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Abstract 

n-Dodecane, n-hexadecane, n-nonadecane, n-eicosane and n-docosane were photo-oxidized in purified and sterilized natural sea water 
under simulated environmental conditions with anthraquinone as sensitizer. GC and GCMS analyses show the production of all the isomeric 
ketones and alcohols with the same number of carbon atoms as the starting aikane and the formation of minor photoproducts: methylketones, 
l-aikenes, 3-substituted-y-lactones, 1,2-epoxy-alkanes, carboxylic acids, 1,2-disubstituted cyclobutanols, y-keto-2-alcobols, n-aldehydes, y- 
diketones and alkanes. Mechanisms are proposed and discussed. A generalization of the photo-oxidation degradation pathways of n-alkanes 
in the marine environment is proposed using these results and some previous works. 
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1. Introduction 

Previous studies have investigated the photo-oxidation of 
n-alkanes in sea water under simulated environmental con- 
ditions [ 1-11 ]. The formation, in acidic photoproduct frac- 
tions, of straight-chain fatty acids with fewer than 16 carbon 
atoms was observed during photo-oxidation ofn-hexadecane 
[4]. In the non-acidic photoproduct fractions, the principal 
photoproducts were ketones and alcohols with the same num- 
ber of carbon atoms as in the starting alkanes [ 1,2,5,6]. The 
production of all the positional isomers of the straight-chain 
hexadecanones and hexadecanols during photo-oxidation of 
n-hexadecane was clearly demonstrated [ 1 ]. Minor photo- 
products were also detected: l-alkenes, methylketones 
with a lower number of carbon atoms [ 1,2 ], and also series 
of n-aldehydes, 3-substituted y-lactones and 2,5-diketones 

[ I ] .  
In order to summarize and generalize the mechanisms of 

n-alkane photo-oxidation, we carried out in vitro photo-oxi- 
dation experiments under environmental conditions on 
different n.alkanes: dodecane, nonadecane, eicosane and 

docosane. 

1010.6030/97/$17.00 © 1997 Elsevier Science S.A. All rights reserved 
P ! I S 1 0 1 0 - 6 0 3 0 ( 9 6 ) 0 4 4 7 1 - 1  

2. Experimental details 

2.1. Photo-oxidation experiments 

250 p~l n-alkane in 100 ml autoclaved natural sea water 
was irradiated in borosilicate round bottom flasks. Traces 
(few milligrams) of anthraquinone (Aldrich 84-65-1 ) were 
added as photosensitizer. 

An artificial light source (Osram Ultra Vitalux 300 W) 
emitting a gauss shaped spectrum which peaked at 370 nm 
with a cut-off at 290 nm was used for irradiations. Samples 
were irradiated during 2 months. Flasks with identical con- 
tents, kept in the dark for equal lengths of time, served to 
check for influences other than photo-oxidation, for example 
biodegradation or auto-oxidation. Some experiments were 
done with sunlight irradiation. 

Irradiated solutions were adjusted to alkaline pH and then 
extracted with CH2C!2 (3 × 25 ml). The organic phases were 
dried on Na2SO4, filtered and concentrated by rotary evapo- 
ration (35 °C). 

The extracted products were then separated by open col- 
umn 'flash' chromatography (Merk silica gel 60H ref. 
1.07736) into three fractions: Fm (3V heptane), F2 (5V di- 
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ethyl ether) and F3 (2V methanol), V being the volume of 
the bed of silica gel. The well known acidic F 3 fraction was 
not dealt with further. 

2.2. lnstramental analyses 

analyses of FI fractions were performed on a Vega 
Carlo Erba gas chromatograph equipped with an on- 

column injector and an FID detector. The following condi- 
tions were employed: 30 m ×0.32 mm (id) ×0.25 ttm fused 
silica capillary column coated with DB5 (JW Scientific), 
temperature programme from 70 to 225 °C at 3 °C min- I, 
helium carrier gas ( 100 kPa) and a detector temperature of 
300 °C. 

GC analyses of F2 fractions were performed on a CP 9000 
Chrompack gas chromatograph equipped with an on-column 
injector and an FID detector. The following conditions were 
used: 50 m × 0.25 mm (id) × 0.25 p,m CP Sil 52CB fused 
silica capillary column (Chrompack), temperature pro- 
gramme from 70 to 270 0(2 at ! °C min- ~, helium carder gas 
( 170 kPa) and a detector temperature of 270 0(2. 

