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Photo-oxidation reactions of ethylene in supercritical CO, 

Abstract 

KrF rxcimer laser-induced reactions in the mixture of ethylenelO,/( under sub- and super-critical conditions were imcstigated. The 

main producti; were acetaldehyde and ethylene oxide. The total quantum yield decreased with the increase of mixture density. but the branching 

ratio between the tw,o products were almost independent on the density. The branching ratio was found to bc what is expected if the reactive 

species is O( ‘P). Any distinctive specific pressure effect bar not heen observed in the near-critical region. (1 1998 Elsehier Science S.A. 

All rights reserved. 

h’t~\u~~rt/\; Photo-oxtdation: Ethylene: Supercritical (‘0. 

1. Introduction 

It was found in our previous research 1 1 1 that relatively 

large amounts of oxidized products were obtained when a 

mixture ofethane (C,H,) /01 was photolysed with KrFexci- 

mer laser light at 30110°C at pressures close to the critical 

one. in spite of the fact that both C,H, and 0, do not absorb 

the KrF excimer laser light at ordinary pressures. At that time. 

the tnechanism of the 24X nm light absorption was not clear. 

Later. we studied the effect of pressurized foreign gas”< on 

the photo-absorption of 0, in the 230--280 nm wavelength 

range [ 21. The photo-absorption by 0, in the mixtures with 

CO?. ethylene (C,H, ) and several other gases was found to 

increase considerably with cross-sections proportional to the 

number density of the foreign gases. It was concluded that 

the mechanism of the absorption augmentation is the colli- 

sion-induced relaxation of the selection rule for the dipole- 

forbidden Herzberg III system ( A”&X ‘2, j_ In the 

neiphhorhood of critical point, light scattering also contrih- 

utes to decrease the transmitted light intensity. This \cutter- 

ing, in some casts. might be useful in order to lengthen the 

effective absorption path length which is important for con- 

plete absorption of photon. 

On the other hand. the supercritical CO1 is a potential 

alternative solvent for various photochemical reactions, par- 

ticularly for photo-initiated oxidation reactions. due to the 

non-flammability of CO,. Thus, we arc i;tudying 

photo-induced oxidation reactions of ternary mixtures of‘ 

hydrocarbon/Oz/COz. The present paper reports the case of 

C?H,, in order to understand the behavior of typical olefins 

which are expected to trap some active species during the 

rc;lction. 

2. Experimental 

‘The experimental apparatus i\ shown in Fig. I. The reac- 

tion cell consists of a stainIt‘s\-steel cylinder ( length. 31 mm: 

inner diameter. I6 mm) with quartz windows at both ends 

for light introduction. After evacuating the cell. CrH, and 0, 

were introduced into the reactor’ IO an individual fixed pres- 

sutc (typically. cYIH,. I l-20 atm: O1. 6-l I atm 1. followed 

by the addition oi’C02 up to the reaction pressure. The con- 

tents were mixed with a mag,netic stirrer inside the cell fol- 5 

min. and then a KrF (at 24X nm) excimer laser (Lambda 

Phvsik: Lextra 100) irradiated the mixture for a desired 

pel iod ( typically. S-60 min at a IO Hz repetition rate), wrth 

keeping the stirring ofthe contents all through the irradiation. 

The reaction cell was placed in :I constant temperature bath 

at 30X K. After the irradiation of a desired period. the contents 

were expanded into a container at I atm for quantitative 

analysis by gas chromatography. The laser intensity coming 

thn~ugh the reaction cell was monitored using a joule meter 

( Gcntec, ED-SO()). 

The PVT relation of the mixture was estimated using a 

moditied BWR equation with appropriate parameters. 

Adopted k,, values are: 0.0370 forC,H,-OZ. 0.0527 forC$- 

CO,. and 0.00 IX for O,-CO 1 1 Ii I. Because the relevant va- 



Fig. 1. Experimental apparatus. P: prcsure gauge, T: thermocouple 

ues for O2 are not known, we employed the values of N2 in 
place of those of Oz. The mixture density was thus derived 
from the initial C2H, and O2 amounts and the total pressure. 

In the present method of changing the pressure in order to 
investigate the pressure effect, the fraction of individual com- 
ponent is continuously changing, and then also. the critical 
point of the mixture. We estimated the critical temperature, 
pressure, and density for the mixture whose composition is 
the same as that of the experimental mixture under the given 
pressure using the above PVT relation. According to the 
estimation, in the typical experiments of I 1 (or 20) atm CIH, 
and 6 atm O2 at 308 K, the experimental temperature ( 308 
K) is always higher than the critical temperature of the mix- 
ture at any pressure studied. When the experimental pressure 
is higher than 73 atm (or 67 atm in the case of 20 atm C,H,) 
with the corresponding mixture density of 5.1 (or 3.1 ) mol 
I-‘, it is higher than the critical pressure of the mixture. and 
thus, the experimental mixture can be regarded to be in the 
supercritical region. Below 73 (or 67) atm, the mixture can 
be regarded to be in the gas phase. 

3. Results and discussion 

Acetaldehyde (CH$HO ) and ethylene oxide ( C,H,O) 
were main products. CO was also detected. The main-product 
yields show linear dependence on the pulse energy as shown 
in Fig. 2, which indicates that the process is initiated by one- 
photon absorption. 

