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The mechanism of the photooxidation of alkanes implies an intermediate formation of alcohols 
and olelins which are then oxidized partially into ketones and aldehydes. When the corresponding 
primary alcohol (but not secondary or tertiary alcohols) and the corresponding olefins are 
photooxidzed, the same reaction products are observed, but in addition, some products of a more 
intense oxidation are formed. In this last case the participation of adsorbed and uv-activated 
oxygen is supposed, whereas surface lattice, uv-activated, oxygen would be the agent of the milder 
oxidation of alkenes on the ethylenic bond, and of the primary alcohol, into aldehydes and ketones. 

INTRODUCTION 

The partial oxidation of paraffins on tita- 
nium dioxide under uv irradiation at room 
temperature is one of the most studied 
examples of heterogeneous photocatalysis 
(I). The reaction products, mainly ketones 
and aldehydes, are formed through a se- 
quence of steps including oxidation of the 
initial paratlln, dehydration into olefin of 
the alcohol formed in this first step or its 
further oxidation into ketone (for a second- 
ary alcohol), and finally oxidation of the 
olefin into aldehyde and/or ketone (2, 3). 

The oxidation agent is adsorbed (and 
dissociated) oxygen (atom or ion) (1) for 
some steps and lattice oxygen for others 
(4). Because of the complexity of this 
mechanism it was considered worthwhile to 
investigate thoroughly the photooxidation 
of 2-methylbutane and its various sequen- 
tial intermediate products (various methyl- 
butanol and methylbutenes) in order to 
ascertain the relative importance of each 
diverging step and determine the nature of 
the oxidizing species. Moreover, the grow- 
ing interest in reactions influenced by light 
requires that all possibilities in the evolu- 
tion toward various types of reaction prod- 
ucts be investigated in order to evaluate the 
corresponding selectivities and side reac- 

tions, if any. Indeed, if some desired prod- 
ucts are favored in light-activated reactions 
the method of their preparation with the 
help of photons may be economically at- 
tractive. 

EXPERIMENTAL METHODS 

The differential photocatalytic fixed bed 
reactor was described previously (5, 6). 
The et&tents were analyzed by gas chroma- 
tography with helium used as a carrier gas. 
A mercury vapor lamp (Philips HKP 125 
W) was used as a uv source whose infrared 
part was eliminated by a circulating water 
screen. The catalyst was a nonporous tita- 
nia (97% anatase, 7% rutile) in the form of 
spherical particles of a mean diameter 200 
A, presenting a surface area of 67 m2/g, 
prepared by the flame reactor method (7). 
All reactants were of highest purity grade. 
The selectivity in reaction products S, is 
related to the number of carbon atoms in 
these products (2). 

RESULTS AND DISCUSSION 

A. Photocatalytic Oxidation of 
2-Methylbutane 

The composition of the mixture of reac- 
tants at atmospheric pressure was 20% 
alkane, 20% oxygen, and 60% helium. It 
has been shown previously that the total 
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conversion and the selectivities into reac- 
tion products depend on the composition of 
the feed (3, 6). Twenty milligrams of cata- 
lyst was uniformly spread on the porous 
membrane carrier in the reactor. This is 
greater than the critical mass above which 
photocatalytic activity is independent of 
the amount of catalyst (6). The flow rate of 
reactants (20 cm3 min-I) was in the range 
where the activity is still proportional to the 
contact time (0.6 set) and where rate-deter- 
mining intergranular diffusion is avoided. 
The overall conversion was of the order of 
2% and the selectivities into various reac- 
tion products at 30°C are given in Table 1. 

TABLE 1 

Selectivities for Reaction Products of the 
Photooxidation of 2-Methylbutane 

Products sea (%I SC (%I 

co, 15 - 
Ethanal 16 19 
2-Methylpropanal 5 6 
3-Methylbutanal 5 6 
Acetone 36 42 
Butanone 12 14 
3-Methylbutanone 10 12 

a Taking into account the selectivity toward total 
oxidation (CO& 

In what follows the selectivity S, toward 
total oxidation (CO& is always of the order 
of 15-17%. In general it depends on the 
ratio of organic compound/oxygen in the 
feed (6), but for various ratios the relative 
proportions of products of the partial oxida- 
tion remain practically the same (3). 

