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Abstract

Methyl formate adsorbs both molecularly and dissociatively as methoxy and formate on titanium dioxide Méthyl formate dis-
sociates on Ti@ at dual sites that adsorb methoxy and formate; formate adsorption sites are more numerous than those of methoxy anc
the availability of methoxy sites limits methyl formate coverage. Photocatalytic oxidation (PCO) oxidizesc#hibon in methyl formate
to CO, without forming any long-lived intermediates, whereas ghearbon forms C@ through formaldehyde and formate. At least two
types of active sites exist for PCO on H@nd their activities differ by more than an order of magnitude; the more-active sites comprise
approximately 30% of adsorption sites. Photocatalytic oxidation carried out at 373 K oxidizes species more quickly than at room temperature
because elevated temperatures enhance inherent site activity and convert adsorbed methoxy to formate. Water does not poison methyl form
PCO and redistributes weakly bound species during PCO by displacement. Water preferentially displaces methanol and also converts son
adsorbed methoxy to formate at room temperature.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction Chuang et al. [15] reported that methanol also adsorbed
molecularly and dissociatively as methoxy on FiBusca et
Heterogeneous photocatalytic oxidation (PCO) has po- al. [16] found that methoxy adsorbed covalently with surface
tential applications for the treatment of waste streams with VOH groups in a monodentate configuration on vanadium-
dilute concentrations of VOCs because it oxidizes a wide supported TiQ. Because methyl formate (MF) adsorbs both
range of both liquid- and vapor-phase organics to environ- molecularly and dissociatively as methoxy and formate,
mentally benign compounds at room temperature [1-12]. a study of MF adsorption and PCO is an important step in
Photocatalytic oxidation employs UV or near-UV irradia- characterizing surface reactions on Fiénd follows natu-
tion to oxidize adsorbed organics to g@nd HO on semi- rally as a progression of previous studies [13-15,17-22].
conductor catalysts, such as titanium dioxide @iCPre- Chuang et al. [18], in a novel study of MF PCO, exam-
vious studies have demonstrated that PCO successfully ox4ined thermal reaction and photochemistry of MF on ZiO
idizes many gas-phase organics, but reaction pathways areJsing FTIR spectroscopy, the authors reported that MF ad-
not fully understood and intermediates are often not identi- sorbed molecularly and dissociatively as methoxy and for-
fied [1-4,7,9,11,12]. mate species on TiDat 308 K. During MF PCO, they ob-
Popova et al. [13] identified bidentate formate and two served an immediate decrease of MF absorptions with con-
forms of molecularly adsorbed MF, H bonded and coor- comitant formation of CHO, CO, CQ, and HO in the gas
dinatively bonded, on Ti@after MF adsorption at 373 K phase. The authors attributed the evolution of CO and CO
by in situ FTIR spectroscopy. Similarly, Liao et al. [14] {5 adsorbed formate, whereas methoxy formed,GHin
reported that formic acid adsorbed on Fi@olecularly  5greement with previous studies [20-25]. Upon heating the
and dissociatively as formate with bridging coordination. catalyst to 423 K, Chuang et al. [18] observed near-complete
disappearance of molecularly adsorbed MF and concluded
~* Corresponding author. that the surface consisted primarily of formate, methoxy, and
E-mail address: darrin_muggli@und.nodak.edu (D.S. Muggli). an orthoester-type intermediate.
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Although MF formation and adsorption have been widely blocked UV light from the reactor for 10 min as the lights
researched, no study has attempted to characterize MF adreached a steady output. Removing the shields exposed
sorption sites on Ti@or to extensively examine the reaction the catalyst to UV irradiation and, thus, initiated transient
pathways of MF PCO; only one study investigated the pho- PCO. After 20 min, terminating UV irradiation stopped PCO
tochemistry of MF on TiQ [18]. Although previous work  and subsequent TPO oxidized remaining surface species.
by Chuang et al. [18] provided information about MF ad- Temperature-programmed oxidation was performed in the
sorption and reaction on T surface species may not be same carrier gas flow as PCO by heating the catalysy€) K
fully characterized under steady-state conditions because thep 723 K and holding at this temperature until products were

presence of gas-phase species complicates interpretation ofio longer detected in the gas phase.
infrared spectra. In contrast, transient PCO takes place in the
absence of gaseous organics and separates adsorption, sur- , o )
face reaction, and desorption steps in time. 2.2. Transient photocatalytic oxidation with DRIFTS

In this study, transient reaction techniques and tempera-
ture-programmed oxidation (TPO) were combined with  The infrared study utilized a FTIR spectrophotometer
FTIR spectroscopy to investigate the reaction pathway of (Thermo Nicolet 670) equipped with a MCT-A detector that
MF on TiO,. The implementation of isotope labels’i#MF was cooled with liquid nitrogen. The reaction system con-
(H'3COOCH;) and deuterated MF (D-MF, DCOOGH  sisted of a praying mantis diffuse reflectance FTIR spec-
is a unique aspect of this study that provides justification troscopy (DRIFTS) accessory (Harrick Scientific, DRP) that
for spectral band assignments and information about MF was modified with a reaction cell (Harrick Scientific, HVC-
adsorption and PCO. In addition to identifying adsorbed pRp) to facilitate gas flow through the system. The reaction
species, this study explores the effects giCHand heat-  ¢e|l was equipped with a heater and housed a sample cup
ing on surface species. This study also quantifies the surfacijied with TiO,. A dome with three windows covered the
concentrations and relative activities of multiple active sites sample cup and was held in place with retaining plates; two
for MF PCO on TiQ and determines that the availability of ¢ the windows were IR transparent (KBr), while the third
methoxy adsorption sites limits MF coverage. allowed for UV irradiation of the catalyst (quartz). A mass-
flow controller (Tylan FC-260) maintained 100 sccm of 20%
Oz in He (Praxair UHP), while a purge gas generator (Parker
Balston 7545 NA) provided air for system purge.

