectrometers were utilized for the
the radiation on the Ti@ powder. A light intensity probe  analysis of the constituents of gas phase (Magna 750 se-
(Model IL 1400 with Super-Slim probe in the 250 to 400-nm ries Il, Nicolet Instruments, Madison, WI) and the surface
wavelength range, International Light, Newburyport, MA) of TiO, (Nexus 670, Nicolet Instruments, Madison, WI).
was used to test the irradiance on the surface of the sampleBoth instruments were equipped with a globular source and
and was estimated to be ca. 0.12 mWd@nConsequently, a MCT-A (HgCdTe) detector cooled with liquidaNIn the
in this arrangement, the DRIFT environmental chamber can case of the gas phase, spectra were recorded in absorbance
be considered to be a photocatalytic microreactor. However, units after the collection of 50 interferograms with a resolu-
the efficiency of this system is limited since only the exter- tion of 4 cnm 1. The single beam spectrum of the cell purged
nal layer of the catalyst bed is illuminated and consequently with dry air was used as a background. For the DRIFT analy-
low conversions are to be expected. On the other hand, thesis of the TiQ surface, the resolution was also 4 chbut
simultaneous analysis of the gas phase was performed usthe number of scans was increased to 250. In the case of
ing a 4.8-m permanently aligned FTIR multiple-reflection the solid surface analysis, the background spectrum was col-
gas sample cell (Model 4.8-PA, Infrared Analysis Inc., Ana- lected after a convenient attenuation of the IR beam and
heim, CA). Calibration factors were determined by sampling placing a mirror on the sample holder. The spectra are dis-
the gas in the photoreactor loop and obtaining the concentraplayed in Kubelka—Munk units. The optical path was kept
tions with a GC (Hewlett-Packard 5890 Series I, fitted with free of ambient C@and water contributions by flowing zero
both TCD and FID detectors) for G&nd organic vapors. air through the spectrometer.

In a typical experiment, the reactor loop was flushed at
308 K with a high flow ¢ 150 cn® min—1) of dry air (zero
air; RH < 0.2%) until the intensity of the bands correspond- 3. Results
ing to adsorbed water (i.e., bending mode at 1630%m
did not change. Subsequently, the loop was closed, the recy-3.1. Adsorption of acetone and ethanol vapors on hydrated
cling pump turned on, and a measured amount of the targetTiO2
organic (0.5-1 pL) was spiked into the system. Once the
concentration of ethanol (absolute99.8%, Aldrich, Mil- After conditioning with a dry air stream, the TiQurface
waukee, WI) or acetone (distilled prior to its use in order to still retains a considerable amount of chemisorbed water, as
remove dissolved water, Aldrich, Milwaukee, WI) reached indicated by the broad band centered at about 3400cm
a steady value, the lamp was ignited. Simultaneous analy-(symmetric and antisymmetrid OH) modes) and a sharper
sis of the gas and solid surfaces was performed through theone at 1630 cm! (bending mode) in the DRIFT spectra (not
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2 4850 29742920 A Table 1
W Assignment of the FTIR bands observed upon adsorption of ethanol and
I 971 ] o - . :
29312868 acetone vapors on nanocrystalline Fi€nditioned in dry air at RT
. 3660 Adsorbed Vibration Frequency (cnt)
7 molecule mode This work Literature
Acetoné  1(C—H) 2974, 2931 2973, 2981
= »(C=0) 1688 1702-1689
- SaCHg) 1420 1428
| 5s(CHg) 1368 1366
»(C-C) 1243, 1195, 1136 1220
Ethanol,  v(C-H) 2971, 2931, 2868 2971, 2931, 2868
Ethoxide®
Ethoxid®  §(CHy) scissoring 1474 1473
(3693 | , , , Ethoxid®  8a4CHg) 1451 1449
4000 3500 3000 2500 Ethoxid®  84(CHg) 1380 1379
wavenurmber {cm’} Ethoxide  CH wagging 1356 1356
Ethano?  §(OH) 1274 1264
1688 Ethoxidd v(C-0) monodent. 1147 1144
B Ethoxid® v(C—O)monodent. 1111 1149
B 0.25 § Ethano?  v(C-C) 1100 109%
Ethoxid® v(C-C) 1074 1074
Ethoxid® v(C-O) bridged 1054 1042
L 4 a Acetone adsorption.
= 1368 443 b Ethanol adsorption.
' 1422 ¢ Reference [13].
d Reference [14].
1380 1108 1054
- 1451 1274 1147 L~ 4
ganic vapors is displayed in Figs. 2A and B,a, and shows
positive bands at 3550, 2974, 2920, 1688, 1420, 1368, 1243,
D T ... S S S 1195, and 1138 cm. All these bands, except those at larger
2000 1800 1600 1400 1200 1000 frequencies, correspond to molecularly adsorbed acetone,

