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Abstract: The heterogeneous photocatalytic decomposition of acetic acid/acetate mixtures was studied on n-type Ti02 powder. 
The influence of solution composition, reaction temperature, light intensity, and semiconductor properties (crystallographic 
structure, doping) was investigated. For photodecarboxylation in the absence of molecular oxygen, anatase powders proved 
to be most efficient with increased reactivity due to doping and/or partial coverage of the powder particles with platinum. The 
products of the photodecomposition of acetic acid on platinized anatase powder were mainly methane and CO2, with small 
amounts of hydrogen and ethane. Other saturated carboxylic acids (propionic, n-butyric, n-valeric, pivalic, adamantane- l-car- 
boxylic acid) were also photocatalytically decarboxylated to the corresponding alkanes. An interpretation based on the photo- 
electrochemical properties of n-type TiOz, with photooxidation and (dark) reduction reactions occurring on the particles on 
local cell processes, is proposed. 

Introduction 

Semiconductor materials are of central importance in 
electrochemical systems which can utilize solar energy for the 
production of electricity or new chemical species.' In photo- 
electrochemical cells operating in the photovoltaic mode, the 
light which irradiates the semiconductor-solution interface 
is converted into electricity ideally with no change in the 
composition of the solution or the semiconductor material 
(Figure l a ) .  The driving force in such a cell is the underpo- 
tential developed for an oxidation a t  the n-type photoanode (or 
for a reduction a t  a p-type photocathode), In photoelectro- 
synthesis the light is used to drive an overall cell reaction in 
a nonspontaneous direction so that the radiant energy is stored 
as chemical energy (e.g., in fuels) (Figure lb) .  Although the 
original studies in this area were concerned with the photolysis 
of water (i.e., production of H2 and O Z ) , ~ ? ~  studies of photo- 
oxidations of other solution species a t  n-type semiconductor 
electrodes have subsequently provided information about the 
mechanism of such photoassisted p r o c e ~ s e s , ~ - ~  and have been 
extended to the bulk synthesis of other chemical species.' In 
phorocatalysis a reaction is driven in a spontaneous direction 
by the light; here the radiant energy overcomes the energy of 
activation of the process (Figure IC). Cells which operate si- 
multaneously in the photovoltaic and photoelectrosynthetic 
or photocatalytic modes are also possible. 

While photoredox processes in homogeneous solutions are 
usually inefficient, the electric field (or band bending) a t  the 
photoexcited semiconductor-solution interface causes rapid 
separation of the carriers and thus inhibits recombination of 
the highly reactive light-generated electron-hole pair. Fur- 
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thermore, the primary product of electron transfer a t  the 
semiconductor-solution interface often does not suffer rapid 
back-donation of the electron from the electrode, as overpo- 
tentials for redox processes involving energy levels in the for- 
bidden band gaps of the semiconductor may be consider- 
able.4q7q8 Thus high quantum yields can be obtained in heter- 
ogeneous photoredox processes. Moreover, fast, irreversible 
chemical reactions of the solution species following the electron 
transfer can compete with the reverse charge transfer at  the 
electrode. With this is mind and to extend the scope of synthetic 
methods a t  illuminated semiconductors we investigated a 
chemical electrosynthetic reaction, the Kolbe decarboxylation 
of carboxylic acidsSg The Kolbe reaction is not an attractive 
one in the search for an energy-storing system, since the 
cleavage product, carbon dioxide, renders most simple de- 
carboxylations exoenergetic. Moreover, a high oxidation po- 
tential is needed for initiation of the Kolbe reaction on metal 
electrodes9 and many semiconductors (e.g., ZnO, CdS) show 
limited stability against photodecomposition under strongly 
oxidizing conditions. Therefore, among the variety of inves- 
tigated photoinduced oxidation processes at  n-type semicon- 
ductor materials this decarboxylation reaction has previously 
received only minor attentione4c W e  found, however, t h a t  the 
photocatalytic oxidative decarboxylation of acetate to give 
ethane and carbon dioxide occurs readily and is uncomplicated 
by electrode decomposition on illuminated rutile electrodes (the 
photo-Kolbe reaction).1° 

(1) 
A strong correlation has been found between the behavior 

of photoelectrochemical cells and heterogeneous photocatalytic 

CH3C02- t h+ + ' / ~ C H ~ C H J  t CO2 
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Figure 1. Schematic representations of different types of photoelectro- 
chemical cells and processes: (a) photovoltaic cells, e.g., n-TiOr/NaOH, 
02/Pt, or n-CdS/S2-, SX2-/Pt; (b) photoelectrosynthetic, e.g., SrTiO3/ 
H20/Pt or n-TiOz/OH-/H+/Pt for production of H2 and 02; (c) pho- 
toelectrocatalytic, e.g. n-Ti02/CH3COOH, CH3CN/Pt. Long arrows 
in reactions represent the spontaneous direction (AGO < 0). Although cells 
shown are for n-type semiconductors, equivalent cells for p-type semi- 
conductors have also been formulated. 

reactions that occur at  semiconductor powders.l1-I4 Recent 
applications of particular semiconductors, e.g., Ti02 and ZnO, 
to photocatalytic oxidation of cyanide and sulfite” and other 
substances12,13 have demonstrated the versatility and ease of 
application of these methods. The clean photodecarboxylation 
of acetate on rutile electrodes1° thus suggested a study of the 
photodecomposition of acetic acid on various Ti02 powders. 
The electrochemical measurements on this s y ~ t e m l ~ ~ ~ ~  have 
shown that the weak oxidant, H+, can serve in the photode- 
carboxylation reaction, since the photooxidation of acetate on 
illuminated rutile electrodes occurs at  a more negative potential 
than the onset of the reduction of hydrogen ions in the same 
acetic acid/acetate mixtures. One of the results, formation of 
methane from acetic acid, has already been communicated in 
a preliminary form.I6 Here we report on more extensive studies 
concerning the photo-Kolbe reaction of acetic acid and of other 
carboxylic acids. We demonstrate that this reaction appears 
to be a general method of decarboxylation which is quite simple 
to use and we propose a mechanism for it. 