The catalyst was heated at a rate of Isko 723 K
in 20% & flow and held at this temperature for 20 min
to provide a clean surface. Omnic software (Thermo Nico-
The experimental apparatus used in this study has beenloeft é%rfzg%%ogr)ﬂrleg?/risgr;gienr;ereofrsacrgisozllveitrhtgerg]stglrfl
described previously [7,10,11,26]. Using the same apparatustion of 4 cnL. After cooling to room temperature, a back-
and procedure as this study, previous work [7-11,17,27-32] ) '

investigated the uniformity of UV irradiation, surface and gro;tnd ipectrfu;r: OLthi clean dTgC%urIace \;vas CO”ECtEd' ;
gas-phase diffusion limitations, temperature gradients, and ubtraction ot the background spectrum from subsequen

other possible experimental artifacts and found them to be SAMPIe spectra distinguished bands of surface compounds
insignificant. An annular Pyrex reactor allowed for high gas- by removing TiQ absorptions. After background collection,
flow rates and uniform UV irradiation of the catalyst. A thin threée pulses of MF (420 umdg catalyst each) saturated
layer of approximately 30 mg of Degussa P-25 Ti®ated the .catalyst surface and the carrier gas flushed excess or-
the inner surfaces of the photoreactor (with a 1-mm annu- 9anic from the gas phase for 90 min prior to PCO; spectra
lar gap). A furnace, which consisted of Ni—Cr wire wrapped collected durlng.organlc adsorption tracked the removal of
around a quartz cylinder, encased the reactor and six 8-Wwdas-phase species from the system. A 350-W Hg arc lamp
UV lamps (Johnlite) surrounded the furnace. A 0.5-mm (Exfo Corp) equipped with a 320- to 390-nm filter and a
chromel-alumel, shielded thermocouple contacted the cata-liquid-filled light guide (5 mmx 1000 mm) provided UV
lyst film to provide feedback to the temperature controller. irradiation for PCO experiments. A radiometer (Exfo) deter-
A Balzers QMS 200 quadrupole mass spectrometer moni- mined the power emitted from the tip of the light guide to
tored the reactor effluent directly downstream of the reactor. be ~ 1.55 W/cn¥; a distance of approximately 2 cm sep-
Before each isothermal PCO, the Catalyst was heatedarated the Iight guide from the catalyst. CoIIecting spectra
at a rate of 1 Ks to 723 K in 100 sccm flow of 20%  after various irradiation times monitored the progression of
O, in He (Praxair, UHP) and held at this temperature for PCO and provided qualitative information about the surface
20 min to create a reproducible surface. Two pulses of MF reaction. Previous band assignments and characteristic re-
(420 umoJg catalyst each) injected upstream of the reac- gions of functional groups [13-15,19,33,34], in conjunction
tor saturated the catalyst and the carrier gas flushed exceswith isotope shifts, identified absorption bands of surface
organic from the gas phase. Before transient PCO, a shieldspecies.

2. Experimental methods

2.1. Transient photocatalytic oxidation with mass
spectrometry



252 A.C. Lukaski, D.S Muggli / Journal of Catalysis 223 (2004) 250261

HCOOCH,

H™COOCH,

' 2960 ' ' ' 2360
Wavenumbers (cm-1)

15631

HCOOCH HCOOCH,

1ﬁbﬂ
Wavenumbers (cm-1)

Fig. 1. Infrared spectra (a) of HCOOGHand H3COOCH; adsorbed at room temperature on fresh JTi@ith vibrational modes in the alkyl (b) and

carboxylate (c) regions.
3. Results
3.1. Methyl formate adsorption
Fig. 1 shows DRIFTS spectra 88MF and'3MF (H 13C-
OOCH;) adsorbed on Ti@at room temperature; theaxis,

which is not shown for clarity, is expressed in Kubelka-
Munk units on a common scale. The isotope label3MF

TiO2 both molecularly and dissociatively as methoxy and
formate.

Wu et al. [35] attributed signals at 2948 and 2926 ¢m
to surface methanol and methoxy adsorbed oy Ti€spec-
tively, while Chuang et al. [18] observed bands at 2960,
2938, and 2928 cm following MF adsorption on Ti@. In-
frared spectra of methanol adsorbed at room temperature on
TiO2 (not shown) exhibited absorptions at 2949, 2924, 2845,

red-shifted the frequencies of vibrational modes associatedand 2821 cm. In this study, the term methoxy will refer to

with the «-carbon in MF. Table 1 summarizes the absorp-

tion spectra of2MF and!3MF. In agreement with previous

dissociative adsorption of th&-carbon in MF whether it ad-
sorbs as CHO or interacts with surface hydroxyls to form

studies [13,18], Fig. 1 shows that methyl formate adsorbs on adsorbed methanol.
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Table 1 H13COOH) (not shown) exhibited a similar red shift from
Comparison of vibrational frequencies (cM of HCOOCH; and 2870 to 2855 cm?, the absorption at 2865 crh appears to
H™COOCH; adsorbed on Tigat room temperature characterize formate derived from thecarbon in MF. The