wavenumber (cm”) and their assignments are given in Table 1. These values are
in accordance with previous reports within a 3 chinter-

val [13] (smaller than the spectral resolution, 4 ¢ The

Fig. 2. DRIFT spectra of adsorbed (a) acetone and (b) ethanol on nanocrys-_;; P : ;
talline TIO, in the (A) 40002500 cm? and (B) 20001000 cit range. slight variations in the frequency are very likely related to

The spectrum of the solid conditioned in dry air at RT was subtracted from S.ma” changes in the coverage and/or experlmgntal condi-
the spectra. tions. The peak at 3550 crh, along with the negative bands

centered at 3660 and 1619 ch account for the modifi-

shown). This is in accordance with previous spectroscopic cation of the HO and OH groups by acetone adsorption.
and thermogravimetric studies [16,27,28]. In addition, the The band at 3550 crit can be attributed to those hydroxyls
bands at 3693, 3667, and 3634 ch{appearing as negative ~ groups interacting with acetone molecules through hydro-
peaks in Fig. 2A,b) reveal the presence of several types ofgen bonding. Therefore, the negative band at 3660%cm
isolated OH groups in the hydrated Ti{16,28]. In order to can be explained rather as a consequence of the transfer of
more precisely identify changes in surface composition, the intensity to the lower frequency feature than as due to the
spectrum of the Ti@ equilibrated in dry air was taken as a depletion of hydroxyls groups. Similar justification has been
reference and subtracted from those obtained after addingProposed for the shift of the OH-stretching bands to lower
the organic vapors. Immediately after introducing organic frequencies after adsorption of aromatic molecules orp TiO
molecules into the reactor, the intensities of the bands corre-[16,30]. Nevertheless, acetone adsorption may also result in
sponding to the surface complexes rise, meanwhile those ofthe displacement of a limited amount of adsorbed water. This
the gas-phase species decrease in a parallel way. Howevepartial removal of water molecules is suggested by the neg-
after an equilibration period of about 40 min, the concen- ative band occurring at 1619 crh, which can be related to
tration of all species reaches a steady value and no newthe low-frequency wing of its bending mode. Furthermore,
products can be detected in the gas phase. Consequently, ithe interaction between adsorbed acetone and water mole-
can be concluded that neither acetone nor ethanol are oxi-cules is revealed by the shift of the band corresponding to
dized over TiQ in the dark. the v(C=0) mode of acetone as function of the hydration

In the case of acetone adsorption 14 umol), the spec-  state of the TiQ surface. This spectral feature appears at
trum of TiO, obtained after exposure for 50 min to the or- 1689 cn1! in hydrated conditions and at 1702 cthifor the
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dehydrated sample [13]. On the other hand, it is worth noting
that none of the observed peaks can be attributed to mesityl-
oxide, which has been previously observed upon acetone
adsorption on dehydrated TiP13].

The spectrum acquired after adding a small injection of
ethanol & 17 umol) into the system and its subsequent equi-
libration after 40 min in dry air is shown in Fig. 2,b. Posi-
tive bands appears at 2971, 2931, 2868, 1474, 1451, 1380
1274, 1147, 1111, 1100, 1074, and 1054 ¢mAccording x
to the literature [14], these features can be assigned to the vi-
bration modes of both molecularly adsorbed ethanol{€H
CH20H) and ethoxide (CE-CH,O™) species, as outlined
in Table 1. The existence of a different set of bands related
to the v(C-0) vibration mode reveals that ethoxide forms
two different surface complexes as they bind either to a sin-
gle (monodentate) or to two (bridged)*Ti centers [14].