GCMS analyses were carded out on a Hewlett Packard 
5989A mass spectrometer (electron energy 70 eV, source 
temperature 240 °C) coupled with an HP 5890 gas chromat- 
ograph equipped with a splitless injector. Separations were 
achieved using the following conditions: HPS-MS (low 
bleed) capillary column (30 m X 0.25 mm (id) × 0.25 p,m), 
temperature programme from 40 to 90 0(2 at 30 °(2 min- ~, 
then 90 °C to 250 °C at 1 °(2 min- i, helium carder gas ~vith 
a constant flow rate of I mi min- i. For chemical ionization 
mass spectrometry, the reactant gas was methane (1 Torr) 
ionized with an energy of 230 eV. 

3. Results 

3.1. ldentification of photoproducts 

In order to identify alkane photoproducts, we studied pre- 
cisely the FI and F2 fractions which contain a great variety of 
non-acidic compounds. 

Concerning the four n-alkanes, we mainly observed, as for 
n-hexadecane [ 1 ], the production in F2 fractions of all the 
positional isomers of ketones and alcohols with the same 
number of carbon atoms as in the starting alkane, as shown 
in Fig. 1 for the n-dodecane photoproducts. The peaks were 
identified by GCMS, by observing (even in the case of coe- 
lutions) the characteristic molecular ions (M) +, Mac- 
Lafferty peaks R-(HO)C + =CH2 and fragments resulting 
from a-cleavage in the ketone mass spectra. The alcohols are 
characterized by the usual (M-18) + and (CnH2n_ i) + ions 
and, to distinguish the isomeric secondary alcohols, by the 
HO-CH+-R and (M-R) + fragments. 

After reduction with trimethylphosphite [ 12] of the F2 
fractions, the chromatograms do not show appreciable 
changes, indicating the absence of hydroperoxides. These 
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Fig. 1. Gas chromatogram of the F2 fraction obtained by photo-oxidation of 
n-dodecane in natural sea water (dodecanone and dodecanol retention time 
range): !, 6-dodecanone; 2, 5-dodecanone; 3, 4-dodecanone; 4, 3-dodeca- 
none; 5, 2-dodecanone; 6, 6-dodecanol; 7, 5-dodecanol; 8, 4-dodecanol; 9, 
3-dodecanol; 10, 2-dod~anol; I!, l-dodecanol. 
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Fig. 2. Total ion chromatogram of the F~ fraction obtained by photo-oxida- 
tion of n-docosane in natural sea water (before elution of n-d~osane): E. 
l-alkenes, C. n-alkanes, • impurities; n indicates the total number of carbon 
atoms. 

compounds were probably not stable in sea water because of 
the presence of salts which favour cleavage of the O-O bond 
[131. 

Minor photoproducts were also detected. In the total ion 
chromatograms resulting from the photo-oxidation of the 
C,,H~, + 2 alkanes, we observed in the Fj fractions, in addition 
to the residual starting alkane, the presence of C,,,H~, l- 
alkenes with n' _< n - 3 and alkanes and, in the F2 fractions, 
the production of C,,,H2,,,O methylketones with n"< n -  2. 
Fig. 2 presents the total ion chromatogram of the Fi fraction 
obtained by photo-oxidation of n-docosane and shows the 
production of 1-alkenes (noted Elo to El9) and alkanes 
(noted C!o to Cts). The formation ofmethylketones is shown 
in the total ion chromatogram of the F2 fraction resulting from 
the photo-oxidation of n-eicosane (Fig. 3, noted Oi] to O] 7). 
In Fig. 3, 2-octadecanone is coeluted with the residual n- 
eicosane. 
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Fig. 3. Total ion chromatogram of the ~ fraction obtained by photo-oxidation of n-eicosane in natural sea water (before elution ofeicosanones and eicosanols): 
(3, methylketones, A~ carboxylic acids, L,, ~,-lactones, Oxi epoxide, A n-aldehydes, D 2,5-diketones, K,, I-methyI-2-alkyl cyclobutanols, * impurities, 
# residual n-eicosane. 

As for the photo-oxidation of n-hexadecane [ 1 ], we 
observed in the total ion chromatograms of the F2 fractions 
of the other alkanes, the production of the following: 
• 3-substituted 7-1actones (noted Ls to Ll6 in Fig. 3); 
• n-aldehydes (noted A in Fig. 3) in small quantities 

because of the longer irradiation time (transformation in 
carboxylic acids) [ 1 ]; 

• 2,5-diketones with a shorter chain than the starting alkane 
but only as very small peaks or shoulders (noted D in 
Fig. 3). 
New photoproducts were detected in the case of photo- 

oxidation of long-chain hydrocarbons (n-nonadecane, n- 
eicosane and n-docosane). 
• A series of terminal epoxides (noted Oxi in Fig. 3), iden- 

tified by spectral search (Fig. 4, groups of peaks with pre- 
dominant fragments at m/z 71, 82, 96, 109...). 