The formation of ketones is favored in 
comparison with the formation of alde- 
hydes, as for other alkanes (2). The pres- 
ence of a tertiary carbon atom in the reac- 
tant accounts for a preferential formation of 

acetone (2). No alcohols were detected in 
the reaction products but it was shown 
previously that the first step is the forma- 
tion of this intermediate whose dehydration 
or oxidation proceeds generally with a 
higher rate than its formation from alkane 
(2, 6). The general scheme for the forma- 
tion of various products of Table 1 must 
involve oxygen atoms rather than mole- 
cules (2) and may be expressed (2, 3, 6) as 
follows: 

3-Methylbutanal 

CH3 CH3 CH3 

CH3-CH-CH2-CH3 3 CH,-CH-CH,-CH,OH 3 CH,-JH-CH,-CHO 
I I 

ZMethylpropanal 

CH3 CH3 CH3 

I I 
CH,-CH-CH,-CH, 2 CH,-CH-CHOH-CH, -H,Q CH,-CH-CH=CH2 3 

CH3 

I 
CH,-CH-CHO + CO, 

Acetone and ethanal 

CH3 CH3 CH, 
I I I 

C&-CH-CHz-CH3 3 CH3-C-CH2-CH3 -H,P CH,-C=CH-CH, 3 

OH CH,-CO-CH, + CH,-CHO 

3-Methylbutanone 

CH3 CH3 CH3 

I I I 
CHs-CH-CHz-CH3 2 CH,-CH-CH.OH-CH3 3 CH,-CH-CO-CH, 
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Butanone 

CHs CHs CHs 

CHS-CH-CW-CH3 2 CH,-C-CH,-CH, -H,Q CH,=C-CH,-CH, 3 

A H 
CH,-CO-CH,-CH, + COZ 

tanols and methylbutenes was performed 

The formation of all the products may be 
explained, as before (2, 3, 6), by an initial 

under the same conditions as for the al- 

formation of an alcohol, its direct oxidation 

kane. 

into aldehyde or ketone, or its dehydration 
and a further oxidation of the generated 
olefin at the ethvlenic bond. However. in 
order to investigate the possibility of side 
reactions which do not follow this scheme, 
the photooxidation of various methylbu- 

TABLE 2 

Selectivities for Reaction Products of 
the Photooxidation of 

2-Methyl-2-butanol 

Products s, (%I 

Acetone 50 
Ethanal 

into aldehydes or ketones or first dehy- 

42 

drated and then only oxidized (8). 

Butanone 8 

B. Photocatalytic Oxidation of Tertiary, 
In the photooxidation of a tertiary alco- 

Secondary, and Primary 
hol the first step should always be its dehy- 

Methylbutanols 
dration into an olefin which is then oxi- 
dized. Indeed, tertiary alcohols are easily 

a. 2-Methyl-2-butanol. Results are given dehydrated, compared to secondary and 
in Table 2. It was shown before that under primary alcohols. The following scheme 
uv irradiation on TiOz, even in the presence therefore accounts for the reaction se- 
of oxygen, alcohols may be simply oxidized quence: 

c 0 C 

c-ccc-c - c..;=o + C-CHO 
acetone 50% ethonal 42% 

F 0 C 

c=c-c-c - o:c-c-c + co, 
butonone 8% 

The ratio of selectivities into acetone and 
butanone shows that the dehydration of the 
tertiary alcohol leading to 2 - methyl - 2 - bu- 
tene (upper part of scheme) would proceed 
with a rate six times greater than the dehy- 
dration giving 2-methyl- 1-butene (lower 
part of scheme). If ethanal is not obtained 
with the same selectivity as acetone it is 
because of its smaller stability toward oxi- 
dation, as compared with that of ketones 
(3). The olefins were not detected in the 

reaction products, probably because of the 
facility of their oxidation (9), but their 
behavior as reagents in photooxidation is 
reported below. 

b. 3-Methyl-2-butanol. Results are given 
in Table 3. This secondary alcohol may be 
either directly oxidized into a ketone or first 
dehydrated into an olefin. 3-Methyl-2-buta- 
none is the result of this direct oxidation 
(17%), whereas the dehydration as a first 
step gives two isomers: 2-methyl-2-butene 
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and 3-methyl-1-butene. The general scheme 
is therefore: 

e 

/ 

c-y-c-c 
0 c 3-methyl-2-tuionme (l7%1 

ou 
c-c-c-c 

-vJ 

t 

-c-y=c-c 

\ 

-% c-y=0 + C-W0 

C 
ethanol (39%) 