On the other hand, a significant shift to higher frequencies
is observed for bands corresponding to molecular ethanol
(1274 and 1110 cmt) with respect to previous values of
ethanol adsorption reported for dehydrated J[®4]. This
displacement is very likely related, as proposed in the case
of acetone adsorption, to the interaction of the alcohol mole-
cules with water adsorbed on the Bi®urface. In any re-
spect, the adsorption of ethanol led to the depletion of iso-
lated OH groups, as indicated by the intense negative band at
3693 cnmr! with shoulders at 3667 and 3634 th In con-

trast with the case of acetone adsorption, the loss of theseg
features is not accompanied by the generation of a new pos-=<
itive band, suggesting that OH groups are removed rather
than perturbed by hydrogen bonding. This fact, along with
the detection of ethoxide groups, indicates that upon ethanol
admission the following reactions take place:

CH3—CH,OH + Ti*t—OH

— Ti*'—O-CH—-CHz + H,O (monodentate), (1)
CHz—CHOH + (Ti*T),—OH
— (Ti*"),—-O—-CH-CHg + H,O  (bridged) (2)

Similarly, adsorbed water can be partly substituted by

alcoho)alkoxide molecules, giving rise to the negative peak Fig. 3. (A,B) DRIFT spectra obtained in situ during the photocatalytic oxi-
dation of ethanol vapor over Tikpowder. The spectrum of the T&ample

equilibrated with ethanol in the dark was subtracted from the spectra.

at 1627 cml. The relatively high intensity of this inverse
band suggests a strong competition for adsorption between
ethanol and water molecules for reaction sites. This obser-
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vation is consistent with previous TPD studies that showed TiO2 sample equilibrated in the dark was taken as a back-
a negative correlation between the ethanol concentration onground, positive bands represent species generated during

the TiO, surface and the relative humidity of the carrier gas
[20,21].

3.2. Insitu FTIR study of photocatalytic oxidation of
ethanol over TiOy

the photocatalytic reaction. Meanwhile, negative features of
the spectra are related to the depletion of adsorbed species.
Thus, the most prominent effect of UV irradiation is the
progressive development of bands at 1540 and 1440lcm
However, weaker peaks also appear at about 3670 (very
broad), 1377, 1360, and 1137 cth In addition, negative

Once the adsorption of ethanol reached equilibrium, as bands are observed at 2971, 2931, 2868, 1380, 1274, 1152,
indicated by the steady intensity of the spectra, the UV lamp 1102 and 1055 cmt. The extremely sharp peak that is ran-

was ignited. The DRIFT spectra obtained in situ during the
photocatalytic oxidation of ethanol vapor over bi@re dis-
played in Fig. 3 in different ranges. As the spectrum of the

domly observed at 1138 cm is a spurious signal produced
by the UV lamp, as confirmed by blank experiments using
nonphotoactive KBr powder in air.
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According to previous results taken from the literature, L
bands at 1540 and 1440 cth can be assigned to the 12
vas(COO) andv3(COO) modes, respectively, of adsorbed ac-
etate complexes [17,29]. However, the marked asymmetry of 5 L
the high-frequency peak suggests that additional contribu- £
tions are present. The profile of the spectra obtained under®
UV irradiation can be fairly well fit with four Gaussian lines
(not shown), corresponding to two different surface com-
plexes: bridged bidentate acetate with bands at 1582 and:-;
1417 cnt! and quelate bidentate acetate with bands at 1540 €
and 1439 cm? [13,29]. Nevertheless, more detailed studies
would be necessary to confirm the presence of these two car- I
boxylate complexes with different geometry. In addition, the 0k

ated A

[ %)

peak at 1360 cm! can be ascribed to the(COO) mode of 0 ' 50 100 150 200

adsorbed formate species [13,14,29]. These assignments ar Irvadiation Time (min.)

summarized in Table 2. On the other hand, most of the nega-

tive bands can be related to ethoxide complexes (1380, 1152Fig. 4. Variation of the relative intensity of some representative bands of
1102. and 1055 CFﬁL) adsorbed ethanol (1274 CH‘D or different species adsorbed on Ti@uring the photocatalytic oxidation of

ethanol: W) ethoxide; bands at 1102 and 1055 ¢hy (@) ethanol+
both (2971, 2931, and 2868 cth). In contrast, the broad ethoxide; band at 2970 cr}; (@) acetate; band at 1540 crh; and (A) for-

positive band centered at about 3670 ¢n(Fig. 3A) re- mate: band at 1440 cnit.