Experimental Section 
Materials. Acetic acid (HAC, glacial, Fisher Scientific Co.), 

monodeuterioacetic acid (DAc, >98% D, Aldrich Chemical Co.), 
deuterated water (Dz0,99.7% d2, Merck Sharp & Dohme), propionic 
acid (Baker grade, Baker Chemical Co.), n-butyric acid (reagent 
grade, Matheson Coleman and Bell), n-valeric acid (99+%, Aldrich 
Chemical Co.), pivalic acid (99+%, Aldrich Chemical Co.), ada- 
mantane-l -carboxylic acid (99%, Aldrich Chemical Co.), tetra-n- 
butylammonium hydroxide (titration grade, 1.0 M in H20 ,  South- 
western Analytical Chemical Inc.), acetonitrile (ACN, spectrograde, 
Matheson Coleman and Bell), n-pentane (spectrograde, Matheson 
Coleman and Bell) and n-heptane (American Drug & Chemical) were 
used without further purification. The TiOz powders were anatase, 
undoped (reagent, Matheson Coleman and Bell), confirmed by X-ray 
to be >99% pure anatase, particle size 125-250 pm and grain size 4 . 2  
pm, geometric surface area -1 -10 m2/g);  doped anatase (produced 
from the undoped anatase by heating under a hydrogen atmosphere 
a t  650 O C  for 8 h; by X-ray -10% rutile, -90% anatase); undoped 

-I I 1  I 

Figure 2. Gas volumetric apparatus for heterogeneous photodecomposition 
of saturated carboxylic acids (schematic representation): (a) light source; 
(b) ions; (c) water bath in  Pyrex dish; (d) Pyrex reaction cell; (e) gas 
volumetric system with Hg; ( f )  gas sample tube; (g) heater-stirrer. 

rutile (produced by heating the undoped anatase under air a t  1100 
OC for 26 h; by X-ray >99% rutile); doped rutile (produced by heating 
undoped rutile under H2 for 12 h at  850 “C).  The powders were pla- 
tinized by photodecomposition of hexochloroplatinate solutions and 
contained -1-5% platinum by weight.” 

Apparatus. A 2500-W Xe-Hg lamp (Model U F  30 KK,9 Christie 
Electric Corp., Los Angeles, Calif.), operated a t  1600 W (hereafter 
simply called the 2500-W Xe-Hg lamp), was used as the light source 
for most preparative runs; a 450-W Xe lamp with Model 6242 power 
supply (Oriel Corp., Stamford, Conn.) served in several analytical 
runs. The reaction cell and the water bath were both of Pyrex; the bath 
temperature usually was set to 5 5  f 3 “C. Irradiation was performed 
by illuminating the sample (a stirred suspension of typically 100 mg 
of powder in 15-20 m L  of solution) through the water bath and a flat 
window on the Pyrex cell. Gas chromatography of reaction gases was 
done on a Porapak Q column with an Aerograph Hy-Fi Model 600 
C instrument. Mass spectral analyses were routinely done on a Model 
21-491 Du Pont mass spectrometer. IH N M R  spectra were taken on 
a Varian A-60B and I3C N M R  spectra wereobtained with a Bruker 
WH-90 instrument. 

Product Analysis. Analysis of Gaseous Products. The gases pro- 
duced during the irradiations under inert atmosphere were collected 
in a mercury-containing gas volumetric apparatus, shown in Figure 
2. The increase of gas volume, as determined at  I a tm and at  constant 
temperature, was taken as the total volume of the gases evolved upon 
illumination. After termination of each photolysis, a directly attached, 
evacuated gas sample cell for use in analysis by mass spectrometry 
was filled with the gas mixture in the volumetric apparatus. At the 
same time a sample was taken for gas chromatographic analysis (GC). 
The reaction cell then was uncoupled from the gas volumetric system 
and purged with nitrogen for -0.5 h. The rate of carbon dioxide ev- 
olution was determined gravimetrically in a subsequent run. The re- 
action gases were swept out of the reaction vessel with a stream of 
nitrogen and were bubbled through a saturated solution of Ba(OH)2 
in 1 M NaOH.  The precipitated BaC03 was filtered off, washed well 
with distilled water, dried a t  120 OC, and weighed. 

The analytical data for the evolved gas are  given below. Mass 
spectral datals employed the most intense signal, that  of COz at  m/e 
44, as the intensity standard ( I  00%). This signal, as well as observed 
small background signals due to air, water, and solvents, and the he- 
lium signal, are not listed below. 

Photolysis of Acetic Acid [( 10 ~ 0 1 % )  in H 2 0  on platinized Ti02I6]: 
ethane, m/e 30 (2%), 29 (1.5%), 28 (-7%), 27 (2%), 26 (1.5%); 
methane, m/e 16 (91%), 15 (79%), 14 ( 5 % ) ;  hydrogen, m/e 2 (4%). 
Ratio of methanexthane from GC,  1 1 : l  (peak height at  retention 
times of 20 and 45 s, respectively). 

Photolysis of Monodeuterioacetic Acid [(>98% 4 )  on platinized 
Ti021: ethane, m/e 30 (1.3%). 29 (1.6%), 28 (-6%), 27 (1.5%), 26 
(1.1%); methane, m/e 17 (47.3%), 16 (62%), 15 (29%), 14 (4.5%); 
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Table 1. Effect of Concentration and Temperature on Rate of 
Photocatalytic COz Evolution on Anatase Powdero 

total 
concn of illumination BaC03 rate,b 

- acetate, M pH time, h yield, mg wmol/h 

5 3.4 5 185 190 
5c 3.4 3 62' 1 1 1 '  
0.5 3.4 3.75 81 110 
0.05 3.4 3.5 64 94 
0.02 3.4 2.5 42 86 
5 4.7 5 61 62 
0.5 4.7 3.2 76 122 
0.05 4.7 3.2 77 123 
0.02 4.7 I .5 26 87 

a Suspension of 200 mg of undoped anatase in 15 mL of solution; 
illumination with full output of 2500-W Xe lamp at 55 OC in presence 
of oxygen. Rate of CO2 evolution. At 42 OC. 

hydrogen, m/e 4 (1.8%), 3 (0.5%), 2 (0.9%). Deuterium content: 
ethane, -0% deuterium; methane, 80% f 3% monodeuterated; hy- 
drogen, >60% dideuterated, > 17% monodeuterated. Ratio meth- 
ane:ethane --15:1 (from GC). 