-Ii20 0 
met,“,e (34%) 

c-$-c=c - C-~-at0 + c4 
C c 

P-methyipfqmnd (IO %I 

The results given in Table 3 show that the 
photodehydration proceeds almost three 
times faster than the direct oxidation of the 
secondary alcohol (into ketone). The dehy- 
dration itself proceeds faster with the elimi- 
nation of hydrogen from the tertiary carbon 
(giving 2-methyl-2 butene) than from the 
primary carbon (giving 3-methyl-1-butene). 
Ethanal is obtained here with a selectivity 
higher than that of acetone. This’ behavior, 
which is the reverse of that observed previ- 
ously for the photooxidation of the tertiary 
alcohol, giving by dehydration the same 
intermediate olefin (Zmethyl-Zbutene), 
was explained experimentally by the en- 

hanced ability of ethanal to be photooxi- 
dized in the presence of the tertiary alco- 
hol, in comparison to its reactivity in the 
presence of the secondary alcohol (3). 

c. 3-Methyl-I-butanol. Results are given 
in Table 4. In a general way a primary 
alcohol is essentially oxidiied into an alde- 
hyde and its dehydration is difhcult as com- 
pared with that of a secondary or a tertiary 
alcohol. The principal reaction product ob- 
tained here is 3-methylbutanal which is 
obtained by the direct photooxidation of 
the primary alcohol. The tentative scheme 
would be (two upper lines): 

C 

c-c-c-CHO 
3-methylbutanol (52%) 

F 
c-CHO ‘Cc+ 

2methylprq?mal G?O%) 

TABLE 3 TABLE 4 

Selectivities for Reaction Products of 
the Photooxidation of 

3-Methyl-2-butanol 

Selectivities for Reaction Products 
of the Photooxidation of 

3-Methyl-1-butanol 

Products SC (%I Products SC (%I 

EthaIlal 
Acetone 
3-Methyl-Zbutanone 
2-Methylpropanal 

39 3-Methylbutanal 52 
34 ZMethylpropanal 20 
17 Acetone 26 
10 Ethaaal 2 
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However, the relatively high selectivity 
into 2-methylpropanal (20%) which would 
be obtained by the photooxidation of the, 
intermediate dehydration product (3- 
methyl-1-butene) is difficult to account for 
by this sequence only as the dehydration of 
a primary alcohol is difficult. Besides, it 
would not explain the formation of acetone 
with a still higher selectivity (26%). Also 
the secondary possibility is that both alde- 
hydes (Zmethylpropanal and ethanal) as 
well as acetone come from the attack by 
oxygen on C-H bonds at tertiary, second- 
ary, or primary carbons of the initial pri- 
mary alcohol according to a mechanism 
similar to that observed for alkanes (2, 6) 
and described above. These products may 
also result from the oxidation of 3-methyl- 
butanal (3) which is the major reaction 
product. The problem is reexamined below 
in relation with the photooxidation of 3- 
methyl-I-butene. 

d. Photodehydration of methylbutanols. 
In the presence of oxygen olefins are not 
detected in the photocatalytic tests with 
tertiary, secondary, or primary methylbu- 
tanol. Also a test was performed under the 
same conditions as before but in the ab- 
sence of oxygen. The feed was composed 
only of alcohol (20%) and helium (80%). 

During the first minutes of the reaction 
small amounts of oxidation products are 
formed. However, this type of reaction 
rapidly ceases and the catalyst becomes 
blue, a color characteristic of (surface) re- 
duced TiO,. Only alkenes are then de- 
tected. In the case of the secondary alcohol 
(3-methyl-2-butanol) the ratio of the two 
possible olefins Zmethyl-I-butene/3- 
methyl-1-butene is equal to 2, in agreement 
with the selectivities toward the photooxi- 
dation products of this secondary alcohol 
(see above). When oxygen is introduced in 
the feed of reactants the catalyst recovers 
its white color whereas instead of olefins 
normal photooxidation products are de- 
tected. This behavior shows that during the 
first minutes of reaction the alcohol may be 
photooxidized either by adsorbed oxygen 

