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We have used chemical ionization mass spectrometry (CIMS) to study the adsorption and photochemistry of
several oxygenated organic species adsorbed to Degussa P2&aiiiDexpensive catalyst that can be used

to mineralize volatile organic compounds. The molecules examined in this work include the common indoor
air pollutant acetone and several of its homologs and possible oxidation and condensation products that may
be formed during the adsorption and/or photocatalytic degradation of acetone on titanium dioxide catalysts.
We report nonreactive uptake coefficients for acetone, formic acid, acetic acid, mesityl oxide, and diacetone
alcohol, and results from photochemical studies that quantify, on a per-molecule basis, the room-temperature
photocatalytic conversion of the species under investigation tpaD@ related oxidation products. The data
presented here imply that catalytic surfaces that enhance formate and acetate production from acetone precursors
will facilitate the photocatalytic remediation of acetone in indoor environments, even at room temperature.

I. Introduction hyde#3 Several literature studies also propose the formation of
higher molecular weight carbon-containing species from ac-
etone?’ including mesityl oxidé&* %5 and diacetone alco-
hol*84% and hexane and hexadiene arising from secondary
reactions of such aldol products.The photochemistry of
acetone on Ti@may involve radical speci€€;>253including
peroxy radicals (CBCO—CH,OO") observed via EPR and
methyl radicals observed during TPD and photodesorption
studies of low-temperature (95 K) photooxidation reactions of
acetone on Ti@(110)52 Clearly, multiple species are observed
during acetone degradation, some of which are the desired

pollutants and has received considerable attention as a mean@".]erahzat'on produch, some OZQNh'Ch are sinks, and some of
of degrading volatile organic compounds (VO&s$! found Which may be c_atalyuc p0|sor"?é~.. ) )
indoors. In the extensive work regarding the interaction of acetone
In environmental science, much emphasis has been placed"’ith TiOz-baged catalysts, fundamental studies .perform.ed at
on photocatalytic remediation using the inexpensive photocata-"¢actant partial pressures that are representative of indoor
lyst titanium dioxidel®17:19.2225 |n photochemical processes environments remain sparse. Here, we fill this void by applying
involving semiconductors such as TiGhe absorption of light ~ chemical ionization mass spectrometry (CIMS) to study the
creates electron-hole<d) paird51726whose excess free energy adsorptlon and photochemistry of se\{eral oxygenated organic
provides the driving force for subsequent photocatalytic reac- SPecies adsorbed to Degussa P25.Tudder reactant partial
tiong” that can be exploited to degrade pollutant species in Pressures commonly found indoors. Working at environmentally
enclosed indoor spaces. These indoor pollutants include oxygen/epresentative partial pressure conditions is crucial when
ated organic compounds such as aldehydes, ketones, angonsidering the nonlinear relationship between gas phase
alcohols present at low concentratidfig? Laboratory studies ~ concentration and surface coverage, which is not knawn
modeling VOC degradation over Ti@atalysts have frequently ~ Priori,*>%° but which must be determined experimentally for
focused on acetone as a model pollutant because it is found inthose partial pressures that are representative of indoor environ-

Indoor air pollution presents an increasing domestic envi-
ronmental concefrbecause people in developed countries spend
the majority of their time indoorsand indoor air is often more
polluted than outdoor aft-® Although increased air ventilation
rates can reduce indoor air pollutiéthis remediation strategy
generally increases utility and energy experisédlovel indoor
air pollution remediation technologies that avoid a concomitant
increase in the energy burden for indoor environments have
therefore become highly attracti¥#.12 Heterogeneous photo-
catalysis is a promising strategy for remediating indoor air

appreciable concentrations in indoor air stredi#s3 Acetone ments. In an effort to better understand the role and surface
also represents a highly relevant model system for other ketonesctivity of the species implicated in acetone oxidation mecha-
found in indoor aif-30.31.36,37 nisms at the VOC partial pressures and temperatures that are

Proposed mechanisms for the oxidation of acetone overTiO Present in indoor environments, and on powdered catalyst
based catalysts found in the literature include several possimesamples rather than S|_ngl_e_-crysta| TiQIMS experiments were
reaction routes. In general, the therfaind photooxida-  Performed for several individual species (Table 1). We examined
tion?425.29.3945 of acetone have both been reported to produce the adsorption and photooxidation of acetone, as well as that
CO, and water. Intermediates observed or postulated for this Of mesityl oxide and diacetone alcohol. It has been reported
reaction include acetic aci§:46formic acid3®43and acetalde-  that acetone coupling reactions on catalytic surfaces can result

in surface equilibria between acetone, the acetone aldol product

*To whom correspondence should be addressed. E-mail: f-geiger@ diacetone alcohdf4°5"%nd the dehydrated aldol condensation
northwestern.edu. product mesityl oxidé#39:48:50,54,5862 Acetate and formate have
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TABLE 1: Analytes Studied in This Work 2