HCOOCH; H13CoOCH; Red shift Band assignment band at 2850 cmt,which did not appear to shift in Fig. 1b,
2952 2952 0 Methoxy was attributed to CH stretching in surface methoxy.
2935 2935 0 Methyl formate Chuang et al. [18] identified 1675 cth as carbonyl
2927 2927 0 Methyl formate stretching in formic acid on Ti@because heating to 423 K
gggg 2843 ,\iﬁ |v||: gt:]n;i;e decreased this band and gas-phase formic acid absorbs near
2736 2733 3 Methyl formate 1740 cnt!, while Popova et al. [13] found that carbonyl
1640 1640 0 B-Carbon formate stretching in formic acid coordinatively bonded to Lewis
1575 1531 44 a-Carbon formate acid sites on Ti@ characterized 1665 cni. In this study,
1406 1387 19 a-Carbonformate  gh50rption at 1640 cit was assigned to carbonyl stretching
1323 gig 2(2) 5 EZ;ESE gmgg in formate species derived from tisecarbon in MF because

1310 1310 0 Methyl formate carbon-13 typically red-shifts €0 stretching frequencies
by ~ 40 cnm! [34] and the isotope label itPMF (Fig. 1c)
did not shift this band.

Alkyl CH, stretching in surface methoxy characterizes  The isotope label oA®MF red-shifted the bands at 1575
the absorption at 2952 cm because the isotope label in  and 1367 cm? (Fig. 1c), and therefore these absorptions
13MF did not red-shift this band (Fig. 1b). Additionally, ~were assigned to asymmetric and symmetric CGetch-
DRIFTS spectra of D-MF (not shown) exhibited a signal of ing in «-carbon formate dissociated from MF, respectively,
intensity similar to those in Fig. 1b at this wavenumber. Be- in agreement with previous work [14,33]. Additionally,
cause methoxy originates from dissociative adsorption of the DRIFTS spectra of HCOOH and HCOOH (not shown)
B-carbon in MF (always carbon-12 in this study), carbon-13 showed that carbon-13 induced similar red shifts at 1563
(H13COOCH) and deuterium (DCOOCH isotopic sub-  and 1362 cm?.
stitutions on thex-carbon in MF would not affect methoxy The isotope label it®MF red-shifted thex-carbon for-
absorptions. mate band from 1406 to 1387 crh(Fig. 1c); this absorp-

Carbon-13 typically red-shifts C-H stretching frequen- tion was assigned ta-carbon formate in agreement with
cies by~ 10 cnt® [34] and is expected to affect absorp- Liao et al. [14]. The isotope label i?*MF red-shifted the
tion intensities of vibrational modes, even for those atoms «-carbon formate band from 1367 to 1345 ¢hand re-
not bonded directly to the isotope. Infrared spectra of other vealed a well-defined signal at 1380 chthat appeared as a
molecules [36] showed that carbon-13 labeling changed shoulder in thé2MF spectrum (Fig. 1¢). Because b3MF
the intensity of several absorption bands that were not redand 13MF exhibited absorptions at 1380 cr this signal
shifted. Fig. 1b shows that the isotope label*fMF in- was attributed to formate derived from tecarbon in MF.
creased the intensity of bands at 2935 and 2927 ciyet Infrared spectra of D-MF and formic acid (not shown) ex-
did not red-shift these absorptions. Replacing hydrogen on hibited comparable bands at 1380 thwhile a weaker ab-
the o-carbon in MF with deuterium (not shown) had a sim- sorption appeared in methanol DRIFTS spectra (not shown).
ilar effect on the bands at 2935 and 2927 dmif these ab- This indicates that formate produced from the interaction of
sorptions represented CH stretching modes ofbttearbon adsorbed methoxys¢-carbon in MF) with lattice oxygen ab-
in MF, the isotope labels would red-shift these signals and sorbs at this frequency. In agreement, 1380 trappears
replacinga-hydrogen with deuterium would induce greater to characterize formate, which is a PCO intermediate of the
shifts than the carbon-13 label. However, deuterium and g-carbon in MF, because DRIFTS spectral&fIF, D-MF,
carbon-13 would have a similar effect on vibrational modes and methanol PCO showed that the intensity of this absorp-
of the g-carbon in MF because the mass of the carboxylate tion increased initially upon UV irradiation and decreased at
group (DCOO and H3COO) in both isotopic species is the  longer reaction times.
same. Therefore, absorptions at 2935 and 2927%cwere
assigned to CH stretching of the methyl grogpdarbon) in 3.2. Transient PCO of methyl formate
molecularly adsorbed MF.