veals the progressive development during UV irradiation of

surface OH groups. This feature is most likely related 0 Thg eyolution of the integrated area of some of these
the production of water during the photooxidation, although |yangs as a function of irradiation time is plotted in Fig. 4. In
the decrease of the concentration of molecularly adsorbedine apsence of systematic adsorption studies, the actual con-
ethanol may also modify the profile of the spectra in this centration of surface species cannot be determined, since the
region. On the other hand, the negative bands at 1155 andyg|ar apsorption coefficient of the distinct surface species
1102 cnr* (Fig. 3B) indicate that bridged ethoxide species  is ynknown. Nevertheless, the trend of variation with irradi-
are selectively photooxidized under these conditions. In con- 4tion time can provide valuable information about the pho-
trast, previous studies have found that, in the absence ofiocatalytic reaction mechanism. The intensity of the bands
ethanol vapor, the rate of decomposition of the monodentateot photogenerated surface species (acetates and formates)
ethoxide is 1.5 higher than that of the bridged complexes increases with irradiation time, meanwhile ethoxide com-
[14]. Finally, it is worth noting that these results suggest plexes and adsorbed ethanol molecules are progressively re-
that an additional reorganization of the ethoxide species 0c-moyed. Assuming that the rate of formatjatepletion of a

curs under uv irradiation. Thus, although the intensity of generic surface species, A, depends on its surface concen-
bridged ethoxide (band at 1155 c#) complexes progres-  tration, and considering that the partial pressure of oxygen
sively decreases a new positive band at about 1137'¢m  remains constant during this process, a pseudo-first-order

firstincreases and later declines (Fig. 3B). rate equation can be written,
Table 2 ra = 00p/dt = kapa, 3)
Assignment of the FTIR bands generated during the photocatalytic oxida- whererp is the reaction ratekapp is an apparent kinetic
tion of ethanol and acetone vapors over nanocrystalling TiO constant; the time, and)a the surface coverage. Since the
Surface Vibration Frequency (cr) . surface concentration must be proportional to the intensity of
complexes mode This work Literature  the bands of the surface complex A, we can rewrite Eq. (3)
Formate vas(COO) + §(CH) 295% 295F as
vs(CH) 2873 287¢
vag(COO) 1554 155¢, 1557 ra = kappf In, (4)
8(CH) 138# 1384 . _
15(COO) 1360 135¢, 1370 where f is a response factor that is related to the molar ex-
Acetate vagCOO0) 1527, 1540, 158% 1538 tinction coefficient, and represents the area of the corre-
v5(COO0) 1448, 1437, 1418 1453 sponding IR band. After integration with the adequate initial
Acetaldehyde 1(C=0) 1718 1718 conditions we have
@ Acetone photooxidation.
b Ethanol photooxidation. IN[1a/In0] = kapt, 5)
¢ Reference [13]. . . .
d Reference [14]. whereIpo is initial area of the IR band. It is WOI’"[h noting
€ Reference [17]. that the response factof, does not appear in the integrated

f Reference [30]. equation and consequenttypp, can be obtained from the
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DRIFTS data, despite the fact that the molar extinction co- Langmuir adsorption isotherm as

efficients of the adsorbed species have not been determined

[14,17]. Obviously, the validity of the constattgg is lim-  ¢Eth = K Pt/ (1+ K Per), (6)

ited to the particular conditions of the experiment as it de- where Pgy, is the ethanol partial pressure. Since the ethanol

pends on several parameters including the photoirradianceconcentration used is small, Eq. (6) can be rewritten as

the mass of the catalysts, and the partial pressure of oxy- ,

gen. The least-square fitting of the experimental results to &t~ K PEth = f"Ith, (7

Eq. (5) is shown in Fig. 4, and it yields a value 06X 104 where Iy is the intensity of a specific band of the gas

and 35 x 10~4 min~! for the apparent kinetic constant of spectra, and/’ a response factor. After substitution of this

the formation of acetate (band at 1440 chand formate formula in Eq. (3) and subsequent integration, an expression

(band at 1360 cmt) complexes, respectively. Similarly, the equivalent to Eq. (5) is obtained,

kinetic constant for the removal of ethoxide complexes is

5.1 x 10-2 min~1, meanwhile the overall constant for the NI/Eth//Etnol = Kapy/, (8)

elimination of both molecularly adsorbed ethanol and ethox- where Igiho is the initial intensity of the corresponding

ide (band at 2971 cm') is 2.2 x 10~3 min—L. Therefore,  ethanol band. The fit of the ethanol vapor data to this for-

despite the limitations of this simple model, these results mula yields a value okapp= 2.9 x 10~ min~1, which is

suggest that the rate of consuming ethoxide species duringclose to that calculated for the removal of adsorbed ethanol