or by oxygen from the surface lattice of 
TiO, (9). If the dehydration products 
(olefins) are not detected during this first 
period this is because they are also oxidized 
by the same species. Indeed, olefins are 
also able to extract lattice surface oxygen 
from TiOz giving a reduced (blue) solid. 
Once the catalyst is reduced on the surface 
to some extent, only the dehydration reac- 
tion can proceed and only olefins are de- 
tected. This type of reaction would nor- 
mally proceed on acid sites, such as some 
titanium surface ions where the screening 
surface oxygen ions have been removed by 
reduction, or even Bransted sites’, as water 
is the product of reaction. This is confirmed 
by the inhibition of the reaction by traces of 
ammonia in the feed. The olefinic interme- 
diates are not detected during the photooxi- 
dation of alcohols. They are formed only in 
the absence of oxygen (by photodehydra- 
tion of alcohols). Also in order to investi- 
gate the last steps of the photooxidation 
reaction three olefins, 2-methyl-1-butene, 2- 
methyl-2-butene, and 3-methyl-1-butene, 
were used as reactants under the same 
experimental conditions as before. 

C. Photocatalytic Oxidation of 
Methylbutenes 

a. 2-Methyl-I-butene. The nature of 
products obtained (Table 5) shows that the 
reaction is not limited to an oxidation ldcal- 
ized at the ethylenic bond which would give 
exclusively butanone. Butanone itself is 
only barely photoxidized in the same condi- 

TABLE 5 

Selectivities for Reaction 
Products of the Photooxidation 

of 2-Methyl-1-butene 

Products SC (%) 

Butanone 35 
Ethanal 31 
Acrolein 20 
Acetone 11 
Propylene oxide 3 
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tions, giving ethanal and acetone. This re- 
action product is therefore stable and the 
other products of oxidation in Table 5 must 
be formed directly from the 2-methyl-l- 
butene. If this molecule is designated as: 

it appears that the rupture of the C,-C, 
bond would explain the previous results. 
The fragment C=C-C is compatible with 
the formation of acrolein and propylene 
oxide, whereas the fragment C-C is com- 
patible with the formation of ethanal. Ace- 
tone may only be produced by the photoox- 
idation of propylene oxide. Indeed, a direct 
photooxidation of this compound gives ace- 
tone (and CO3 whereas a direct photooxi- 
dation of acrolein gives only CO,. These 
results may be compared with those of the 
photooxidation of propene where the fol- 
lowing products are detected (10): propyl- 
ene oxide, acrolein, acetone, ethanal (and 
CO&. Now, 2-methyl-1-butene should also 
be formed as an intermediate in the photo- 
oxidation of 2-methyl-2-butanol (see 
above), but only butanone results from its 
photooxidation. It appears therefore that 
the behavior of different hydrocarbons in 
the photooxidation depends on whether the 
compound is a sole reactant or whether it is 
also an intermediate reaction product 
formed on the surface. 

b. 2-Methyl-Zbutene. As can be de- 
duced from the simple formula: 

C-C=C-C 
1. 
L 

acetone and ethanal should be the main 

products of photooxidation. However, as is 
seen from the results in Table 6, another 
unidentified product P2 is formed in an 
amount comparable to that of ethanal(3 1% 
by assuming that its gc retention time is that 
of 2-methyl propanal whose peak is very 
close). Although the identification of prod- 
ucts PZ and P3 would have been very helpful 
for the comprehension of the mechanism of 
the photooxidation of olefins, the purpose 
of this work on alkanes is to show that 
some products of the photooxidation of 
alcohols are obtained through the photooxi- 
dation of olefins formed by photodehydra- 
tion of alcohol. This is the case of acetone 
and ethanal (see above for the photooxida- 
tion of 2-methyl-2-butanol). Now, it is 
probable again that olefins used as sole gas 
reactants in the photooxidation have a dif 
ferent behavior that when formed as an 
intermediate species in adsorbed phase at 
low concentration. This is well demon- 
strated by the fact that products P2 and P, 
are not detected during the photocatalytic 
oxidation of 2-methylbutane or 2-methyl-2- 
butanol. 

c. 3-Methyl-I-butene. If the attack was 
localized on the ethylenic bond: 

:: 

C -A 
4 3-E 

the reaction product would be only 2- 
methylpropanal. However, Table 7 shows 
that the major product of the reaction is 
acetone, whose formation supposes the 
rupture of the C2-Ca bond. This rupture, 
already mentioned in the photooxidation of 
alcohols, can proceed, as for alkanes (9), 
by the insertion of oxygen in the C-H 
bond of the tertiary carbon of the olefin: 