Protonated Proton
Molecule Formula Structure Parent Ion Affinity CIMS Spectra
[m/z] [kJ mol™]

59 812 j\
47 742.0 J
61 783.7 ﬂ

(o]
P
[}
H)LOH
[e]
(o]
Ic\)’[;f‘;;yl CeH100 M 99 878.7 ﬁ . J\
o] OH
1L

Acetone C3HqO

Formic

Acid CH0;

Acetic

Acid GHAO;

117 822.9 \
Carbon h \
dioxide CO, o=—c—o0 45 540.5 . : : :

Diacetone

Alcohol CeH120,

Water (CI
reagent) H,O w4 19 691 J

a Proton affinities are taken from ref 74.

also been proposed as possible reaction intermediates in acetoneork in the UV regime. Briefly, a quadrupole mass spectrometer
photocatalytic and thermal oxidation proces¥e$:43.49.5053,6364  (QMS) is coupled to a quartz flow tube-{ Torr total pressure),

We therefore included acetic acid and formic acid, in addition which holds a catalyst coated quartz insert and a movable analyte
to acetone, mesityl oxide, and diacetone alcohol, in our list of injector. Water is used as the chemical ionization reagent. The
analytes that may be important in indoor acetone remediation, CIMS system monitors the gas phase with chemical specificity
and determined their binding properties and photochemical and is sensitive to environmentally relevant VOC partial
reactions. pressures as low as 19Torr.566 Catalyst coatings for this
work were prepared by the method described in detail previ-
ously$5 In this procedure, we coat cylindrical quartz flow tube
inserts with Degussa P25 Ti@®~1 mg of TiOJ/cm of catalyst

In this work, we first determined the individual uptake
coefficients for acetone, formic acid, acetic acid, mesityl oxide,

and diacetone alcohol interacting with powdered J$@amples ; < :
. . length). Scanning electron microscope images (not shown) of
at room temperature and under environmentally representative

artial pressures. To our knowledae. most of these values arerepresentative samples of Degussa P25 on quartz slides indicate
P P ’ 1edge, ; thicknesses for 5 and 10 layers of BiOn quartz microscope
not currently reported for partial pressures that are environ-

: . . . slides (ChemGlass, 25 mm 25 mm x 1 mm) of ~500 and
mentally representative. After allowing these species to interact 1000 nm, respectively
with thin Degussa P25 Tigxatalyst coatings, UV illumination ! '

o . X 2. Chemicals Used.Millipore water vapor provided the
was used to initiate photodegradation and reaction products were.pamical reagent in all CIMS experiments. Commercially
tracked using CIMS. These experiments yield the relative

) s e available helium (AirGas, Ultra High Purity) was used as both
photodegradation efficiencies for the VOCs on Degussa P25 he carrier and diluting gas. Analyte samples were prepared by
for conditions representative of indoor environments. A better expanding vapor from a liquid sample into a gas transfer
understanding of the relative binding efficiencies and photo- manifold (base pressure of 480 mTorr) and diluting with
oxidation potentials of the possible intermediates that are helium. Analytes used in this work include acetone (BDH,
relevant to the photocatalytic oxidation of acetone is a necessarygg.99s), formic acid (Acros Organics, 99%), glacial acetic acid
prerequisite for the rational design of catalysts that can improve (Mallinckrodt, 80% acid by mass), mesityl oxide (Aldrich, 90%),

indoor air quality. and diacetone alcohol (Acros Organics, 99%C grade). All
organic compounds were used following a brief low-pressure
Il. Experimental Conditions (<50 mTorr) pump-down cycle to remove any highly volatile
impurities. Mesityl oxide and diacetone alcohol samples were
1. CIMS System and Catalyst Preparation.The experi- additionally characterized using NMR and FTIR spectroscopies
mental system has been described in detail elsevdrnet, a (vide infra). Catalyst samples were prepared using titanium

number of modifications were made to allow photocatalytic dioxide (Degussa P25y80% anatase;-20% rutile).
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available surface sites are filled, i.e., that monolayer coverage

1004 » b.
o is achieved. Rather, the system reaches steady state at the given
< 80 analyte partial pressure. After-al70 min exposure, the analyte
f flow is rapidly reduced to zero. At this point, the three UV lamps
§60— surrounding the flow tube are simultaneously turned on to
F 3 initiate photochemistry. Gas phase species, including photo-
§ 40 chemical reaction products, are monitored by tracking the CIMS
o 2 versus time traces for all species detected.
o ¢ l1l. Results and Discussion
R (ST P 1. Surface Binding Analyses.One factor controlling the