Because the isotope label ##MF formed one band Fig. 2a shows the gas-phase products during transient
(2843 cn1l) from two 1°MF absorptions (2865 and 2850 PCO of al3MF monolayer at room temperature on BiO
cm~1) (Fig. 1b), vibrational modes associated with both Upon UV irradiation of the catalyst at 60 s, thecarbon
carbons in MF evidently overlap in this region. Carbon-13 in 13MF oxidized quickly to13CO,. After reaching an ini-
apparently red-shifted the signal at 2865 ¢mwhich, in tial maximum, the'3CO, decay curve in Fig. 2a exhibited
turn, covered the band at 2850 th Therefore, the ab-  three regions: during the initial 100 s of PCO, th€0,
sorption at 2865 cm' may characterize CH stretching in  formation rate decreased slowly, then declined quickly over
a-carbon formate or in molecularly adsorbed MF. Because the next 400 s, and dropped more slowly than initially at
DRIFTS spectra of formic acid isotopes tFCOOH and longer reaction times. As shown previously [17], the for-
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a-carbon in MF (discussed later), this analysis measures di-
rectly the activity of TiQ adsorption sites. For thg-carbon
in MF, the formation of surface intermediates complicates
the analysis of the normalize#CO, formation rate and,
therefore, it is not plotted. The normaliz&C O, formation
rate (Fig. 2b) reached an initial maximum o082 103 s1
and decreased after approximately 30% of carbon-13 species
reacted. Catalyst activity decreased more quickly t¥MF
coverage and the normaliz&#CO, formation rate was ap-
proximately 20% of the initial value (& 10~* s~1) at low
coverages. If all of the adsorption sites were equally ac-
600 800 1000 tive, the normalized rate would be constant for a first-order,
Time (s) single-step reaction. Although a second-order reaction could
produce a normalizetfCO, formation rate similar to that in
b Fig. 2b, the rate normalized by the square of coverage (not
shown) also decreased with time during PCO. Alternatively,
0.002 1 Fig. 2b suggests more than one type of active site for PCO.
Fig. 3 shows DRIFTS spectra of surface species during
0.0015 12MF PCO at room temperature on Ti@note that the UV
intensity used in the DRIFTS study was much greater than
0.001 | that used during PCO experiments with mass spectromet-
ric detection and, therefore, the time scales are not com-
parable). Upon UV irradiation, dissociatively adsorbed MF
bands assigned to methoxy at 2952 and 2850%c(Rig. 3a)
and formate at 1575, 1406, and 1367 &n(Fig. 3b) de-
1 % e P o 5 creased quickly. Formate absorptions at 1575, 1406, and
Fractional Carbon-13 Coverage 1367 cnt! decreased more quickly than those at 1640,
o 1556, and 1380 cmt. In agreement with transient PCO
Fig. 2. Formation rates (a) and normalizé?coz formation rate (b) dur- (Fig. 2b), Fig. 3 suggests muItipIe active sites for MF PCO
ing transient PCO of H*COOCH; on TiO at room temperature. The UV o Ti0y, because UV irradiation did not decrease absorption
lights were turned on (arrow) at 60 s and turned off (arrow) at 1260 s.
bands at the same rate.

Photocatalytic oxidation quickly decreased the molecu-
mation of gas-phase GOnonitors the surface reaction rate larly adsorbed MF absorption at 2736 thand revealed
because C@does not adsorb significantly on Ti@troom  an underlying band at 2743 crh that decreased slowly in
temperature. That is, the evolution of gas-phase ot Fig. 3a. Because 2743 crh appeared in DRIFTS spec-
desorption limited and measures the surface PCO rate di-tra during'3MF, D-MF, and methanol PCO (not shown),
rectly. this absorption evidently characterizes an intermediate of

The immediate maximum in th&CO, formation rate methoxy PCO. This intermediate is most likely formate be-
(Fig. 2a) indicates that the-carbon in MF oxidized directly ~ cause infrared spectra of formic acid adsorbed on, Tit
to CO; without forming any long-lived intermediates. In shown) showed a similar absorption at 2738 énFurther-
contrast, thgg-carbon formed C@slowly and the maximum  more, the appearance of strong absorptions in the carboxy-
12Co, formation rate occurred after approximately 230 s of late (1640 and 1380 cmt) and alkyl (2865 cm) regions of
UV irradiation (Fig. 2a). After 20 min of PCO, TPO oxidized DRIFTS spectra during methanol PCO clearly showed that
the remaining surface species'#€0, 13C0O, and HO. The methoxy oxidized to formate.
amounts of CQ that formed during transient PCO, com-
bined with those of CO that desorbed during subsequent3.3. Transient PCO of methyl formate adsorbed at 373 K
TPO, quantified®MF coverage. Repeat experiments deter-
mined!3MF coverage to be 148 10 pmol g-catalyst (95% Fig. 4a shows transient PCO in whittMF was adsorbed
confidence limits). The total C{rate in Fig. 2a, as wellas  on TiO, at 373 K before the catalyst was cooled to perform
3MF coverage, was the same as that dutfidF PCO (not  room-temperature PCO. The results of another experiment,
shown), which indicates that gas-phase species were identiin which the catalyst was heated to 373 K after adsorbing a
fied correctly. 13MF monolayer and then cooled to room temperature for
To explore the activities of adsorption sites, €O, PCO, were identical to those in Fig. 4a. Preheating to 373 K
formation rate was normalized by dividing it by the amount reduced carbon-12 coverage by approximately 30%, yet did
of carbon-13 species that remained adsorbed at each samrot change carbon-13 coverage. Upon UV irradiation, the
ple point. For a single-step reaction, such as oxidation of the 13C0O, formation rate (Fig. 4a) quickly reached a maximum

Rate (umol/gcat-s)

0.0025

Normalized Rate (s"]