7 
C-C--C=& 3 C-A-C=C --H,Q 3 acetone 

I 
H I 

OH 
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The enol formed in the first step is then 
dehydrated into allene which is oxidized 
into acetone. Indeed, an attempt at the 
direct photooxidation of enol (2-methyl-3- 
butene-2-01) in the same experimental con- 
ditions showed very high reactivity of this 
compound giving 80% selectivity into ace- 
tone (no other products of partial oxidation 
detected). The simultaneous formation of 
acrolein and ethanal (Table 7) is explained 
as before in the case of 3-methyl-1-butanol 
by the oxygen attack on the C-H bond of 
methyl groups. This is quite probable, as 
shown by the results of the photooxidation 
of 2-methylbutane (formation of 3-methyl- 
butanal, see above) and the previous results 
for other alkanes (2), all showing the forma- 
tion of aldehydes on terminal CH3 groups. 
It appears again here that the reaction prod- 
ucts obtained in the photooxidation of al- 
kenes employed as sole reactants come 
from an attack by oxygen at various points 
of the molecule, whereas when the alkene 
is an intermediate (through the dehydration 
of an alcohol) the main attack by oxygen 
concerns the ethylenic bond. 

However, two types of oxygen species 
are involved in the photooxidation of al- 
kenes, the surface lattice oxygen an ad- 

C 

c-c-c- 

sorbed oxygen, both activated by uv (4, 9). 
3-Methyl- 1-butene reduces the catalyst 
(which becomes blue) under uv irradiation, 
in the absence of oxygen. It reacts there- 
fore with the surface lattice oxygen. The 
alkanes do not reduce the catalyst in the 
same conditions. They need adsorbed (and 
uv-activated) oxygen in order to be first 
transformed into alcohols (9). The alco- 
hols, however, are oxidized by lattice oxy- 
gen (3). It is therefore quite possible that 
the formation of 2-methylpropanal from 3 - 
methyl- 1-butene involves a redox-type 
mechanism with lattice oxygen (I ) whereas 
the formation of acetone requires adsorbed 
oxygen, according to the scheme above, 
including the intermediate formation of an 
alcohol. When the alkene is used as the sole 
reactant (high concentration) both reac- 
tions are observed, the formation of ace- 
tone being predominant (Table 7). But 
when this alkene is formed from the alcohol 
as an intermediate (low concentration) it 
reacts with a higher rate (9) with lattice 
oxygen (11) on the ethylenic bond giving 2- 
methylpropanal. 

In conclusion, the following scheme for 
the photooxidation of alkanes (2-methylbu- 
tane) may be advanced: 

4 f y C-CO-c+c-G-lo 

c-c=c-c- 

/ 

s-. 
* other products (unidentified) 

C 

-t-c-c / 
-H20 

I 

Ali 

\ 

- Hz0 
C 

c-A-c=c 
0 

C 

-t-co-c 

C 

c-c-w0 

/f 
0 

‘\ 
0’ 

‘a 
c=c-CHO 
c-co-c 
c-w0 

t 

C-c-C-CHO 

/ 

0 C 

F 0 C-k-CHO 
C-C-C--OH--+ “c-g; C 
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TABLE 6 TABLE 7 

Selectivities for Reaction 
Products of the Photooxidation 

of 2-Methyl-Zbutene 

Selectivities for Reaction Products 
of the Photooxidation of 3-Methyl-l- 

butene 

Products SC (%I Products SC (b/c) 

Acetone 35 Acetone 87 
Ethanal 29 2-Methylpropanal 5 
Pt (unidentified) 31 Acrolein 4 
Ps (unidentified) 5 Ethanal 4 

In the case of an alkane used as the sole 
reactant in the feed the sequence is that 
given by solid arrows. The first step is the 
formation of an alcohol from the C-H 
bond of tertiary, secondary, or primary 
carbon, giving 2-methyl-2 butanol, 3- 
methyl-2 butanol, or 3-methyl-1-butanol. 
These alcohols (primary and secondary) 
may be directly oxidized into correspond- 
ing aldehydes and ketones (solid arrows). 
However, when primary alcohol (Imethyl- 
l-butanol) is used as the sole reactant a 
further oxidation of other carbons of the 
molecule is observed giving other oxidation 
products (broken arrows). 

pounds are in high concentration (sole reac- 
tants) or in a nascent state formed as inter- 
mediates of the photooxidation of the 
alkane. In this last case the intermediate 
olefins are oxidized at the ethylenic bond. 
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