Figure 1. (a) Cartoon of a cross-section of the CIMS flow tube and efficiency of hetgrogeneous chemistry is the .reactant surface
UV light sources, with movable injector marked “I” and UV lights ~COVerage, which is dependent on the propensity of a molecule
marked with “L”". (b) Transmission of light as a function of TiCatalyst to adsorb onto the surface. Therefore, we determined the Uptake
coating thickness at the wavelengths produced by PenRay Hg lamps.coefficient, i.e., the ratio of adsorbed molecules to the surface
Filled circles are transmission at 254 nm, and open circles are collision flux, for each analyte. For each experiment, the
transmission at 365 nr?élExponentlaI fits to the transmission data, which resylting CIMS versus time traces (Figure 2a), which are used
follow the formy = Ae™® + C, wherel is the number of Ti@layers, 14 gjetermine the number of molecules lost from the gas phase
are shown, and fitting parameters are presented in Table S1 of the . . . .
Supporting Information. to th_e_c_:atalyst, appear sigmoidal, W|th_a time delay between
the initial (no analyte present) and final (analyte present)

3. Analyte Characterization. CIMS spectra of diacetone  equilibrium signal levels. In previous work, we showed that
alcohol and mesityl oxide exhibit peaks at molecular weights the sigmoidal signal shape in the presence of the catalyst coating
corresponding to species other than the protonated parent ion,reSU“S from an analyteTiO, interaction and not the flow profile
which is normally the dominant signal (Table®I)-or mesity! in the flow tube®® In these traces, the integrated area between
oxide, CIMS spectra display a peak at the position expected the initiation of analyte flow X = 0 in Figure 2) and the
for acetone and an apparent fragment82 amu. For diacetone  attainment of an equilibrium valuey (= 0 in Figure 2) is
alcohol, peaks are visible at the positions expected for acetonerepresentative of the number of molecules lost from the gas
and mesityl oxide, and the parent ion signal is only clearly Phase to the catalyst coating. The area in counts is multiplied
visible in the spectrum at partial pressures greater than 2 by the instrument sensitivity for each analyte in molecules
1075 Torr. Chemical analysis of the samples via NMR spec- cm~3/count, and by the length of catalyst exposed to calculate
troscopy and gas phase FTIR spectroscopy (see Supportinghe number of molecules adsorbed onto the catalyst surface from
Information for details) show that the mass peaks in mesityl the gas phase in molecules tinTo calculate the number of
oxide and diacetone alcohol CIMS spectra result from frag- molecules striking the surface during the saturation process, we
mentation in the CIMS rather than from sample contamination. €mploy the standard wall collision flug,,.°® For each analyte

4. Photochemistry.Photochemistry is initiated by illuminat- ~ partial pressure, the number of molecules colliding with the
ing the surface with three low-intensity mercury Pen-Ray lamps catalyst coating per unit time and unit are, is multiplied
(UVP, Upland, CA; 9 cm lighted lengthy4 mW/cnt?) that by the time interval between the initiation of analyte flow and
produce principal emission lines at 254 and 365 nm. The lampsthe attainment of steady state, i.e., the same time over which
are mounted evenly around the exterior of the flow tube the area was found above. Dividing the surface coverage
assembly (Figure 1&%.6UV —vis spectroscopy of the catalyst obtained from the dynamic CIMS experiments by the collision
coatings verify that the coatings are not opaque to UV light flux yields the overall uptake coefficient for each analyte at
(Figure 1b, and Supporting Information for details). Even for €ach partial pressure studied (Figure 2b, and Table SI.2 in the
the thickest coatings examined, the entire catalyst coating is Supporting Information). We note that the uptake coefficient
exposed to light, transmitting-6% of the incident radiation. ~ determination for diacetone alcohol represents a challenge
The UV light sources we employ raise the air temperature Pecause the CIMS signal for the parent ion is negligible at the
surrounding the CIMS flow tube by -5 degrees to ap-  Partial pressures of interest. As such, two values are reported:
proximately 300 K. Any oxidation observed at this temperature the uptake coefficient calculated on the basis of the signal
is expected to be the result of a photochemical rather than aintensity at 59 amu and the uptake coefficient calculated on
thermal pathway? the basis of the signal intensity at 99 amu.