0.0005
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Fig. 3. Infrared spectra of HCOOGHbefore PCO at room temperature on fresh J@hd after various UV irradiation times with vibrational modes in the
alkyl (a) and carboxylate (b) regions.

that was approximately 20%pyeater than that in Fig. 2a.  adsorbed at room temperature for comparison. Adsorption
The maximum'2CO, formation rate during PCO with pre-  at 373 K decreased methoxy and molecularly adsorbed MF
heating was approximately 75% of that during PCO with bands at 2952, 2935, 2927, 2850, 2736, and 1310'cm
room-temperature adsorption, yet the maximum occurred (Fig. 6a). That is, preheating apparently reduced the carbon-
approximately 130 s earlier (Fig. 5). After 100 s of UV 12 coverage in Fig. 4 by removing methoxy species before
irradiation, thel2CO, formation rate during PCO with pre- PCO. Although the decreased bands at 2935, 2927, 2736,
heating was approximately 1.3 times that without preheating and 1310 cm* (Fig. 6) could be interpreted as MF removal,
(Fig. 5). The normalized3CO, formation rate during PCO  mass balances show that heating did not reduce carbon-13
with preheating (Fig. 4b) quickly reached a maximum of coverage. Instead, molecularly adsorbed MF that was dis-
2.5 x 1072 s71 and began to decrease after approximately placed by heating (2935, 2927, 2736, and 1310 tnap-
15% of carbon-13 species reacted, whereas that in Fig. 2bpears to readsorb dissociatively on sites vacated by methoxy
began to decrease after 30% of the carbon-13 reacted. removal.

Fig. 6 shows DRIFTS spectra of MF that was adsorbed  Preheating to 373 K increased the intensity of fhe
on TiO, at 373 K before the catalyst was cooled to room band at 2743 cm! (Fig. 6a), which indicates that elevated
temperature, as well as MF coadsorbed witOHdiscussed  temperatures converted some methoxy to formate (Fig. 3a).
later). Fig. 6 also shows DRIFTS spectra of a MF monolayer Additionally, the methoxy absorption at 2850 chrslightly
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0003 1= Fig. 5. 12CO, formation rates during transient PCO of'RBCOOCH; at
room temperature, with preheating to 373 K, and with coadsorbgd. H
0.0025 4 The UV lights were turned on (white arrow) at 60 s and turned off (black
arrow) at 1260 s.
% 0002
3 0.0015 1 preheating (Fig. 4) and PCO at 373 K (Fig. 7) resulted
E in comparable carbon-13 and -12 coverages, the maximum
§' ooy 13CcO, and 12CO, formation rates during PCO at 373 K
00005 (Fig. 7a) were approximately twice those seenin Fig. 4a. The
' initial catalyst activity during PCO at 373 K (Fig. 7b) was
8 2.7 times that during room-temperature PCO (Fig. 2b), yet

1 08 06 04 02 0 the normalized3CO, formation rate in Fig. 7b decreased
Fractional Carbon-13 Coverage after approximately 25% of carbon-13 species reacted.

Fig. 4. Formation rates (a) and normaliz’é’tﬂloz formation rate (b) during

room-temperature transient PCO ofCOOCH; on TiO, with preheating 3.4. Transient PCO of coadsorbed methyl formate and HoO
to 373 K. The UV lights were turned on (arrow) at 60 s and turned off

(arrow) at 1260 s.

Fig. 8 shows transient PCO ¢fMF with coadsorbed
blue-shifted to 2853 cmt in Fig. 6b. Because formates de- H%,Q,O; 2 pL of H,0 was injected in the dark after adsorbing
rived from both carbons in MF (2865 cth) and methoxy ~ @ MF monolayer on Ti@. Coadsorbing HO removed ap-
(2845 cn) exhibit overlapping absorptions in this region, Proximately 50% of carbon-12 species, yet did not change
the blue-shifted methoxy band suggests that preheating in-carbon-13 coverage. During PCO with coadsorbeH
creased the concentration of formate species relative to tha(Fig- 82), thea-carbon in MF initially oxidized to'*CO,
of methoxy. That is, preheating evidently removed methoxy at approximately twice the rate seen in Fig. 2a. In con-
species and increased formate coverages by displacing MFLrast, the maximun*CO;, formation rate was approximately
which readsorbed dissociatively on the sites vacated by45% of that during room-temperature PCO (Fig. 5). How-
methoxy removal. ever, the maximum?CQ, formation rate during PCO with

Fig. 6b also shows that preheating shifted thearbon ~ coadsorbed kD occurred approximately 170 s earlier than
formate absorption band from 1367 to 1361 dmand in-  that during PCO of &*MF monolayer (Fig. 5). After 60 s
creased the intensity of this red-shifted signal (1361¥mn  of PCO, the'?CO, formation rate during PCO with coad-
This suggests that-carbon formate coverage increased. Al- sorbed HO was approximately 1.3 times that during PCO
though Fig. 6b shows that preheating did not significantly of a monolayer (Fig. 5).
increase the band at 1575 tfy repeatedly adsorbing MF Fig. 6 shows DRIFTS spectra of MF coadsorbed with
at room temperature and heating the catalyst to 373 K (notH20 on TiQ,. Similar to preheating, coadsorbing® re-
shown) also increased the intensity of thiscarbon for- ~ moved methoxy and molecularly adsorbed MF (2952, 2935,
mate absorption. Similar to Fig. 1c, the apparent decrease2927, 2850, 2736, and 1310 c#) and increased-carbon
in the intensity of thes-carbon formate band at 1380 ch formate coverage (2865, 1575, and 1367 &n(Fig. 6).
is at least in part the result of the red shift from 1367 to As previously discussed, this suggests that coadsorbing
1361 cnt! because absorptions characterizing formate de- H,O displaced weakly bound, molecularly adsorbed MF,
rived from both carbons in MF overlap in this region. which readsorbed dissociatively on sites vacated by methoxy