Photolysis of Propionic Acid [ ( l o  vol %) in HzO on platinized 
TiOz]: ethane, m/e 30 (15%), 29 (IT%), 28 (-75%), 27 (31%), 26 
(24%); hydrogen, m/e 2 (17%). Signals due to butane a t  m/e 43 were 
absent.I9 G C  showed a single peak with a retention time of 42 s. 

Photolysis of n-Butyric Acid [(8 ~ 0 1 % )  in H20 on platinized TiOz]: 
propane, m/e 44 (--17%),20 43 (14%), 42 (7.5%), 41 (14.5%), 40 
(2.5%). 39 (9%), 29 (39%). 28 (-3l%), 27 ( 1  1.5%), 26 (2%); hydro- 
gen, m/e 2 (2.5%); no signal at  m/e 86 due to hexane. G C  showed a 
single peak with retention time of 1 15 s. 

Photolysis of n-Valeric Acid [(5 ~01%) in HzO on platinized Ti02l: 
n-butane, m/e 58 (4%), 43 (50%), 42 (7%), 41 (13%), 39 (4%), 29 
(22%), 28 (-1 8%), 27 ( 1  5%); hydrogen, m/e 2 (3%); no signal at  m/e 
86 due to n-octane. G C  showed a single peak with a retention time of 
420 s. 

Photolysis of Pivalic Acid [(5 vol %) in ACN/HzO ( 1 : l )  on pla- 
tinized TiOz]: isobutane, m/e 58 (2%), 57 (3%), 43 (44%), 42 (14%), 
29 (4%), 28 (--14%), 27 (12.5%); 2-methylpropene, m/e 56 (9%); 
hydrogen, m/e 2 ( I  5%). 

Analysis of Nongaseous Products. After the photolysis of pivalic 
acid an extraction of the reaction mixture with n-pentane did not lead 
to the detection of higher boiling hydrocarbon products. 

Photolysis of Adamantane-1-carboxylic Acid (Synthesis of Ada- 
mantane). Adamantane-1-carboxylic acid (360 g, 2 mM) was dissolved 
in 15 m L  of ACN and 1.5 mL of n-heptane. A 1 M solution (50 1 L )  
of tetra-n-butylarnrnonium hydroxide in water and the powdered 
catalyst (100 mg of platinized, doped anatase") were added. The 
stirred suspension, contained in a Pyrex cell that was immersed in the 
water bath at 55 OC, was deaerated with nitrogen and then illuminated 
with the 2500-W Xe-Hg lamp. After an irradiation time of 27 h. 240 
mg of BaC03 was collected (representing 1.25 mmol or 62% decar- 
boxylation) and the reaction was stopped. The slightly yellow reaction 
mixture was extracted with n-pentane. The solution was washed with 
0.01 N aqueous KOH and the solvent (n-pentane) was carefully 
evaporated under reduced pressure at  room temperature. The re- 
maining waxy, white solid (-150 mg) was subjected to sublimation 
at room temperature and 4 . 1  Torr to give adamantane as a colorless, 
crystalline product in a yield of 95 mg (58%). The product, adaman- 
tane, with mp -263-265 "C (lit.2' 270 "C) ,  was identified by its mass 
spectrumL8 and its IH and I3C N M R  spectra.22 

Results 
Photocatalytic Decomposition of Aqueous Acidic Acid/ 

Sodium Acetate Mixtures on Ti02 Powders in the Presence of 
Oxygen. Illumination of suspensions of T i02  powders in 
aqueous acetic acid/sodium acetate mixtures in the presence 
of 1 atm oxygen leads to the observable evolution of carbon 
dioxide. In these experiments oxygen was passed through the 
reaction mixture continuously and was used to carry the vol- 
atile reaction products into a saturated solution of Ba(OH);! 

in 1 M NaOH,  causing the CO2 to be precipitated as BaCO3. 
This was weighed and the CO2 evolution rate determined. The 
pH dependence of the rate of photocatalytic CO2 evolution 
with anatase powder a t  55 f 3 OC using suspensions of 200 mg 
of catalyst in 15 mL of aqueous solutions containing a constant 
total concentration ( 5  M) of acetic acid/sodium acetate is 
shown in Figure 3. To circumvent as much as possible the use 
of other buffer mixtures (with some sacrifice of buffering ca- 
pacity) the ratio acetic acid:sodium acetate was used to es- 
tablish the pH of the solutions in the pH range 2.4-7. The pH 
values calculated were based on the concentrations using a 
pK(HAc) = 4.75.23 More acidic solutions were prepared by 
acidification of aqueous acetic acid solutions with a known 
amount of 1 M HzS04. A 5 M solution of sodium acetate was 
investigated to give a reactivity value for the most basic solution 
with an estimated pH of 8-9. Complete removal of COz from 
the less acidic reaction mixtures was ensured by addition of 4 
M HCI after photolysis with continued purging with oxygen 
and trapping of COz as BaC03. The amount of Ti02 powder 
used ensured complete adsorption of the light near the flat 
Pyrex window of the cell, but no studies were done to determine 
the effect of less Ti02 catalyst. The stability of the powder was 
tested in several runs at  pH 1 .O-4.7, where complete recovery 
of powder was found even after 10 h irradiation, with pro- 
duction of a total of 840 pmol of CO2. Typically a run lasted 
for 5 h, and if repeated with the same powder, reproducibility 
of the rate of COz evolution was found to be reasonably good 
(& 10%). Several experimental parameters were tested for 
qualitatively (Tables I and 11): a temperature drop from the 
usual 5 5  OC to 42 OC brought about a noticeable decrease of 
C02 evolution. On the other hand, at  pH 3.4, a decrease of the 
total acetate concentration from 5 to 0.02 M only decreased 
the rate by a factor of -2. At pH 4.7 high acetate concentra- 
tions actually seemed to inhibit the COS production. A variety 
of Ti02 powders were tested for their activity as photocatalysts 
for decomposition of acetate in the presence of oxygen. Anatase 
proved to be somewhat more active than rutile, with little in- 
fluence of doping, but a significant reactivity increase resulted 
from partial platinization of the powders (Table 11). Photolysis 
with the 450-W Xe lamp allowed a rough estimation of the 
quantum yield of the photodecomposition of acetate on un- 
doped anatase in the presence of oxygen to be made (Table 11). 
The rate of CO2 evolution, 34 pmol/h, corresponds to a 
quantum yield of a t  least 9.5%,24 based on the limiting pho- 
tocurrent found with a large single crystal rutile electrode, 
irradiated by the same light source in aqueous solutions, where 
a quantum yield of -0.8 can be reached for photooxidation of 
water. 