• A series of compounds noted K9 to KI4 in Fig. 3. Their 
mass spectra show, as for the series of methylketones, the 

m/z43, 58 and 71 ions. These compounds can be attributed 
to l-methyl-2-alkyl cyclobutanols. These structures were 
confirmed by the presence in the mass spectra of the (M- 
28) ion and by their fragmentation pathways described 
previously [ 14]. Similar cyclobutanols have been previ- 
ously observed [4]. The mass spectrum of one of these 
compounds i,,; shown in Fig. 5. 

• A series of carboxylic acids (noted Ac,, in Fig. 3). These 
photoproducts are generally observed in the acidic F3 frac- 
tion and are identified after methylation by their charac- 
teristic mass spectra. 
Two series of photoproducts, previously observed but not 

attributed in the case of n-hexadecane photo-oxidation [ 1 ], 
are also present: a series of 7-diketones (noted C in Fig. 6) 
already mentioned by Ehrhardt and Petnck [2,15], and a 
series of 1,2-dialkyl cyclobutanols (noted A in Fig. 6) both 
with the same number of carbon atoms as the original aikane. 
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Fig. 4. Electron impact mass spectrum of  one terminal epoxide produced 
during the photo-oxidation of  n-eicosane (1,2-epoxypentadecane). 

In the case of n-dodecane, a new series of 7-keto-alcohols 
is observed, with (M) + and (M-18) + mass ions and char- 
acteristic fragments at m/z 55, 73, 83, 101 and 116. Peaks at 
m/z 101 and m/z 73 are due to respec~i~:ely [ +O--C- 
(CH2)e-CH(OH)-CH3] and [-CH2-CH2-CH(OH)- 
CH3] + ions which lead by the loss of a water molecule to 
the m/z 55 and 83 ions. The peak at m/z 116 results from a 
MacLafferty rearrangement CH3-CH(OH)-(CH2)2- 
C( + "OH)=CH2. This attribution is also confirmed by the 
presence of the molecular ions (M-I01 ) +and (M-73) ". 

3.2. lnfluence of different parameters 

n-Nonadecane was photo-oxidized in sea water by sunlight 
during 12 days in the presence of different aromatic photo- 
sensitizers. The percentages of degradation are as follows: 9- 
fluorenone 2.4%, l-naphthol 10.0%, xanthone 13.5% and 
anthraquinone 36.6%. Anthraquinone is the best photosen- 
sitizer because its absorption bane! at 475 nm corresponds to 
the maximal solar spectrum energy and to the optimal trans- 
mission level in sea water. Anthraquinone is an excellent 
photosensitizer for photo-oxidation in natural or simulated 
environmental conditions, because of its efficiency and its 
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Fig. 5. Electron impact mass spectrum of  one 1-methyl-2-alkyl cyclobulanol 
produced dunng the photo-oxidation of  n - e i c o ~ e  (l-methyl-2-~decyl 
cyclobutanol). 
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presence in the marine environment resulting from the photo- 
oxidation of anthracene [ 3,4,16]. 

Irradiations of n-alkanes in natural or artificial conditions 
leads to the formation of the same photoproducts. 

Irradiations of n-alkanes under identical conditions show 
a degradation rate which decreases with the length of the 
chain. 

For photo-oxidations in organic solvents such as CHCI3 
and concerning the principal photoproducts, a greater quan- 
tity of alcohols compared with ketones is observed. This may 
he explained by the formation of hydroperoxides, stabilized 
in CHCI3 and not in sea water, which are degraded during 
GC injection giving more alcohols than ketones. 

3.3. Mechanisms 

The extent of photodegradation of n-alkanes under simu- 
lated environmental conditions to new compounds (dode- 
cane, nonadecane, eicosane and docosane) asserts the 
formation of all the isomers of ketones and alcohols with the 
same number of carbon atoms as the starting alkanes. 
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Fig. 6. Total ion chmmatogram of the F2 fraclion obtained by photo-oxidation of n-hexadecane in natural sea water: IS internal slandard, A !,2-dialkyl 
cyciobulanols with 16 carbon atoms, B hexadecanones and hexadecanols. C ~/-diketones with 16 carbon atoms. 
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Terminal epoxides may be produced by reaction ofperoxy 
radicals and 1-alkenes coming from ketones (Scheme 1 ) 

The absence of epoxides in the case of photo-oxidation of 
dodecane may be explained by the volatility of the 1-alkenes 
involved (number of carbon atoms less than nine). 

y~Keto-alcohols may be formed by the same mechanism 
proposed to explain the formation of 7-1actones and 2,5- 
diketones (Eqs. (4) and (5) in Ref. [ 1 ] ) from alkanes or 
methylketones via a 7-ketoalkoxy radical (Scheme 2). 