UV illumination is significantly larger than the rate of pho- (kapp= 2.2 x 102 min~1). The calculation of an approx-

togenerating adsorbed products. imate kinetic constant is a means of correlating the re-
The simultaneously obtained spectra of gas-phase speciesults from gas-phase analysis to those obtained by analyzing

are displayed in Fig. 5. The photocatalytic oxidation of changes in surface species. However, if the full expression

ethanol proceeds with evolution of water (not shown)CO  of the dependence of coverage on the ethanol vapor pressure

and acetaldehyde. Under these conditions, the conversion ofi.€., Eg. (6)) is used the Langmuir-Hinselwood—-Hougen—

ethanol vapor obtained after 220 min is about the 10.5%. The Watson equation (LHHW) is obtained. As shown in Fig. 5,

variation during irradiation in the carbon balance, expressedthe LHHW model can adequately describe the experimental

as the difference between the ethanol consumption and thedata, in accordance with previous reports [1,2,8,9,22,25]. Fi-

CO, and acetaldehyde production, is also represented innally, itis also of note that no apparent deactivation has been

Fig. 5. These results indicate that a certain accumulation of observed in the time span of the present study, despite the

organic compounds on the surface of Fi@curs duringthe ~ buildup of adsorbed species on the 3iO

initial period of irradiation, but subsequently, the amount of ) o

surface carbon remains basically constant. Thus, gas-phasé-3- Insitu FTIR study of photocatalytic oxidation of

species account for about the 81% of the ethanol eliminated@cetone over TiO;

just before turning off the lamp. The coverage of ethanol of

the TiO, surface,fem, can be calculated according to the Similarly to the ethanol case, the photocatalytic oxida-

tion of acetone started after first attaining adsorption equi-
librium. The DRIFT spectra of Ti@recorded subsequently

oL . . PE R under UV irradiation are displayed in Fig. 6. As in the case
il it o of ethanol, the spectrum of TiOequilibrated in the dark
0 - g2 Lo 40 with acetone vapor was taken as a reference and subtracted
£ 20 . E T from those recorded under illumination. These results show
% 30 L e s da'k\'\ s & that, under UV irradiation, the intensity of the acetone bands
-.3 - o | S (negative peaks at 1688 and 1054 chprogressively de-
£ 40r . JAa| B crease, and simultaneously new strong peaks arise at 2956,
8 sl . L aartT U 0®E 2870, 1715, 1556, 1440, 1379, and 1358 émMost of
8 ¢ P . . ! s these positive bands, whose proposed assignments are sum-
< Sor . L ma? } i 10 % marized in Table 2, can be related to formate (HCQ@nd
70 ..':‘ g™ T bidentate acetate (GHCOO™) surface complexes [14,17,
8 e e 29]. However, the symmetry of the adsorbed formate can-
0 50 100 150 200 not be definitely established. This is due to the fact that,
Irradiation Time (min.) in the present case, the difference between the frequency of

_ o _ _ the asymmetric and symmetni¢COQO) modes, which is the
Flg. 5. Variation of the ga_s-phase concentration ‘of different molecules dur- parameter that allows one to determine the geometry of car-
ing the photocatalytic oxidation of ethanol on HiQE) ethanol; ®) ac- b lat is cl to the borderli | f 200429
etaldehyde; andk) CO,. The difference between the ethanol transformed oxylates, Is ¢ o§e 0 e or er_ Ine value o : rﬁZ ]
and the acetaldehyde and g@roduced is represented 5. The dotted Thus, the formation of either bridged [14] or bidentate [13]
line corresponds to the Langmuir—Hinselwood—Hougen—Watson plot of the formate complexes on the surface on Ti@uring photoca-

ethanol vapor data. talytic oxidation has been proposed previously. On the other
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Fig. 6. (A,B) DRIFT spectra obtained in situ during the photocatalytic oxidation of acetone vapor ovepdi@er. The spectrum of the TiGsample
equilibrated with acetone in the dark was subtracted from the spectra.