Specific adsorption of acetate ions from an acetic acid/ 
sodium acetate buffer was found to occur on untreated anatase 
powder. As expected,26 a deaerated suspension of 1 g of un- 
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Figure 4. pH of a suspension of 1 .OO g of undoped anatase in  deaerated 
water during titration with a 0.1 M acetate buffer at pH 6.62. 

Table 11. Effect of Catalyst Material on Rate of Photocatalytic 
CO, Evolution in the Presence of Oxvgen 

solution 
c a t a h t o  comDositionb timeC vieldd ratee 

none 

Ti02(a,u) 

Ti02(a,d) 

TiOz(r,d) 

TiOz(a,u,Pt) 
TiOz(r,d,Pt) 

TiOz(a,u) 

TiOz(a,u) 

5 M NaAc/HAc 4 2 
( I  :20) 

( I  :20) 

( 1 : l )  

( 1  :20) 

5 M NaAc/HAc 5 185 

0.5 M NaAc/HAc 3 1 lo r  

5 M NaAc/HAc 2 27 

0.8 M HAC 2 171 
0.8 M HAC 3.5 70 

Control Experiments 
5 M NaAc/HAc 12/dark 0 

5 M NaAc/HAc 4/45OWg 27 
( I  :20) 

2.5 

190 

185J 

68 

440 
105 

0 

34 
( I : ] )  

Ti02(a,u) 1 M NaAc/HAc 15/dark 25 8.8 
( 1 : l O )  +0.2 M 
H,O, 

a a = anatase, r = rutile, d = doped, u = undoped, Pt = platinized." 
Total concentration. Irradiation time in hours at 55 "C, light source 
2500-W Xe lamp, full output. Yield of BaCO3 in milligrams. e Rate 
of C 0 2  evolution in pmol/h. / A t  65 OC. g Light source 450-W Xe 
lamp, full output. 

doped anatase powder (1 25-250 Fm grain size) in distilled 
water showed nearly the same pH (6.6) as the distilled water 
itself (6.7), as determined with a Beckman Expandomatic pH 
meter using a calibrated glass electrode. Titration of this sus- 
pension with a 0.1 M buffer of acetic acidlsodium acetate with 
p H  6.62 under N2 initially produced a sharp decrease of the 
solution pH, reaching a plateau a t  pH -6.03 after addition of 
2-7.5 mL of the buffer (Figure 4) signaling adsorption of ac- 
etate ion. Further addition of buffer finally caused an increase 
of p H  back toward the buffer pH of 6.62, corresponding to a 
saturation of acetate adsorption of -1.3 mmol acetate/g an- 
atase. 

Analysis of the gases produced by photodecomposition 
(2500-W Xe-Hg lamp) of acetic acid (1 0 vol % in H20 ,  total 
15 mL) on 100 mg of platinized, undoped anatase in the 
presence of 1 atm oxygen (at 55 "C) revealed COZ, ethane, and 
methane as reaction products (ethane:methane - 1:12). A 
comparison of the rate of C02 evolution (440 pmol/h) and the 
rate of increase of the total gas volume (6.6 mL/h) indicated 

Table 111. Effect of Catalyst Material on Rate of Heterogeneous 
Photocatalytic Decarboxylation of Oxygen-Free Acetic Acid/ 
Sodium Acetate Mixtureso 

yield of 
- catalystb timeC BaCO3d ratee re1 rate 

r,u 5 2 2 0.15 
r,d 5 2 2 0.15 
r,d,Pt 3 2.5.f 4f 0.3 1 
a,u 6g 15 13 1 
a d  5 58 59 4.5 
a,u,Pt 4.75 140 150 11.5 
a,d,Pt I . l h  75h 360h 28 
a,d,Pt 2.7 121' 230' 17.5 
a.d.Pt 3.71 18J  25J 1.9 

a 100 mg of Ti02  powder in a stirred suspension - I  5-20 mL irra- 
diated at 55 f 3 "C with a 2500-W Xe-Hg lamp, operated at 1600 
W, under nitrogen, 1 g of NaAc in I 5  mL of HAC. r = rutile, a = 
anatase, u = undoped, d = doped, Pt = ~ 1 a t i n i z e d . l ~  Time of illu- 
mination in hours. Yield in milligrams (error limit f l  mg). e Rate 
of C 0 2  evolution in kmol/h. f HAC I O  vol% in HzO. g Light source: 
2500-W Xe lamp, full output focused on cell. Pure HAC as solvent. 

At 45 OC. j Light source: 450-W Xe lamp, estimated quantum yield 
7%. 

formation of some nonvolatile products. After correction for 
the necessary consumption of oxygen (reduction of hydrogen 
ions to give H2 was suppressed) the rate of production of vol- 
atile hydrocarbons (ethane, methane) represented only -30% 
of the rate of decomposition of acetic acid. Methanol and 
formaldehyde are  likely products of the reaction, but their 
presence was not verified experimentally. 

Photocatalytic Decomposition of Oxygen-Free Acetic Acid 
on Ti02 Powders. The activity of a variety of n-Ti02 powders 
for the photocatalytic decomposition of oxygen-free acetic acid 
is shown in Table 111. In one series of experiments the full 
output of the 2500-W Xe-Hg lamp, was focused on an area 
of -5 cm2 on the flat Pyrex window of the reaction vessel. Even 
with this high light intensity, the amount of suspended powder 
completely absorbed the light in the front half of the cell. The 
activity of the powders for the photocatalytic decomposition 
of acetic acid was again estimated from the yield of C02,  de- 
termined gravimetrically as BaC03. As tabulated in Table 111, 
all the rutile powders lead to only little C02 evolution. On the 
other hand, anatase powders were quite reactive photocatalysts 
in the order undoped < doped < undoped, platinized < doped, 
platinized. Again a change to a weaker light source, a 450-W 
Xe lamp, drastically decreased the rate of C02 evolution, as 
did similarly a lowering by 10 "C of the reaction temperature 
(from 55 to 45 "C). Addition of sodium acetate to the sus- 
pensions in acetic acid did not enhance the C02 evolution, nor 
did mixing in of water decrease it, except for high dilution of 
acetic acid (Table IV). The results of an analysis for all the 
gaseous reaction products as described in the Experimental 
Section are given in Table V. The major hydrocarbon product 
of the heterogeneous photocatalytic decomposition of acetic 
acid on platinized anatase powder was methane, together with 
C 0 2  (eq 2); only a small amount of hydrogen gas and ethane 
was found (eq 3). 