To further explore the role of heating>MF PCO was removal. Additionally, coadsorbing 2 converted some
carried out at 373 K. Although room-temperature PCO with methoxy to formate (2743, 2865, and 1640
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Fig. 6. Infrared spectra of HCOOGHhat was adsorbed at 373 K on Ti@nd then cooled to room temperature, HCOQQi8adsorbed with bO, and
HCOOCH; adsorbed at room temperature with vibrational modes in the alkyl (a) and carboxylate (b) regions.

4. Discussion ment with previous studies [18,37,42] of MF on various
_ catalysts. Upon UV irradiation of &MF monolayer, the
4.1. Methyl formate reaction pathway 13C0, formation rate quickly reached a maximum (Fig. 2a).

This indicates that the-carbon in MF reacted directly to
The first step in the proposed reaction pathway is dissoci-lsco2 without forming any long-lived intermediates [Re-
ation of MF to methoxy and formate [Reaction (1)]. Formate zction (2)], in agreement with previous studies of formic
oxidizes directly to CQ [Reaction (2)], whereas methoxy  cid on TiQ [9,17]. However, the delayed maximum in the
reacts through formaldehyde and formate interm_ediates [16,12(302 formation rate (Fig. 2a) indicates that tHecarbon in
32,37-41] [Reacnon 3)]. Notg that2Cconsumpt|on and  \iE oxidized to CQ through at least one intermediate. Using
H>O production are not shown in the mechanism below for FTIR spectroscopy, Chuang et al. [15] reported that methoxy

clarity. formed CQ through formaldehyde and formate intermedi-

H13COOCH; = CH30(, + H13COQp), 1) ates during methanol PCO, in agreement with Busca [16].

H 13COO(a) = 13co, O @) Infrared spectra of methanol adsorbed on I m room
temperature (not shown) showed weak absorptions in the

CH3O(a) = CH20@ = HCOGa = COy(g). (3) carboxylate region. Upon UV irradiation, however, strong

Methyl formate adsorbs on TiOboth molecularly and  bands characterizing a formate intermediate in the carboxy-
dissociatively as formate and methoxy (Fig. 1), in agree- late (1640, 1575, 1380, and 1360 chiand alkyl (2865 and
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arrow) at 1260 s.

2743 cntl) regions appeared immediately and decreasedin MF oxidized directly to'*CO; in a single step. There-
at longer reaction times. This indicates that PCO oxidized fore, the normalized3CO, formation rate plotted versus

methoxy to formate, which formed GGsubsequently, as

fractional coverage measures directly the activity of JiO

shown in Reaction (3). As noted previously, methoxy may adsorption sites. For a first-order, single-step reaction on a

oxidize to formate through a formaldehyde intermediate,

catalyst with one type of active site, a constant normalized

but formaldehyde was not detected under the experimentalrate would be expected because every site would oxidize ad-

conditions of this study. Similarly, DRIFTS spectra during
13MF and D-MF PCO (not shown) showed that the inten-

sorbed species at the same rate throughout transient PCO.
Fig. 2b, however, shows clearly that the normalizé@O,

sity of absorption bands attributed to formate derived from formation rate during®MF PCO varied considerably with

the g-carbon in MF (2865, 2743, 1640, and 1380 ¢

coverage. At longer reaction times, the normalizé@o,

initially increased and eventually decreased at longer reac- rate (Fig. 2b) approached a constant value that was approxi-
tion times. Although these initial increases cannot be seenmately 20% of the initial maximum. This behavior is consis-

during MF PCO (Fig. 3a) because the UV intensity in
Fig. 3 was greater than that during PCO"8¥IF and D-MF

tent with at least two types of active sites. Transient DRIFTS
PCO (Fig. 3) also suggests multiple active sites for MF PCO

(not shown), Fig. 3b shows that absorptions at 2865, 2743,0n TiO. Upon UV irradiation of a MF monolayet,-carbon

1640, and 1380 cmt decreased slowly throughout PCO.
That is, methoxy oxidized to COthrough intermediates
[Reaction (3)] and produced the delay®€0, maximum
in Fig. 2a.

4.2. Active sites

formate absorptions at 1575, 1406, and 1367 tmuickly
decreased, yet that at 1556 chremained at longer reaction
times (Fig. 3b).