hand, El-Maazawi et al. have ascribed the peak at 1443cm  Table 2. Finally, the peak at 1715 cthcan be assigned

to free carbonates [13], but the current results suggests thato the v(C=0) vibration mode of adsorbed aldehyde. Both
it corresponds to thes(COO) mode of surface acetate in formaldehyde and acetaldehyde are plausible intermediates
agreement with other studies [17] and consistently with the of acetone photocatalytic oxidation, and they could account
results given above for ethanol. Moreover, the subtraction of for the band at 2870 cm which is characteristic of the
successive spectra of Fig. 6 reveals the existence of an adv(CH) vibration of aldehyde molecules. Nevertheless, the
ditional band at~ 1530 cnT!, whose intensity increment  reported frequency for acetaldehyde on 7i®718 cnt?, is
parallels that of the band at 1441 th Consequently, it  closer to the value obtained in this study [31,32]. Although
can be assumed that the band at 1554 toonsists of two the interference with formate species prevents one from ob-
contributions corresponding to thggCOO) mode of both  serving thes(CHz) vibration mode at 1355 crt [31], we
formate and acetate complexes[14,17]. The position of thesebelieve that adsorbed acetaldehyde is very likely formed dur-
overlapping peaks was estimated by deconvoluting the spec-ing photocatalytic oxidation of acetone. On the other hand,
tra using Gaussian lines, and values obtained are given inthe shoulder at ca. 1745 crh could correspond to formic



J.M. Coronado et al. / Journal of Catalysis 219 (2003) 219-230 227

of adsorbed acetone. Under these experimental conditions,
the final conversion of acetone vapor is about the 16%, and
CO, in the gas phase accounts for the 60% of the acetone

15

[4,]

?E removal. These results are in accordance with the signifi-
2 cant buildup of partially oxidized products, as detected by
© 10

@ DRIFT.

<

kel

2

% 4. Discussion

(5]

c

In addition to acetaldehyde, several studies have iden-
tified acetic acid, formaldehyde, and formic acid as inter-
mediates in the photocatalytic oxidation of ethanol [20,21,

L 3 2
1 L 1 L I L 1

0 100 200 300 ' 32,33]. Although the formation of acetaldehyde is gener-
ally considered the first step of the photocatalytic oxidation,
there is no general agreement about the reaction pathways
Fig. 7. Variation of the relative intensity of some representative bands of that lead to the other by-products. Thus, Nimlos et al. [33]
different species adsorbed on Bi@uring the photocatalytic oxidation of proposed a sequential mechanism in which acetic acid is
acetone: W) acetate; @) formate; @) acetaldehyde; &) acetone; and  ganerated from acetaldehyde and successively transformed

Irradiation time (min.)

(4) hydroxyls. into formaldehyde, formic acid, and finally GOOther au-

thors have suggested more complex reaction schemes, where

acid, whose dimeric form displays a band at 1740°¢f1.7]. the formation of carboxylic acids and eventually £6c-
However, the possible formation of acetic acid cannot be curs through parallel reactions involving both formaldehyde
ascertained, because the correspondi(@O) band over-  and acetaldehyde [20,32]. Muggli et al. [20,21] have con-
laps with that of the acetone [17]. Finally, the negative band cluded from TPD and isotopic exchange studies that weakly
at 3670 cn! indicates that some specific OH groups are adsorbed ethanol is preferentially photooxidized to acetalde-
depleted with increasing irradiation time. In contrast, other hyde; meanwhile, strongly adsorbed ethanol yields; CO
sharp bands associated with isolated hydroxyl groups tendedThese results are basically in agreement with the FTIR inves-
to increase in intensity during irradiation. This is likely due tigation of Lin and co-workers [14,17], which have shown
to the formation of water as a product of the photocatalytic that molecularly adsorbed ethanol are transformed upon UV
oxidation of acetone. irradiation into acetaldehyde. In contrast, more strongly ad-