To monitor the interaction and photoreactivity of the analytes ~ Our uptake coefficients are in good agreement with those
under investigation with the catalyst coating, their CIMS signals reported for other carbonyl compounds on 7i®.4 x 10
are recorded as a function of time while exposing 5 cm of the for acetaldehyde, to 3.6 10~* for acetone, and 1.5 10°*
catalyst coating formed from 10 layers of Degussa P25 on the for propionaldehydé! as well as with our own prior measure-
quartz insert. For these experiments, the flow injector, without ments for acetone on Degussa P2Bach of the species studied
the analyte flowing, is initially positioned to expose 5 cm of exhibits a qualitatively similar propensity to bind to the catalyst
catalyst film. To prevent unintentional catalyst activation, the surface. Diacetone alcohol binds more efficiently than the other
room and UV lights are turned off, and a background CIMS species, probably due to the additional hydrogen-bonding
signal is collected at each mass of interest. Next, the analyte iscapability of the alcohol.
introduced into the flow tube at a given partial pressure, which ~ On the basis of the data in Figure 2B, acetic and formic acids
is controlled using a mass flow controller (MKS). In the resulting have somewhat lower uptake coefficients than the other analytes.
CIMS versus time traces, the analyte CIMS signal slowly These acids are expected to dissociate on the Fi®face to
increases as the catalyst coating becomes saturated by the analyferm carboxylate specie8:72 this dissociation process is
molecules adsorbing from the gas phasild infra, Section activated’® The lower calculated uptake coefficients may be a
I11.1). Saturation in this case does not necessarily imply all reflection of an activation energy for dissociative adsorption.



13026 J. Phys. Chem. A, Vol. 111, No. 50, 2007 Schmidt et al.

a b.
H
Acetone
H
Formic acid
W formicacd (B2x 10 Tom) —
-3.0 T T T 1T 1T
0 40 80 120 160 H
“= 0.04 — Acetic acid
x -0.54
§ 10 )
0 -1.54
w
% 'ﬁ'g- acelic acid (6.12x 10 Tor) H
B | T T  — T T T Mesityl oxid
0 40 80 120 160 oo e|
0.0
-0.2 7
-0.4
-06
0.8 R DAA: 59 amu
W mesityl oxide (6.14 x 10 Torr)
H , I Iy I \ I I . .
0 40 80 120
s |
DAA: 99 amu
-1.2 Diacetone slcohal (833 10 Tom) J‘
W DAA acetone peak
_1'6'[ T T T T T T ¥ I EREEE RENTE LR RN BRI RS R SR BB
0 20 40 60 0.0 1.0 2.0 3.0
Time [min]

Sticking coefficient x10™

Figure 2. (a) Representative CIMS versus time traces for carbonyl uptake onto Degussa P25 catalyst coatings. For diacetone alcohol, the CIMS
signal at 59 amu versus time trace is shown; the trace for 99 amu is analogous. Solid black lines indicate the time at which the catalyst reaches
saturation. Note different- andy-axes for different analytes. (b) Average uptake coefficients for these analytes for exposurgsldfa Torr

(gray bars) and 6< 1076 Torr (black bars). For diacetone alcohol, two values are reported: the value “DAA: 59 amu” represents the uptake
coefficient as measured using the CIMS signal at 59 amu, and the value “DAA: 99 amu” represents the uptake coefficient as measured using the
CIMS signal at 99 amu.

The similar values for the other analytes, particularly acetone injector to the front of the flow tube beyond the catalyst coating.
and mesityl oxide, may imply similar binding mechanisms for When the acetic acid CIMS signal was stable, the same 10 cm
each species, most likely involving hydrogen bonding through of catalyst coating was exposed to 46L0~7 Torr acetone. In
the carbonyl group. We note that the uptake coefficients reportedcontrast to the acetone exposure without acetic acid pre-
here are for environmentally representative partial pressures ofexposure, the CIMS versus time trace in this case resembles a
the VOCs studied. step function, reaching steady state in only 100 s (Figure 3,
To verify whether the interaction of acetic and formic acid lower panel, dark gray trace). The dramatic difference between
with TiO, is indeed stronger than that of the molecularly this saturation time and that in the system without acetic acid
adsorbed species, which would be expected if the acids pre-exposure indicates that acetone adsorption is greatly inhib-
chemisorb on the surface, a competition experiment was ited by the presence of acetic acid on the surface, implying that
performed. For this experiment, a second injector was added toacetic acid does not fully desorb and that the resulting surface
the experimental system parallel to the first. Using this dual- species are not easily displaced by physisorbing acetone
injector system, 10 cm of catalyst coating was exposed to 4.6 molecules. This finding is consistent with a situation where
x 1077 Torr acetone. As with the uptake coefficient measure- dissociative adsorption of the two carboxylic acids on these
ments described above, the CIMS versus time trace for acetonepowdered catalyst surfaces produces carboxylate species, while
displays a sigmoidal shape, taking greater than 30 min to reachthe other analytes are likely physisorbed on the surface.
steady state (Figure 3, lower panel, light gray trace). In contrast, 2. Heterogeneous PhotochemistryA second aim of this
the instrument response for acetone with nozlé®posure, i.e.,  work was to determine whether the CIMS could detect gas-
the time it takes the CIMS signal to reflect a change in acetone phase organic intermediates discussed in the introduction that
partial pressure in the flow tube, is near 1 min (Figure 3, upper are relevant to indoor air pollution remediation conditions. Since
panel). Next, we carried out the same experiment with 206 acetone condensation products may act as catalytic pdiséhs,
Torr acetic acid, which was first adsorbed onto a new catalyst the binding and reactivity of these species at partial pressures
coating and then allowed to desorb by moving the acetic acid representative of indoor environments are of particular