The identification of two active sites explains the apparent
discrepancy between transient and steady-state PCO obser-
vations. Formate oxidized quickly {8§CO, upon UV irradi-
ation in Fig. 2a, yet Chuang et al. [18] reported that formate

As discussed previously, the immediate maximum in the remained adsorbed on TiGt longer irradiation times. The

13C0, formation rate (Fig. 2a) indicates that thecarbon

authors may have identified formate that was adsorbed on
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less-active sites because these species are expected to remashows that the coverage of molecularly adsorbed MF de-
on the surface after steady-state PCO. In contrastnttiel creased, this displaced MF evidently readsorbed and dissoci-
CO;, formation rates in transient studies measure primarily ated on sites vacated by methoxy removal. Dissociative read-
the activity of sites that are more active during PCO. That s, sorption of this displaced MF apparently increased formate
MF reacts readily on more-active sites and yields high initial coverage on themore-active sites before PCO began because

reaction rates during transient PCO. the maximum'3CO, formation rates during PCO with pre-
heating (Fig. 4a) and with coadsorbed® (Fig. 8a) were
4.3. Displacement of methyl formate by H,O greater than that during room-temperature PCO (Fig. 2a).

If dual sites exist on TiQ, in which several formate ad-

If two sites of different activity existed, the normalized sorption sites surround a single methoxy site, then removing
13C0O, rate would initially decrease, as species on more- methoxy may open dual sites for dissociation of displaced
active sites reacted, and eventually approach a constaniMF. That is, MF adsorption on dual sites appears to be lim-
value when species adsorbed primarily on less-active sitesited by the availability of sites that adsorb methoxy. Using
remained. However, the normalizédCO; formation rate  the same experimental apparatus as this study, Muggli and
remained constant in Fig. 2b until approximately 30% of Backes [17] reported a formic acid monolayer coverage of
carbon-13 species reacted and subsequently decreased, ag75+ 25 pmo)g catalyst on TiQ@ that was 2.7 times that
proaching a constant value at low coverages. This initial, of MF (140+ 10 pmolg catalyst). In a similar study of
constant normalized rate was attributed tgla PCO prod- methanol PCO on Tig) Schmidt [43] reported a methanol
uct, displacing molecularly adsorbed MF, which readsorbs monolayer coverage on Tibf 160 pmofg catalyst. If the
dissociatively on sites vacated during the initial stages of ayajlability of methoxy sites constrains the number of dual
PCO. Because MF displacement by®ireplenished ac-  sijtes for MF dissociation and formate sites are not saturated
tive sites during PCO, the normalizé#CO, formation rate by a MF monolayer, then repeatedly removing methoxy and
remained somewhat constant initially and subsequently de'injecting MF would increase the formate coverage.
creased as PCO consumed the MF that was easily displaced. 1o explore the existence of dual sites, a series of exper-

Fig. 6 shows that preheating and coadsorbe® His- iments were performed, in which alternating 1-uL pulses
placed methoxy and molecularly adsorbed MF (2952, 2937, 5t H,0 and 13MF were injected after adsorbing AMF
2925, 2850, 2736, and 1310 cf). As noted above, this dis- monolayer at room temperature on Bidhree BO/A3MF
placed MF readsorbed dissociatively, which increased theinjectionsincreased carbon-13 coverage and decreased that
coverage ofe-carbon formate on more-active sites (1575 ¢ carbon-12 species by approximately 30 and 50%, respec-
and 1367 gml). . tively. Multiple H,O/A3MF injections apparently increased

Preheating and coadsorbed®ialso appear to displace  .41hon.13 coverage by repeatedly opening dual sites for dis-

the same weakly bound MF that is easily displaced by gq:iative adsorption of MF through methoxy removal. Ad-
H20 during room-temperature PCO because the normal- yiiqnally, the intensity of:-carbon formate absorptions in-

ized 13CO; formation rates during PCO with preheating  ¢reased with each#®/13MF injection when this experiment

(Fig. 4b) and with coadsorbed8 (Fig. 8b) began to de- was repeated with DRIFTS (not shown). This suggests that

crease at higher coverages thap that in Fig. ,2b' Thatis, Iesq\/”: adsorbs dissociatively on dual sites composed of isolated
molecularly bound MF was redistributed during subsequent methoxy sites surrounded by multiple formate sites. These

PCO (Figs. 4b and 8b) because preheating ap® His- | sit m tudied i tail i forth .
placed weakly bound MF, which readsorbed dissociatively gESIi;t?can\[ICI%G]be studied in more detail in a forthcoming

before PCO began. Additionally, adsorption at 373 K and
coadsorbed bD removed methoxy and, therefore, lesgH
formed during PCO (three hydrogen atoms are bonded to
the g-carbon, whereas the-carbon only has one). That is,
the normalized3CO, formation rates (Figs. 4b and 8b) de- Elevated temperatures increased PCO rates op. Tite
creased at higher coverages than that in Fig. 2b partly be-initial normalized 3CO, formation rate during PCO at
cause HO redistributed less MF to more-active sites during 373 K (Fig. 7b) was approximately 2.3 times that dur-
PCO. The effect of HO displacement during PCO is a sig- ing room-temperature PCO (Fig. 2b). In a similar study of
nificant finding that impacts the analysis of PCO rate data, formic acid PCO on Ti@, Muggli and Backes [17] reported
particularly experiments that study PCO in the absence of that the initial normalized C@formation rate at 373 K was

4.5. Heating increasesintrinsic site activity

gas-phase reactants. also 2.3 times that at room temperature. The initial normal-
ized 13CO, formation rate during PCO at 373 K (Fig. 7b)
4.4. Dual adsorption sites for methyl formate may be greater than that in Fig. 2b because elevated tem-

peratures increased the mobility of surface species, which

Mass balances showed that preheating (Figs. 4 and 7) andvould replenish the more-active sites more quickly than at

coadsorbed b (Fig. 8) removed methoxy from the sur- room temperature. Alternatively, heating may increase the
face, but did not change carbon-13 coverage. Because Fig. @ctivity of TiO, adsorption sites.
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0.25