The variation with irradiation time of the integrated area sorbed ethoxide complexes are photooxidized to adsorbed
of selected bands, which are representative of adsorbedacetate and formate [14,17]. In the present study, carbon bal-
species, is displayed in Fig. 7. Changes in the surface con-ance data (see Fig. 5) indicate that by-products (most likely
centration of both carboxylates (monitored by the intensity acetate and formate complexes) of the photocatalytic oxi-
of the bands at 1550 and 1361 thy respectively), along  dation of ethanol initially accumulate on the surface of the
with acetaldehyde (band at 2850 th), show a similar ten-  catalyst. However, after prolonged irradiation, the carbon in-
dency. The rate of formation of these adsorbed complexesventory of the TiQ surface does not significantly change
appreciably declines after prolonged irradiation. This behav- although the amount of adsorbed carboxylates keeps rising.
ior indicates that surface has reached a steady state, whiclThis observation is consistent with the photocatalytic trans-
may be determined either by the saturation of the adsorptionformation of ethoxide complexes into carboxylates [14,17],
sites and/or by the dynamic equilibrium between the pro- as this surface reaction occurs without increasing the amount
duction and the elimination of intermediates. In contrast, the of adsorbed carbon. Nevertheless, the apparent kinetic con-
concentration of adsorbed acetone continuously decreasesstants for the formation of both surface acetates and formates
and considering a first-order kinetic (Eq. (5)), the rate for are an order of magnitude lower than that for removing
its removal can be modeled willappy= 0.021 mirr L. Sim- ethoxide species. This fact suggests that ethoxide complexes
ilarly, the kinetic constant for the elimination of hydroxyls experience additional transformations that very likely lead
(band at 3670 cm!) is found to be considerably lower, to the formation of C@. Therefore, the accumulation of ac-
kapp = 0.010 mim1. On the other hand, the simultaneous etates and formates on the surface of Fi@uld indicate
variation in the acetone vapor concentration shows a pro-that their transformation into GQoccurs at slightly slower
gressive decrease, in parallel to the increasing g@duc- rate than their production. On the other hand, it may be ar-
tion. No other product, except water vapor, is detected in gued that, due to the larger penetration depth of the infrared
the gas phase during the photocatalytic reaction. A kinetic radiation as compared to UV light, accumulation of carboxy-
constant ofkapp= 0.019 mir ! is obtained by applying the lates occurs in the dark (non-UV-illuminated) areas of the
first-order kinetic model to the vapor-phase data. This re- TiO, particles. Similar arguments have been proposed in or-
sult is consistent with the value obtained for the removal der to explain the differences in the carbon balance observed
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between monoliths and thin films of Tidor the photocat-  adsorbed acetates could limit the access of the reactive mole-
alytic oxidation of ethanol [32]. The process of accumulating cules to the adsorption sites. Under these circumstances, a
organic species in dark areas of the surface could account, atlecrease of the reaction rate could be expected.
least partially, for the initial decrease of the amount of car-  Most of the studies concerning the photocatalytic oxida-
bon in the gas phase upon UV irradiation. Nevertheless, thetion of acetone have failed to detect any intermediate. El-
DRIFT results, which show extensive photoinduced trans- Maazawi et al. [13] ascribed the species detected by FTIR on
formations of surface complexes, are in agreement with the the TiQ, surface during the photooxidation to formate, car-
gas-phase analysis of the photocatalytic reaction, and sug-bonates, and adsorbed g@nd HO. In the present study,
gest that the possible contribution of the dark areas is very we also have obtained evidence for the generation of formic
likely not significant under these conditions. acid and acetaldehyde, along with acetate and formate com-
As other studies have reported [20,21,32,33], the rate of plexes. Although the strong bandifCO) of acetone masks
formation of acetaldehyde vapor from the photocatalytic ox- the distinctive feature of acetic acid at 1680 tm[14],
idation of ethanol is considerably larger than that of theeCO acetic acid may be present as well. In fact, the decrease of the
production. Surprisingly, despite the progressive increase inacetone peaks at 1688 cis significantly lower than other
its concentration in the gas phase, the amount of acetalde-bands of this molecule, suggesting the presence of additional
hyde present on the surface of Ti@nder the conditions  contributions in this spectral range. In any case, neither ac-
of the present study is very low. In fact, only a weak band at etaldehyde nor formic acid are detected in the gas phase.
1715 cnt! can be observed in some of the spectra. These re-This behavior indicates that their desorption rate is consid-
sults contrast with the significant concentration of adsorbed erably lower than the rate for their photocatalytic oxidation.
acetaldehyde detected during the photocatalytic oxidation of These observations suggest that the acetone molecules break
acetone. A possible explanation for such observations is thatafter the attack of the photogenerated charge carriers to yield
acetaldehyde adsorption is prevented by ethanol, as has beea two-carbon molecule and a single carbon one. The fact that
experimentally found previously [33]. Competition of ac- formic acid and acetaldehyde accumulates on the surface un-
etaldehyde molecules for the adsorption sites with strongly til reaching a steady-state concentration indicates that the
bound ethoxide complexes could justify these results. On limiting step of the photocatalytic oxidation of acetone is
the other hand, since acetaldehyde is eventually mineralizedthe mineralization of such compounds. On the other hand,
[32,33], an additional pathway for the photocatalytic oxida- after an initial rapid increase the concentration of acetate
tion of acetaldehyde must be considered. According to theseand formate complexes on the Ti@Gurface also achieves
data, the overall mechanism proposed for the photocatalytica constant value. Since the photocatalytic oxidation rate of
oxidation of ethanol is outlined in the Scheme 1. theses species is slower than that of their corresponding car-
Deactivation of catalysts is frequently related to the boxylic acids [14,17], it can be assumed that the acid—base
buildup of unreactive by-products on the active centers of reactions participate in their transformation. In this way, sur-
the surface. In the case of the photocatalytic oxidation of face formate and acetate complexes can be in equilibrium
ethanol over TiQ, it has been suggested that the accumu- with their corresponding acids if some protons are available
lation of adsorbed acetaldehyde and/or related compoundsn the surface. In summary, the overall mechanism that can
could account for decline in reaction rates [20,21]. However, be envisaged from theses spectroscopic data is outlined in
as noted above, the concentration of acetaldehyde on the surthe Scheme 2.
face of TiQ, is very low under the experimental conditions In the case of ethanol, the strong interaction by hydrogen
used in the current study. On the contrary, the concentrationbonding of the alcohol group of the organic molecule with
of adsorbed acetate and formate complexes continuouslyadsorbed water and hydroxyl groups of the T7&Drface hin-
increases during the photocatalytic oxidation of ethanol. Ef- ders the analysis of their evolution during the photocatalytic
fectively, these species are strongly adsorbed on the TiO oxidation. Nevertheless, the variation of the DRIFT spectra
surface as they are hardly removed by thermal activation of Fig. 3A during photocatalytic oxidation of ethanol points
[14,17]. Although these complexes are less reactive thanto the generation of hydroxyls groups as a consequence of
ethoxide species, they can be photooxidized [14,17]. Con-the formation of water. Similarly, in the case of acetone,
sequently, deactivation is not observed under the conditionschanges in the/(OH) range of the spectra provide infor-
of the present study. However, it is possible that if the con- mation concerning the role of adsorbed water in the pho-
centration of the organic target is high, the concentration of tocatalytic oxidation of organic pollutants. Thus, although
the intensity in the 3800-3600 crh range progressively