Photochemistry of Acetone on Degussa P25;TiO J. Phys. Chem. A, Vol. 111, No. 50, 20013027

1.5 COs production
o 6x10° Torr dose
1.0 o oot aah ool
Without TiO, o 20
s i o 2
0.5 ir; ie 1310’8 Torr dose
=4 w‘, TiO; - ads
0 1.0 S
o 2 Gas phase
% 0.0 2 054 1x10°® Torr dose
.“L':n
2 L 0.0 — . 0
Gl DA 0 10 20 30
5 Pretreated Fresh TiO- Time [min]

Figure 4. CO, production from acetone samples. The bottom trace is
gas phase photolysis ofl x 107 Torr acetone. Light gray and black
traces follow acetone adsorption onto 10 layers ;T#D~1 x 1076
and~6 x 107° Torr acetone, respectively. Traces have been offset
vertically for clarity. In all cases, UV lights were turned on at O min.
In the gas phase trace (bottom, unfilled), UV lights were turned off at
~25 min, whereas for others UV lights remain on throughout the time
interval displayed.
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duplicate at partial pressures of approximately 110-6 and b =
6 x 1076 Torr, while probing the gas phase for photocatalytic il i 25521 6x10° Torr dose
oxidation products. Few gas phase organic intermediates are 3 mm. YOH
observed in the photoreactions under these conditions, and o 2D
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monitor the relative oxidation efficiency of these species. g .I s TiO, - ads

a. Photooxidation of Acetone, Formic Acid, and Acetic Acid. ﬂ 1.0 G
To begin our photochemical work, we measure the gas phase = o il ph"g:
photodegradation of 1.2 107 Torr acetone continuously Sl Pl (o dosc Y
flowing through the system without Degussa P25. In this control 0.0 2 il dio Lol o I

1

experiment, a slight increase is seen in the CIMS spectrum at
mass to charge ratio 045 (recorded between 44.6 and 45.8,

Figure 4), which is assigned to the acetone oxidation product _, . . i
CO, (see Supporting Information). Following this control Flgure 5. CO; production from (a) fOI’mIC.aCId samples ar)d (b) acetic

\ . . - acid samples. In both (a) and (b), the unfilled traces monitor gas phase
eXp_e”ment’ d‘%P"Cate mals of acetone_phOtOdegradat'pn fol- photolysis near Ix 107® Torr. The gray-filled traces and black-filled
lowing adsorption onto Ti@catalyst coatings were examined.  traces display C@production following adsorption of1 x 10°6 and
The CIMS signal versus time traces for the £€gnal at 45 ~6 x 107® Torr carbonyl onto 10 layers of TiQrespectively. Traces
amu are also shown in Figure 4. Following~8 h exposure, have been offset vertically for clarity. In all cases the UV lights were
only a small C@signal increase is observed when the UV lights turned on at 0 min.
are turned on, indicating that if catalyzed mineralization is
occurring, the extent of oxidation is near the detection limit of ~ Using formic and acetic acid, additional photochemistry
the CIMS system. Based on the low acetone partial pressuresexperiments were performed in a manner analogous to the
used in this work, which are expected to result in low acetone acetone experiments. Since formate has been suggested as an
surface coverages ({2) x 102 molecules cm?),5 this is not important acetone photocatalytic oxidation intermedi-
surprising. In addition, the small amount of observable carbon ate243843:4549.50.6%ormic acid was used as a precursor for
dioxide may be due to the fact that the proton affinity, which is formate. The C@ production at 45 amu from this analyte is
a key parameter is CIMS studies usingQ4 as the reagent  shown in Figure 5a. It is clear from Figure 5a that formate is
ion, is low for CQ as compared to organic carbonyl species efficiently converted into C@ both in the gas phase and after
(Table 1)7475 adsorption on TiQ@ and produces more G@han was observed

T . .
0 10 20 30
Time [min]
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Figure 6. Photochemical production of (a) acetone and (b), @@m mesityl oxide adsorbed onto TiOand photochemical production of (c)
acetone and (d) C{from diacetone alcohol adsorbed onto Ti@h each panel, unfilled traces monitor gas phase photolysis neat@*® Torr.
The gray-filled traces and black-filled traces follow adsorption~df x 107% and~6 x 107 Torr carbonyl onto 10 layers of TiQrespectively.
Traces have been offset vertically for clarity. In all cases the UV lights were turned on at 0 min.

using acetone as the test analyte. This may be due, in part, tathat acetone is an important photocatalytic product resulting from
the dissociative chemisorption interaction between formate andadsorbed mesityl oxide within the limits of our detection
TiO,. 7071 capabilities.