Cyclobutanols may be produced via a 1,4-biradical from 
methylketones or ketones (Scheme 3) with the same number 
of carbon atoms as the starting aikane [ 17]. 

c .  c .  ,& .o+ o i .  
CH+ - -  R CH= 

\ / \ / L I  
CH+ - -  CH= CH= --  CFI= 

Scheme 3. 

When an alkane CnH2. + 2 is irradiated, the formation of l- 
alkene C.,H2,., with n' < n -  3 and methyl ketones C.,,H2,.,,O 
with n"_< n - 2 can be generalized to all the studied alkanes, 
as well as the mechanisms initially proposed by Ehrhardt and 
Petrick [ 2]. 

The formations of carboxylic acids, aldehydes, 3-substi- 
tuted 7-1actones and 2,5-diketones have been already 
described [ 1,4]. 

4. Conclusion 

The photo-oxidation under simulated environmental con- 
ditions with anthraquinone as sensitizer of n-pentadecane 
[2], n-hexadecane [1,4], n-dodecane, n-nonadecane, n- 
eicosane and n-docosane (present work) leads principally to 
the production of ketones and alcohols with the same number 
of carbon atoms as the starting alkane. The formation of all 
the isomers of these ketones and alcohols is clearly estab- 
lished (see [ 1 ] and the present work). The quantities of these 
principal photoproducts depend on several parameters: the 
time of irradiation, the radiation energy, the solubility and 
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quantities of n-alkanes, and the experimental conditions. 
However, the quantities are always greater than 70%. 

Several series of minor photoproducts are also detected. 
The formation of the different photoproducts identified is 
summarized in Scheme 4. 

Nevertheless our experimental conditions favoured the f•r- 
marion and the accumulation of photo-oxidation products 
because of high sensitizer concentrations and the lack of 
micro-organisms. If untreated sea water were used, photo- 
oxidation and bacterial degradation reactions could take place 
simultaneously [18]. The interactions between these two 
types of degradation might accelerate the elimination of the 
n-alkanes owing to the use of photo-oxidation products by 
the bacteria and photochemical enhancement of the assimi- 
lation of some metabolites of the substrates [ 18]. 

Acknowledgements 

This work has been done in the framework of the GDR Elf 
Aquitaine/CNRS HYCAR 1123. 

References 

[I] F. El Anba-Lumt, M. Guiliano, P. Doumenq, G. Mille and J.C. 
Bertrand, Int. J. Environ. Anal. Chem., 63 (1996) 289. 

[2] M. Ehrhardt and G. Petrick, Mar. Chem., 16 (1985) 227. 
[3] M. Ehrhatdt and R.R. Weber, FreseniusJ. Chem., 339 (1991) 772. 

~ i ~ ?.  Ro~lt-~ai, Int. J. Environ. Chem., 45 ( 1991 ) 1. 
[.~j .LF. Ronta~-~i ,'u'~ PJ.P. Giral, lnt. J. Environ. Chem., 42 (1990) 61. 
[6] H.D. Gesser, T.A. Widman and Y.B. Tewari, Environ. Sci. Tecimol., 

11 (1977) 605. 
[7] A.E. Klein and N. Pilpel, J. Chem. Soc., 69 (1973) 1729. 
[8] G-B. Shul'pin and M.M. Kats, React. Kinet. Catal. Lett., 41 (1990) 

239. 
[ 9] (2. Giannotti, S. Legreneurand O. Watts, Tetrahedron Left., 24 (1983) 

5071. 
[ 10] T. Sakakkura, T. Sodeyama, K. Sasald and M. Tanaka, J. Am. Chem. 

Soc., 112 (1990) 7221. 
[ I I ] S.N. Sharma, H.R. Sonawane and Sukh Dev, Tetrahedron, 41 (1985) 

2483. 
[ 12] S. Mihara and H. Tateba, J. Org. Chem., 51 (1986) 1142. 
[ 13] A.A. Frimer, Chem. Rev., 79 (1979) 359. 
[ 14] J.F. Ronlani and C. Aubett, Org. Mass Spectrom., 28 (1993) 795. 
[ 15] M. Ehrhardt and G. Petrick, Am. Chem. $oc. Natl. Meet., Miami, FL, 

Conf. Proc., American Chemical Society, 1986, p. 338. 
[ 16] M. Ehzhardt, F. Boucbertall and P. Hopf, Mar. Chem., 11 (1982) 449. 
[ 17] F.D. Lewis and T.A. Hilliard, J. Am. Chem. Sac., 94 (1972) 3852. 
[ 18] J.F. Rontani, P. Bonin and G. Giusti, Mar. Chem., 22 (1987) I. 