CH3C02H - CH4 + COz 

2CH3COlH -+ CH3CH3 + 2C02 + H: (3) 

Ethane, the usual Kolbe product from acetic acidlacetate 
electrolysis, was formed in only 5-10% yield, with a tendency 
to an increased fraction of ethane with increasing rate of gas 
evolution, as clearly established by mass spectrometry and gas 
chromatography. In  the absence of molecular oxygen, side 
reactions leading to nonvolatile hydrocarbon derivatives (e.g., 
C H 3 0 H )  were insignificant, as shown by comparison of the 
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Table IV. Effect of Water on the Rate of Photodecomposition of 
Oxygen-Free Acetic Acid on Undoped, Platinized" Anatase" 

vol % illumination yield of 
water timeb BaCO, rateb 

0 5 . 5  I75 160 
5 3.25 1 I O  170 

50 3.7 108 153 
95 3 71 123 

Illumination with 2500-W Xe-Hg lamp at 1600 W, 100 mg of 
catalyst powder in 15 mL of solution, a t  5 5  "C under nitrogen. I I -  
lumination time in hours, yield at BaC03 in milligrams, rate of C 0 2  
evolution in pmol/h. 

rates of C02  evolution and total gas production. In accord with 
eq 2 or 3 the carbon dioxide amounted to about half of the total 
gas volume, even for the photodecomposition of acetic acid 
from reaction mixtures containing only 10 vol % acetic acid in 
water. To illuminate the mechanistic origin of the fourth hy- 
drogen atom in methane the photodecomposition of mono- 
deuterated acetic acid (DAc, CHjC02D) was studied and the 
gaseous reaction products were again analyzed by mass spec- 
troscopy for their deuterium content. The absence of detectable 
deuterium in the ethane formed contrasted sharply with the 
high degree of monodeuteration of methane and of deuteration 
of hydrogen gas formed. This was determined by a simulation 
of the isotopic peak pattern in the mass spectrum. Compared 
to nondeuterated acetic acid, the photodecomposition of 
monodeuterated acetic acid resulted in a slower rate of gas 
evolution (by a factor of -1.9). Moreover, hydrogen was en- 
riched in the methane formed by a factor of 1 1 0 ,  based on the 
assumption of >98% monodeuteration in the DAc used.27 

Solar Experiment. Solar irradiation also readily photoca- 
talyzed the decomposition of oxygen-free acetic acid on pla- 
tinized anatase. An air-tight culture flask was filled with 4 L 
of glacial acetic acid containing 1 g of sodium acetate and its 
flat bottom (diameter 20 cm, area 314 cm2) was covered with 
a thin layer of 400 mg of platinized, doped anatase powder 
(containing -1% Pt). This reaction mixture was flushed with 
nitrogen for 16 h at room temperature to remove oxygen. Then 
the flask was exposed to sunlight.28 A weak stream of nitrogen, 
constantly purging the reaction mixture, served to keep out 0 2  
and carried the CO2 and the other volatile reaction products 
out of the flask and through a solution of Ba(OH)2 in 1 M 
NaOH where a precipitate of BaC03 was formed. The amount 
of BaC03 formed was determined regularly and gave a total 
of 978 mg of BaCO3 (4.98 mmol). In  the absence of oxygen, 
the rate of decomposition of acetic acid could thus be estimated 
to be 415 pmol/day or 1.3 pmol/day.cm2. A mass spectral and 
gas chromatographic analysis of the reaction products showed 
C 0 2  and methane; ethane was not found. Moreover, com- 
parison of the weight of the powder before (380 mg) and after 
the experiment (368 mg) showed good stability of the photo- 
catalyst under the conditions, allowing for the loss of powder 
on recovery from the large volume of solution. 

Photocatalytic Decomposition of Other Saturated Car- 
boxylic Acids on Ti02 Powders in Oxygen-Free Suspensions. 
The heterogeneous, photocatalytic decarboxylation of acetic 
acid was explored in three aprotic solvents (ACN, CH2C12, 
C6H6) to test for the possibility of expanding this decarbox- 
ylation reaction to other saturated carboxylic acids of higher 
molecular weight. Whereas the rate of CO2 evolution was 
lower for the aprotic solvents (Table VI),  the decomposition 
products of acetic acid in ACN were still mainly methane and 
C02,  together with -10% hydrogen and ethane. This was 
shown in a preparative run, where a mixture of 100 mg of 
doped, platinized anatase powder, 600 pL of HAC, 80 mg of 
NaAc, and 20 mL of ACN was irradiated at  55 OC with the 

Table V. Product Analysis in the Heterogeneous Photocatalytic 
Decarboxvlation of Oxvaen-Free Acetic Acid on Ti07 Powders" 

solution total C 0 2  methane: 
comoosition gas rate rateb ethane D,:HD:H, 

HAC 4.2C 19:l 0:o: 1 
HAC I O  vol% 8.Ic 3.5 1 1 : l  0:O:l 

HAC 1 5 S d  8.1 8.1 0:o: 1 
HAC 1Ovol% 5.6? 1 5 ? l h  i 

in H 2 0  

in D2O 
DAc (>98% D) 8.1 15f: I h 2:0.6: I j 
DAc (95% DI 8.0d  5.1 2og:lh 2:1.1:0.6j 

a 100 mg of Ti02  powder in 15-20 mL of solution at  5 5  "C irradi- 
ated with 2500-W Xe-Hg lamp operated at 1600 W, under nitrogen. 