Similarly to formate, acetic acid is used as an acetate Similar behavior to that of mesityl oxide is seen for diacetone
precursor on the Ti@catalysté9.71.76-80 Acetate is also thought  alcohol adsorbed on these Degussa P25 catalyst coatings (Figure
to be a possible intermediate in the thermal decompo&ftion 6c¢,d). Like the mesityl oxide samples, the CIMS signal versus
and photooxidation of acetone on Ti€¥*34553and similar time traces for diacetone alcohol photooxidation exhibit changes
reactivity between acetone and acetic acid analytes wouldin the acetone CIMS signal intensity. As can be seen in Figure
provide support for this proposed mechanistic step. Our results6d, the acetone CIMS signal increases rapidly upon UV
indicate little gas phase photolysis at acetic acid partial pressuresactivation at both 1x 10% and 6 x 1076 Torr. In contrast to
near 1x 107 Torr (Figure 5b), and more production of GO  mesityl oxide, there is little evidence of the same increase in
at both 1x 10°%and 6x 107 Torr for acetic acid interacting the CQ production. Without TiQ present, an increase in
with TiO, than is observed using acetone as the starting reactantacetone is not detected in the gas phase (Figure 5c), but a small
Acetic acid, however, produces less £@an is observed using  amount of CQ production is observed (Figure 6d). These
formic acid as a starting material. In the acetone and acid observations indicate that acetone is also an important product
samples, no CIMS evidence for gas phase products other tharresulting from UV irradiation of adsorbed diacetone alcohol
CQO; is observed. within the limits of our detection.

b. Photooxidation of Mesityl Oxide and Diacetone Alcohol. c. Catalyst Actiity. We quantify our observations regarding
After examination of acetone, and the proposed intermediatesphotooxidation by determining the peak areas in the CIMS
formed from acetic acid and formic acid adsorption, the acetone versus time traces presented above. Our results yield a reason-
aldol products mesityl oxide and diacetone alcohol were studied able estimate for acetone production, in which we time-integrate
in analogous experiments. In contrast to the results for acetonethe CIMS signal at 59 amu over 20 min following initiation of
and the formic and acetic acids, the CIMS signal versus time photolysis, and for C@production, in which we integrate over
traces exhibit production of gas phase species at the acetonéoth the mass peaks for GGeen in Table 1. The integrated
mass signature. Figure 6a shows that when the mesityl oxidearea is then divided by the time interval in seconds and the
flow is reduced to zero, and the UV lights are turned on, the average surface coverage for that analyte partial pressure, as
acetone CIMS signal increases rapidly. The same generaldetermined in section IlI1. A summary of the €énd acetone
behavior is seen in the GAIMS signal (Figure 6b). Acetone  production from the photochemistry experiments is shown in
production occurs each time that adsorbed mesityl oxide is Figures 7a,b. Gas phase controls at analyte partial pressures near
irradiated with UV light, while CQ production is less consistent 1 x 10-% Torr are included for comparison. For these controls,
between the two partial pressures examined. No significant the area was found as in the experiments withzJ it in this
production of acetone is observed in the control experiment case the area is divided by the time interval and the number of
performed without TiQpresent. Together, these results indicate molecules passing through the irradiated volume in that interval.
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5 ]
§ 1 powdered substrates such as the coatings used in this work, we
£ 103 measure an adsorption isotherm for mesityl oxide on 10 layers
& ] of TiO, in the manner reported previously for measuring acetone
8 10° adsorption isothernf®:56 The isotherms for both the net
= ] adsorption and reversible adsorption (i.e., the desorbing mol-
o ‘I : I|_| .H ecules) are s_hown in Figure 8. The a(_jsor_ption of m_esityl oxide
Acetone | Formicacld | Aceticacid - Mesityloxide  Diacstone ROH decreases slightly as the catalyst coating is sequentially exposed

Figure 7. Peak areas from CIMS signal versus time traces for (3 CO to increasing mesityl oxide partial pressures betwegn 1076

and (b) acetone production for each of the four analytes examined in and 1x 10~* Torr. This suggests that mesityl oxide adsorption
this work, normalized to the results obtained for the gas phase may saturate the TiQsurface in the absence of UV light. This
experiments, in which no catalyst, but light, is present. Empty bars are o it supports the idea that acetone condensation products may

results for 1x 1078 Torr in the gas phase, and gray-filled traces and . -
black-filled bars result from thegadsrc))rption obdf(rgand 6x 1076 act as catalyst poisons. Figure 7b, however, suggests that UV

Torr carbonyl onto 10 layers of TiQrespectively. Error bars represent irradiation of acetone condensation products adsorbed op TiO
the variation between duplicate trials. return acetone to the gas phase. This finding is in agreement
with the observation by Giffiths et al., who reported that some
acetone is formed from the degradation of mesityl oxfiEhese
results imply that undepperandoconditions, that is, under
Q/vorking catalyst conditions of low temperature, low acetone
partial pressures, and with the use of UV lighting, condensation