The normalized'3CO, formation rate during PCO at
373 K (Fig. 7b) began to decrease at a greater coverage
(75% of a carbon-13 monolayer) than that during PCO of
a monolayer (70% of a carbon-13 monolayer) (Fig. 2b). 7
If elevated temperatures increased the mobility of surface :g o:15:4
species, then a greater fraction of adsorbed species woulcg
migrate to more-active sites vacated during PCO at 373 K 3 01]
than at room temperature. That is, the normalizé@O, @
formation rate in Fig. 7b would be expected to decrease s |
at alower coverage than that during PCO of a monolayer
(Fig. 2b). Because more-active sites oxidized a lesser frac-
tion of surface species during PCO at 373 K (Fig. 7b) than 0 200 400 600 800 1000 1200
during room-temperature PCO (Fig. 2b), elevated temper- Time (s)
atures most likely do not increase the mOblllty of surfac_e. Fig. 9. Decay curve fof3CO, formation from H3COOCH; PCO with
species. Instead, elevated temperatures increased the activity, | cio model fit
of both more- and less-active sites because the normalized
13fC02 rate during PCO at 373 K was greater than that in step, in agreement with previous observations of other car-
Fig. 2b throughout PCO; the initial normalized rate measures boxylates [11,17,29]. As discussed previously, the immedi-
primarily the activity of more-active sites, while less-active 5t maximum in th&3CO, formation rate (Fig. 2a) indicates

0.2 4

sites oxidize species predominantly at low coverages. that thex-carbon reacted directly ##CO, without forming
] any long-lived intermediates.
4.6. Heating and H20 convert methoxy to formate During transient PCO of &3MF monolayer (Fig. 2b),

) ) ] the normalized®CO; formation rate remained constant ini-
Fig. 6a shows that heating and coadsorbingdHe-  tia|ly because HO, which is formed during PCO, displaced
moved methoxy (2952 and 2850 ch) and converted some 4 fraction of weakly adsorbed MF. Subsequently, displaced
methoxy to formate (2743, 2865, and 1640 ¢h The  \F readsorbed dissociatively as methoxy and formate on
conversion of methoxy to formate explains the interesting more-active sites vacated by PCO. After approximately 30%

12CO, formation curves in Fig. 5. Although carbon-12 cov-  of carbon-13 species reacted, the normali#&D, forma-
erages decreased upon heating g@taddition, Fig. 5shows  tjon rate began to decrease because nearly all of the MF
that methoxy initially oxidized td°CO, more quickly than  that is easily displaced by 20 was removed. A two-site
during room-temperature PCO. TH&CO, formation rate  model (Fig. 9) was fit to this portion of th®CO, decay
during room-temperature PCO (Fig. 5) would represent the cyrye to quantify more- and less-active sites, along with their
maximum formation rate if MF and methoxy were the respective activities. The two-site model assumes constant
only carbon-12 surface species that participate in PCO be-oxygen concentration, and therefore first-order surface reac-
cause the catalyst surface was saturated at room temperaggns.
ture. That is, theCO;, formation rates during PCO with Because mass balances determined the initial carbon-
preheating and coadsorbed®would not exceed the room- 13 coverage, the model contained three adjustable parame-
temperature adsorption curve in Fig. 5. After 60 s of UV ters: site 1 activity £1), site 2 activity &2), and the ratio
irradiation, however, th&?CO, formation rates during PCO  of site 1 and 2 coverages. The value determinedkfor
with preheating and coadsorbeg® were approximately (6.0 x 103 s~1) was approximately 13 times that @b
1.3 times that during room-temperature PCO (Fig. 5). Ad- (4.8 x 104 s~1), indicating a significant difference in activ-
ditionally, the maximunt?CO, formation rates during PCO  jty. Approximately 30% of carbon-13 species adsorbed on
with coadsorbed b and preheating occurred earlierintime the surface reacted on the more-active sites.
than that during PCO of a monolayer (Fig. 5). This indicates
that heating and pO addition converted thg-carbon in MF
to a species (formate) that oxidized%CO, more quickly 5. Conclusions
than methoxy.
Methyl formate adsorbs on TiOboth molecularly and
4.7. Two-site model dissociatively on dual sites as formate and methoxy. The
availability of methoxy sites limits dissociative adsorption of

The formation of gas-phase G@onitors the surface re-  MF. During PCO on Ti@, formate oxidizes to Cgin a sin-
action rate because it does not adsorb significantly o TiO gle step without forming long-lived intermediates, whereas
at room temperature and its appearance in the gas-phase imethoxy forms CQ@ through formaldehyde and formate.
reaction limited [11,17,29]. Th&CO, formation rate mea-  Water readily displaces molecularly adsorbed MF, which
sures directly the surface PCO rate of dissociafdF be- readsorbs dissociatively onto sites vacated during PCO. Ap-
cause thex-carbon is expected to oxidize to G@ a single proximately 30% of adsorption sites are highly active for
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PCO; these sites are approximately 13 times more active
than other adsorption sites. Heating and coadsorbis@ H
before MF PCO vacates dual sites for readsorption of molec-
ularly adsorbed MF by removing methoxy from the surface.
Preheating to 373 K and coadsorbing@®convert surface
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