In pmol/h. C Catalyst = undoped, platinized anatase. Catalyst 
= doped, platinized anatase. e 73% CH3D, 27% CH4 (*I%) .  f80% 

CH3CH3. Signal of D2 was not resolved from the He signal. j The 
H2 signal lacks significance partially due to decomposition of ionized 
methane. 

CH3D, 20% CHI ( f 3 % ) .  g 45% CH3D, 55% CH4 (f3%). 100% 

Table VI. Effect of Cosolvent on Rate of Heterogeneous 
Photocatalytic Decarboxylation of Oxygen-Free Acetic Acid on 
DoDed. Platinized Anatase Powdero 

rate of C 0 2  
evolution, 

cosolvent salt temD. "C  umol/h 

5 5  360 
H l O  (90 VOI %) 5 5  406 
ACN (97 ~ 0 1 % )  36 95 
ACN (97 ~ 0 1 % )  NaAcb 36 130 
CHzCl2 (90 VOI %) 30 128 
C6H6 (90 V O l % )  39 50 
CAHA (90 VOI  %) 5 5  77 

(I 100 mg of Ti02  photocatalyst in 15-20 mL of solution under ni- 
trogen, irradiated with 2500-W x e - H g  lamp at 1600 W. b 80 mg in 
20 mL of solution. 

2500-W Xe-Hg lamp to give these gases at  a total rate of 7.9 
mL/h,  corresponding to a rate of decarboxylation of -170 
pmol/h. The other saturated carboxylic acids that were in- 
vestigated are listed in Table VII. In all of these cases the de- 
carboxylation to the corresponding alkane 

RC02H - R H  + COz (4) 

appeared to proceed cleanly; Kolbe dimers were found only for 
decarboxylation of acetic acid, as ethane. Side reactions due 
to disproportionation via H-atom abstraction occurred only 
for the decarboxylation products of pivalic acid (tetrabutyl 
radical, R = Me), and the possibility of propionic acid (ethyl 
radical, R = H) 

2CH3CR7 -+ CH3CHR2 + CH2=CR2 ( 5 )  
as shown in the mass spectrum of the reaction gases. In aqueous 
solutions the rates of decarboxylation were similar for the acids 
investigated. Adamantane- 1 -carboxylic acid, dissolved in ACN 
at a much lower concentration (-0.12 M), was found to de- 
carboxylate at  a significantly lower rate than the other acids 
with a decrease in rate as the photolysis proceeded (initial rate, 
65 pmol/h; final rate, after 62% conversion, 28 pmol/h). 
However, the corresponding alkane, adamantane, was again 
formed in 58% yield by decarboxylation of this bridgehead 
carboxylic acid. A noise decoupled I3C NMR spectrum showed 
only two nonequivalent carbon atoms, yielding definite proof 
of the product, owing to its high symmetry. The usual elec- 
trochemical Kolbe reaction for these acids produces predom- 
inantly dimer with smaller amounts of the alkene.9b For the 
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Table VII. Heterogeneous Photocatalytic Decarboxylation of Saturated Carboxylic Acids on Platinized, Doped Anatase Powderso 

solvent yield major minor 
acid (ratio b,  of gasr products products 

acetic acid 15.5 CH4, CO2 CH3CH3, H2 
acetic acid H l O  (1:lO) 8.1 CH4, CO2 CH3CH3, H2 

n-butyric acid H20(1:12)  9.4 propane, C 0 2  H2 
n-valeric acid H2O ( 1  :20) 16 n-butane, COz H2 
pivalic acid ACN/H20(1:10:10) 6 isobutane, C 0 2  isobutylene, H2 
adamantane- 1 -carboxylic acid e 65 wmol/hf adamantane, C 0 2  

propionic acid H2O (1:lO) 19 CH3CH3, COz CH2=CH2, H2 

a 100 mg of Ti02 powder in a 20-mL solution, a t  56 f 3 "C, under N2, illumination with 2500-W Xe-Hg lamp at a power level of 1600 W.  
Volume ratio. I n  mL/h. 360 mg of adamantane-1-carboxylic acid (2 mmol) in 15 mL of Catalyst was undoped, platinized anatase. 

ACN and 1.5 mL of n-heptane. /'Yield of CO2. 

adamantane-1 -carboxylic acid the Kolbe reaction, carried out 
in an alcoholic medium a t  a metal electrode, produces l-al- 
koxyadamantane. 

Discussion 
In the presence of oxygen, several n-type semiconductor 

powders have been shown to behave as photocatalysts and 
promote the oxidation of A tentative model 
for the behavior of the powders can be proposed based on the 
electrochemical responses (e.g., current-potential curves) for 
the same solution species on n-type semiconductor electrodes 
(single crystal, polycrystalline, sintered, or chemically vapor 
deposited29) of similar material.] I . I 4 , l 6  Light of energy greater 
than the semiconductor band gap (for Ti02, 3.0-3.3 eV, de- 
pending on the form24.25) excites an electron from the valence 
band into the conduction band, creating an electron-hole 
pair. 

(6) 
When the redox potential of the solution is positive of the 
flat-band potential, V h  (e.g., for a Ti02 electrode in contact 
with a solution containing an oxidizing species, such as oxy- 
gen), the bands a t  the interface will be bent and the electric 
field in the space charge region will promote separation of the 
electron and hole. Some band bending probably also occurs a t  
the powder-solution interface, even for a lightly doped powder. 
Trapping of the separated charges in shallow traps at  the 
iurface is also likely: 

(TiO2) + hu - ecb- + hvb+ 

The presence of such trapped carriers is suggested by ESR 
stuides of Ti02 powders and the effect of irradiation on the 
signals observed,31 where species such as 0 2 + -  (which could 
represent h,,+) and Ti3+ and 0 2 - -  (which could represent et,-) 
are proposed. Adsorbed acetate ion could also provide a site 
for trapping the hole. These trapped carriers can recombine 
or ht,+ can be scavenged by oxidizable species, R (e.g., 
CH&02-), and elr- by reducible species, 0' (e.g., 02) ,  in the 
solution. 