The latter value was calculated by estimating the gas velocity
in the flow tube to be~1000 cm s1.%5 Additionally, it should

be noted that the adsorbed species in this work are exposed t
~6% of the photon flux incident on gas phase molecules due

to UV absorption by the catalyst itself, and we therefore multiply products on Degussa P25 are not likely to poison the catalyst.

the integrated areas by 0.06 to provide a meaningful lower If condensation products do accumulate on the ;T$Qrface

estimate as a po!nt of comparison for the heteroge neous proceSSciluring acetone adsorption in the dark, subsequent UV irradiation
After normalization to the gas phase g@roduction, Figure

7aindicates that diacetone alcohol is the species least efficientlyWIII e|ther transform a large portion of the surfac;e mesityl oxide
converted into C@ Mesityl oxide produces more G@vhen and/or dlapetone alcoh.ol to acetone or OXIdIZQ some of the
1 x 10-6 Torr is adsorbed on the catalyst than at the higher condensation product directly in the case of mesityl oxide. The
partial pressure. Aside from mesityl oxide, formic acid is the efﬁmen_cy of this transformapon _undeperano_locondltmns will .

y ' determine whether catalytic sites are poisoned by the high

zﬁ(rafg(?es Smg(s:ite;afig‘,leg'fsly P?Q(sje nggtﬁggi/ rﬁggzrfi?:tif/rglm 2 molecular weight condensation products and others are regener-
P gas p 2 Y ated though partial or full oxidation chemistry.

converted species is acetate formed following acetic acid
adsorption. Although adsorbed diacetone alcohol and mesityl
oxide produce some CQit is clear that both species are also
likely to produce acetone.

d. Catalyst PoisoningThe inefficient conversion of adsor- The efficient removal of VOCs such as acetone from indoor
bates to CQ and HO may result in surface species that environments has focused on heterogeneous photocatalysis over
deactivate the catalyst toward further adsorption and/or hetero-titanium dioxide because of the ability of this oxide to accelerate
geneous photocatalytic oxidation. It has been postulated thatthe degradation of adsorbed organic compotihd€®25 com-
condensation products, in particular, may act as surface poisongared to the gas phase. The data in Figure 7 clearly indicate
during the adsorption and subsequent photocatalytic oxidationthat on a per molecule and per UV photon basis, the hetero-
of ketones on metal oxides if the condensation process isgeneous process is-2 orders of magnitude more efficient than
strongly favored!->*Additionally, if condensation products react gas phase photolysis in mineralizing the VOCs examined in
more slowly or less efficiently than acetone, as has been this work. The photooxidation studies reported here indicate
reportect*3° they should decrease the overall acetone photo- efficient conversion of carboxylate species, particularly formate,
catalytic oxidation rate. To determine the likelihood of con- to CO, under our experimental conditions. This is not surprising
densation species accumulating at low partial pressures ongiven the thermodynamic stability of GQersus formic acid.

IV. Physical Interpretation and Environmental
Implications
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Nor is it surprising that formic acid is more easily mineralized V. Summary
than higher molecular weight species in which the transition
state presumably looks less like the final §®oduct. Further-

more, acetone aldol condensation may not result in catalyst
poisoning, because we find that mesityl oxide and diacetone
alcohol decompose to form gas phase acetone when the TiO

On the basis of an analysis of the relative production of carbon
dioxide, we have determined the photooxidation activities of
several possible intermediates in the mechanism for acetone
photooxidation on Degussa P25 Liffowders. We also report
X . . i uptake coefficients for each species. Uptake coefficients and
surface is exposed to UV light. However, this reaction does ;ompnetition experiments between acetone and acetic acid
little to abate acetone pollution in the indoor environment ,icate that acetic acid, and by extension formic acid, is tightly
because acetone is regenerated from these species. Additionallyy,nq o the surface, where it can inhibit acetone binding to
if the catalyst is kept in dark conditions for prolonged periods, the surface. The lower uptake coefficients for acetic acid and
where condensation reactions can saturate the surface, thesgymic acid compared to higher molecular weight species
products may prevent further acetone adsorption. suggest dissociative adsorption of the former species, which