CH;-CH,OH (g) — CH3-CH,O (ads) —» CT;-COOTI(ads), HCOOM(ads) —» COx(g)

1 t t i i
CH;CH,O0H (ads) CH,-COO" (ads) HCOO" (ads) CH;-CO-CH; (g) C“3'C?'CH3 (ads)
|
CO0; (g) « CH;-CH;O (ads) CH;-CH;0, CH3;-COOH, HCOOH (ads) — COs(g)
! i £
CH:-CILO () CH;-COO" (ads) HCOO' (ads)

Scheme 1. &” represents reversible reactions. Photocatalytic processes Scheme 2. & represents reversible reactions. Photocatalytic processes
are drawn in gray. are drawn in gray.
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increases during UV irradiation; remarkably, the band at under the experimental conditions used in this study. There-
3670 cnm?! decreases in a parallel way to the concentration fore, the identified surfaces complexes do not play a signifi-
of adsorbed acetone. The Okhdicals, which are formed cant role in the poisoning of the active sites, at least in such
by trapping of a photogenerated hole by a hydroxyl group concentrations. Furthermore, the detected adsorbed species
of the TiOp, are generally considered the active species for seem to participate actively in the photocatalytic reaction.
the photocatalytic oxidation [2,3,11,13,16]. Consequently, Thus, acetates and formates are apparently intermediates in
the selective removal of the OHgroups associated with  the production of C@ during the photocatalytic oxidation

the band at 3670 crt could represent their consumption  of ethanol. In the case of acetone, acetaldehyde and formic
following hole trapping by reaction with acetone molecules. acid are also observed in the Ti€urface. In these reactions,
Nevertheless, the nonphotoactivated neutralization reactiong significant participation of adsorbed @H,O species is

of acetic and formic acids with the TiGurface to yield for-  envisaged. On the other hand, the main differences between
mates and acetates complexes should also contribute to théhe photocatalytic oxidation of acetone and ethanol are de-
depletion of hydroxyls groups. The absence of such selectiverived from the fact that alcohol molecules react with the
removal of hydroxyl in the case of photooxidizing ethanol TjO, surface to yield ethoxide complexes meanwhile ace-
may be related to the previous formation of ethoxide com- tgne is adsorbed molecularly.

plexes. This implies the substitution of several OH groups

by CHsCH,O- species (reactions (1) and (2)). Although the

results shown in Fig. 7 indicate that once the concentration Acknowledgments
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