R + htr+ - 0 (9 )  

0' + et,- - R' (10) 
These processes tend to restore the semiconductor powder 

to its original state. Molecular oxygen is a very convenient 
oxidizing agent for most photocatalytic oxidations since it is 
readily available by exposure of the powder to air. The initial 
steps in the photocatalytic oxidation of acetic acid/acetate 
mixtures in the presence of oxygen can thus be formulated 
as 

The photocatalytic decarboxylation of acetic acid/acetate on 
Ti02 powders in the presence of oxygen is very efficient even 
a t  low substrate concentration. The catalytic activity of the 
anatase powder is highest around p H  -3 for concentrated 
acetate mixtures. In contrast to methanol and 2-propanol 
photooxidation on rutile powder,I3 where the rate increases 
with decreasing pH and significant reaction occurs only a t  pHs 
below 7-8, a considerable amount of acetate oxidation occurs 
over the entire pH range investigated (pH 1 to ~ 9 ) .  On the 
other hand, the course of a Kolbe reaction, with hydrocarbon 
products, is severely disturbed by the presence of molecular 
oxygen. Formation of ethane and/or methane from acetic acid 
is largely suppressed by 02, presumably via reaction of 0 2  with 
the intermediate radicals (probably to give methanol and 
possibly formaldehyde, by analogy with the formation of al- 
cohols and aldehydes in the electrooxidation of carboxylic acids 
in the presence of 0230).  To minimize such side reactions, 0 2  
was replaced by other oxidizing agents. In the absence of 0 2  
(and without the addition of other oxidizing agents), the proton 
is the strongest electron acceptor in a heterogeneous photo- 
catalytic cycle with acetic acid/acetate mixtures. The equi- 
librium potential of the reaction 2H+ (solv) + 2e - H2 (1 atm) 
is slightly negative of V ,  of rutile,32 independent of the p H  of 
the aqueous solution. Consequently, hydrogen evolution in an 
unbiased photoelectrochemical cell with a rutile photoanode 
has not been observed.33 Current-potential curves on rutile 
electrodes in acetic acid/acetate mixtures show that V ,  is 
negative of the potential for the onset of hydrogen ion reduction 
on rutile, and even more negative than potentials for the re- 
duction on Pt.I5,l6 The magnitudes of the expected photocur- 
rents for a short-circuited Pt/n-Ti02 (rutile) electrode pair in 
acetic acid/acetate mixtures were estimated to be rather 
smallI6 and correspondingly rutile powders proved to be rather 
inefficient in the photocatalytic decomposition of deoxygenated 
acetic acid. The anatase form of Ti02 has a somewhat larger 
band-gap energy than rutile ( E g  = 3.23 vs. 3.02 eV, respec- 
t i v e ] ~ ~ ~ ) .  The Pt/n-TiOz( anatase) powder showed a much 
higher reactivity, presumably because of a more negative Vh,  
even with the smaller efficiency for light-induced electron-hole 
generation (since a smaller fraction of the incident light is 
absorbed by the powder). Doping significantly increased the 
reactivity of the anatase powders for photodecomposition of 
deoxygenated acetic acid mixtures. As doping affects the bulk 
properties (conductivity, position of Fermi level) and surface 
properties (thickness of space charge region, existence and 
concentration of surface states) of semiconductors, we are not 
able a t  the moment to interpret clearly this effect. In particular, 
surface states can act as mediators in electron transfer reac- 
tions6 but can also act as recombination centers of the photo- 
generated electron-hole pairs, thus decreasing the reactivity 
of the powder as photocata1yst.l' Another source of ineffi- 
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ciency is the slow rate of reduction of protons on the Ti02 
powders compared to Pt, Le., on rutile the reduction of protons 
requires a considerable overpotential. A similar overpotential 
for hydrogen ion reduction was also found with SrTi0334 for 
potentials positive of V b .  I n  an n-type semiconductor pho- 
toelectrochemical cell the reduction of oxidized species takes 
place at  the metallic counter electrode, while the photocatalytic 
activity of a semiconductor powder relies on oxidation and 
reduction processes occurring on the same particle. Therefore, 
a particle exhibiting both the ability to photooxidize an 
oxidizable substrate and also to reduce at  a high rate an oxidant 
(such as H+) in the dark is required. Such a material was ob- 
tained here by combining the n-type semiconductor and Pt on 
the same particle. Accordingly partial p l a t in i~a t ion ’~  of the 
powders yielded the most reactive photocatalysts; each grain 
of platinized Ti02 represented a short-circuited semiconductor 
and platinum electrode pair (Figure 5 ) .  In  the experiments 
reported here, little formation of hydrogen gas is observed, so 
actually the platinum sites do not promote efficient hydrogen 
evolution34 but serve rather as sites for other reduction pro- 
cesses. A strong component of the driving force for the pho- 
tocatalyzed reaction is the rapidity and irreversibility of the 
radical decarboxylation. 

A problem with photoinduced redox processes at  particulate 
semiconductors is the possibility of “short-circuiting” of the 
desired overall reaction by the oxidation product (0, in Figures 
1 b and IC) being reduced at  the cathodic site, because it may 
be more readily reduced than species 0’. This could be a 
problem, for example in the attempted photodecomposition 
of water to H2 and 0 2 ,  when the 0 2  produced a t  the pho- 
toanodic site (e.g., an n-type semiconductor) is preferentially 
reduced a t  a neighboring cathodic site (e.g., a metal or p-type 
semiconductor). Similarly the catalysis of the back reaction, 
which is thermodynamically favored in photoelectrosynthesis 
(Figure lb),  could occur a t  the particle surface. Rapid de- 
carboxylation of the alkoxy species prevents back reduction 
in this case. The overall reactions in the simple photo-Kolbe 
decarboxylations are ex other mi^:^^ 
CH3C02H - CH4 + COZ AGO = - 12.5 kcal/mol (1 3)  

AGO = -4.3 kcal/mol (14) 

As the major general process is a sequence of oxidation and 
reduction steps (RC02- to R. and C02;  R. to RH),  the re- 
quired net formation of hydrogen is small. Without detailed 
knowledge concerning the site and the sequence of the chemical 
steps in the reduction reaction leading to the monomeric al- 
kanes, the following mechanistic scheme seems appropriate: 
reactions 6-8 then 

(15) 

(16) 

(17) 

2R. - R2 (18) 

2Hads - H2 (19 )  

R. + Hads - R H  (20) 
Support for this mechanistic scheme is found in the following 
experimental results: 

(a) Electrochemical measurements show that photooxida- 
tion of acetate occurs on rutile electrodes at  potentials where 
reduction of hydrogen ions from the same mixture takes place 
on Pt.’5,16 

(b) Activity changes of the anatase powders due to partial 
platinization can be rationalized on the basis of known semi- 
conductor photoelectrochemical cell behavior. 