Several proposed mechanisms support the observationsresults in surface acetate and formate species. The carboxylate
reported here, suggesting that carboxylate species, and inspecies consistently produce only £&ter exposure of Degussa
particular formate#3843.4950.63gre important intermediates P25 to low reactant partial pressures and UV irradiation. In
during acetone oxidation. Coronado et*alobserved the contrast, although aldol products such as mesityl oxide and
formation of both surface acetate and formate as primary diacetone alcohol produce GQhey also return acetone to the
pathways for acetone photooxidation on anatase m&ar room gas phase under these conditions. The data presented here imply
temperature. Xu et dP-°°have suggested an alternative mech- that mechanisms that emphasize aldol condensations as reactive
anism in which acetone undergoes aldol condensation to formpathways to produce GOthough active and important for
mesityl oxide, which then reacts with molecular oxygen to form conditions of high acetone partial pressure, high temperature,
surface-bound formate. The formate species then reacts toand/or low relative humidity, may not be important under
produce CQ. Henderson’s UHV work with acetone interacting €nvironmental conditions. In realistic indoor environments,
with rutile (110) single crystals at 105 K suggests that methyl acetone is present at low partial pressures such as the ones
radicals may form surface formate in higher pressure experi- €mployed in this work, and low- or room-temperature photo-
ments on powdered catalyst sampie€learly, there are several ~ catalysis would be preferred to reduce the energy cost of
reaction pathways that could produce reactive formate Specieslremediation processes. In such environments, catalyst surfaces

underscoring the importance of this species as an intermediatethat enhance formate and acetate production from acetone are
in the overall photooxidation of acetone. likely to provide efficient acetone remediation in indoor

Our work suggests that mechanisms that proceed throughenwronments.

surface formate or acetate are likely to be the most effective at
mineralizing acetone at environmentally relevant partial pres- donation of Degussa P25 to Professor Kimberly Gray at

surels anddtempkebraturﬁs. 'I_'hehgreate;;tdd“querence bet\c/iveen OUNorthwestern University by the Degussa Corp. We also thank
results and work by others Is that we find that acetone does Nt i s Savara for providing FTIR spectra, Dr. Julianne Gibb-

degrade readily on Degussa P25 under environmentally repre-p i and patrick Hayes for collecting NMR data, and Jeremy
;entgtlve partial pressures and low-intensity UV irradiation. This go -t for providing SEM images. We acknowledge support
implies that qatalysts .that can transform acetone to surfaceof this research by the Chemical Sciences, Geosciences and
formate are highly desirable. Biosciences Division, Office of Basic Energy Sciences, Office
Since carboxylate species are expected to be more efficientlyof Science, U.S. Department of Energy (Grant No. DE-FG02-
mineralized than aldol condensation products, surface condensaf3ER15457), the National Science Foundation Division of
tion reactions should be minimized in catalytic systems for Atmospheric Sciences (Grant No. ATM-0533634), the American
indoor applications. Mesityl oxide formation on metal oxides Chemical Society Petroleum Research Fund (Grant No. 38960-
is favored at high acetone surface coverdoglsyated temper-  G5S), and a Dow Chemical Co. professorship to FMG. FMG
ature?®54and low relative humidity# so efficient indoor acetone  is a Sloan Fellow (2007-2009).
mineralization should avoid these conditions. Additionally,
mesityl oxide is associated with surface Lewis acid sites rather ~ Supporting Information Available: Textual explanation of
than surface hydroxyl specié$,so high hydroxyl surface  UV—vis transmission of catalyst coatings, analyte characteriza-
densities or low surface acid site densities may prevent acetonetion, and CIMS peak identification. Tables of fitting parameters,
condensation. NMR data, and uptake coefficients. Figures of FTIR and CIMS
Tailoring titanium dioxide catalyst surfaces for specific spectra. This material is available free of charge via the Internet

applications has a long traditi&ht”26."%ith too many studies at http://pubs.acs.org.
to review here. However, it should be noted that F»ped
with carbon?! nitrogen or niobiunt® have recently been
applied to the degradation of acetone. This work suggests that (1) Finlayson-Pitts, B. J.; Pitts, J. Bhemistry of the Upper and Lower
modifying TiOx-based catalysts to promote the formation of %r?fsgggge: Theory, Experiments, and Applicatidreademic Press: New
carboxylate intermediates as opposed to condensation products (’2) Jenkins, P. L.: Phillips, T. J.; Mulberg, E. J.; Hui, S./Rmos.
is desirable. Under conditions representative of those found Environ. A-Gen 1992 26, 2141.

; ; (3) “The Inside Story: A Guide to Indoor Air Quality,” United States
indoors, where acetone partial pressures and temperature ar%nvironmental Protection Agency and the United States Consumer Product

low, condensation processes may not be favored, and catalystssatety Commission Office of Radiation and Indoor Air (6604J), 1995.
that enhance formate production from acetone precursors are  (4) Shah, J. J.; Singh, H. Environ. Sci. Technol1988 22, 1381.

likely to provide the best environmental remediation of acetone. ___(5) Spengler, J. D.; Chen, Q. Annu. Re. Energ. Eniron. 200 25,
A focus on the acetqne to formate transformation therefore (6) American Society of Heating, Refrigerating and Air-Conditioning
represents a worthwhile area of catalyst development. Engineers (ASHRAE). Position Papers: Indoor Air Quality, 2001.
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