2CH3C02H + CH3CH3 + 2C02  + H2 

h,,+ + RC02- ---+ R. + C02 

etr- + R C O l H  - H a d s  + RC02- 

etr- + R. + R C 0 2 H  - R H  + R C 0 2 -  

Figure 5. Schematic representation of a photocatalytic reaction on a pla- 
tinized semiconductor powder particle. 

(c) Direct photoexcitation of saturated carboxylic acids 
occurs only a t  short wavelengths (Le., a weak n - x* absorp- 
tion with A,,, - 210 nm),36 whereas gas evolution from the 
Ti02 powders begins at  wavelengths characteristic of the band 
gap of the ~ e r n i c o n d u c t o r . ~ ~  

(d) The photocatalytic decarboxylation is not specific for 
Ti02; illumination of a suspension of WO3 in aqueous acetic 
acid/acetate mixtures in presence of 0 2  also leads to CO2 ev- 
0lution.3~ For anatase powders no loss of catalyst material 
during photolysis was noted. 

(e) The postulated hydrocarbon radical intermediates have 
been observed by ESR.38 

(f) The decomposition of monodeuterated acetic acid 
(CH3C02D) produces CH3D in high yield, thus excluding a 
direct hydrogen atom abstraction (CH3. + CH3C02D - CH4 + CH2C02D)  as the important reaction in contrast to similar 
isotopic labeling experiments in the electrochemical Kolbe 
reaction39 where evidence for abstraction from the methyl 
group of the acetic acid was found for the methane produced 
in a side reaction. 

(8) The reaction is not specific for acetic acid; all of the in- 
vestigated saturated carboxylic acids gave the same type of 
decarboxylation products (eq 4). 

As concerns the mechanistic scheme (eq 6-8, 15-20), the 
postulated possibility of reducing the intermediate hydrocarbon 
radicals (eq 17) may appear surprising. Recently quite negative 
reversible potentials were found for the reduction of hydro- 
carbon radicals in ACN, with E112 - -2.56 V vs. SCE for the 
free tert-butyl radical.46 The potential for the reduction of 
methyl radical was estimated to be only slightly less negative 
in the same aprotic solvent.40 Since V b  of Ti02 (rutile) is about 
- 1 .O V vs. SCE in ACN, and V b  for anatase is probably only 
a few tenths of a volt more negative, the driving force appears 
insufficient for reduction of R. a t  the Ti02 powders in this 
solvent. Fast follow-up reactions (protonation of the carbanion) 
and other stabilizing factors, such as solvation with a protic 
solvent and adsorption of the carbanion intermediates on the 
particle surface, can be cited as important factors which could 
enhance the reduction step with respect to rate and thermo- 
dynamic accessibility. An adsorbed radical would resemble 
a surface state and fast electron transfer to fill this state could 
be possible, followed by irreversible hydrolysis, i.e., 

Direct reaction of the alkyl radicals with adsorbed hydrogen 
atoms (eq 20) would be an alternative. 

The photodecomposition of carboxylic acids on n-Ti02 
powders (and other large band-gap semiconductors) involve 
several unique features. 

(a) The large catalyst surface area results, a t  reasonable 
light intensities, in low surface concentration of the radicals. 
This inhibits reactions second order in the radical (dimeriza- 
tion, disproportionation). Moreover, the radicals are produced 
near reducing sites on the powder, as contrasted to methyl 
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radical production at  a separated Ti02  electrode in a photo- 
electrochemical celllo where ethane is the major product of the 
photo-Kolbe reaction. 

(b) Overall 2e- photooxidations are unlikely. Very strongly 
reducing intermediates, which are oxidizable at  potentials more 
negative than V,, could be oxidized by electron transfer to 
unfilled levels in the conduction band (Le., in a current dou- 
bling process). 

(c) The photogenerated holes have energies near the valence 
band edge and hence are strong oxidizing agents (e.g., for rutile 
in these solutions at -+2 V vs. SCE). The electrons at the same 
time have energies near the conduction band (i.e., near V,) 
and show significant reducing power at  locations on the particle 
near the oxidation state. Photoexcited n-type semiconductor 
powders can thus induce fast oxidation-reduction sequences 
in reactions that show no overall change of oxidation state.41 
A close parallel between heterogeneous redox reactions on 
semiconductors and sensitized homogeneous photochemical 
reactions seems to exist (many photochemical energy transfer 
reactions are thought to occur via partial charge transfer42 and 
on the other hand electrogenerated cation radicals of carbonyl 
compounds have been demonstrated to sometimes mimic 
photochemical reaction steps43). Actually such a relationship 
is well documented in the photoinduced decarboxylation of 
carboxylic acids. Similar to the results here presented, pho- 
to(sensitized) decomposition of carboxylic acids in the UV 
region leads to high yield of alkane (and C O Z ) . ~ ~  

(d) The use of semiconductor powders rather than electrodes 
gives an added degree of flexibility of the choice of materials, 
since high conductivity is not required and fabrication prob- 
lems are avoided. For example, anatase, which is too highly 
resistive to be used as an electrode, has proven very useful as 
a catalyst material in this and previous studies.6 The photo- 
electrochemical cell arrangement has the advantage, however, 
in the separation of the oxidized and reduced materials, which 
can be particularly important in photoelectrosynthetic appli- 
cations. 

There are a number of possible applications of this photo- 
decarboxylation reaction. The synthetic scope seems wide. Not 
only the decarboxylation of acetic acid, but that of all of the 
other carboxylic acids investigated, gives the same predomi- 
nant reaction pattern with the corresponding alkane as the 
main product. This is even true for tertiary and bridgehead 
carboxylic acids, which are difficult to decarboxylate ther- 
mally. Applications to the treatment of waste streams of ace- 
tate or other carboxylates, as has been suggested for cyanide 
and sulfite,6 are possible. Synthetic methods involving trapping 
of the photogenerated alkyl radicals with suitable reagents are 
also of interest. 
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