Fig. 3 shows a typical time dependence of the three prod- 
ucts under the conditions in the gas phase. On the other hand. 
an example in the supercritical region is shown in Fig. 4 (in 
this experiment, CO was not tried to measure). The yield of 
C,H40 increases linearly with time, which indicates that 
C,H,O does not react to any appreciable extent through sec- 
ondary reactions or subsequent photolysis. On the contrary, 
the yield of CH,CHO shows a tendency to become flat upon 
the continuation of the irradiation, and CO has a certain initial 
time delay. The concerted behavior of these products strongly 
suggests that the primarily produced CH,CHO is photolysed 

Fig. 2. The product yield as a function of laser pulse energy. Reaction 

conditions: &HA, I i atm; Oz. 6 atm; total pressure, 65.5 atm; temperature, 
308 K; irradiation time, 10 min at 10 H/ 11, CH,CHO; 0, C,H,O. 

Fig. 3. The time dependence of the producl yield ( I ). Reaction conditions: 
C?H.,, 20 atm; Oz. 6 atm; total pressure. f>5.5 atm; temperature. 308 K; laser 

pulw energy, 40 mJ pulse ‘: 2 1rr tdiatwn. XI IO Hz. Cl. CH,CHO; 0, C,H,O: 
A. (‘0. 

Fig. 4. The time dependence of the pnrduct yield (2). Reaction conditions: 
CLH+ 20 atm; Oz. 6 atm; total pressure, XX atm; temperature. 308 K; laser 

pulse energy, 20 mJ pulse ‘; m-ddiatitrn. at IO Hz. 0, CH,CHO ; 0. C,H,O. 

further upon the continuation of irradiation and CO is one of 
the main products, i.e.. 

C,H ,-tCH 3CHO-+CO+other products. (1) 

The other products may contain CH4, whose quantitative 
analysis, however, was not performed. 

By extrapolating the obtained fraction of CH,CHO against 
the sum of CH,CHO and C,H,O, [CH,CHO] / 
( [ CH,CHO] + ]C2H40] ). as a function of the irradiation 
time, the fraction at the beginning of the irradiation was 
determined. Eventually, it was 0.55 in the case shown in Fig. 
3, and 0.56, in the case shown in Frg. 4. In most cases, the 
fraction obtained at the 5min irradiation time (which was 
0.50 in the former case, and 0.51. in the latter case) is only 
slightly smaller than the extrapolated values to time = 0. 



Thus, the S-min irradiation data will be used as representing 
the time = 0 values. 

3.2. Product yield against the den&y 

The total yield of CH,CHO and C2H,0 obtained at the 5 
min irradiation time was plotted against the mixture density 
in Fig. 5. Three different sets of C2HS and 0, pressures at the 
10 Hz irradiation with a small number of experiments at 
different repetition rates were carried out. In parallel, the 
intensity of the laser light coming through the reaction cell 
was measured. and the fraction of the light exiinction, 
(I,, -I) /Z,, was plotted in Fig. 6. The photo-absorption is 
considered to be mainly due to the partially allowed Herzberg 
III absorption due to O2 itself, CIH4 and CO, according to 
the previous research 121. Thus, the contribution to the 0: 
absorption was calculated based on the total absorption cross- 
section. a,,,,,, from the density p(i) of individual component 
i according to the following equation. 

+~,(C,H,MC,H,), (2) 

using the a,, and individual V, (i) coefficients obtained in the 
previous research [ 21. The contributions of individual com- 
ponents under the typical experiments with I I atm CZH, and 
6 atm 0, are drawn in Fig. 6. The contribution of the u,~ and 
IT, (O?)p( 02) terms is negligibly small. The reason for the 
disagreement between the observed and estimated values in 
the lower density region may be found in the difficulty to 
measure the small absorption using the pulsed-laser joule 
meter. The fact that the observed fraction of the light extinc- 
tion. (I,, -I) /I,,, is 2-3 times larger than the estimated value 
in the higher density region is attributable to the augmented 
contribution of the light scattering in the mixtures under the 
near-critical region. This fact gave a certain difficulty to pre- 
cisely estimate the number of absorbed photons in the reac- 
tion cell. However. for simplicity, we estimated the quantum 
yield of the sum of CH,CHO and &H,O. assuming that the 

0 IO IS 
Density [mol I-'1 

Fig. S. The product (CH,CHO+C,H,O) yield dependence on the mixture 

density. Reaction conditions: temperature, 308 K; laser pulse energy. 20 mJ 

pulse ‘. 0, CLHA 20 atm +O, 6 aim. irradiation al IO Hr. 5 min; #>. CIH, 

I 1 atm + 0, 6 atm; irradiation at IO Hz, 5 min; 3, CzH, 1 I atm + 0. 1 I atm, 

irradiation at IO Hz. 5 min: W, CLH, I 1 atm + 0, 6 atm, irradiation at 2 Hz, 

25 min; +, C,H, 1 1 atm + 0, 6 atm, irradiation at 5 HI. IO min: A, C‘?H: 

I 1 atm + 0, 6 attn. irradiation at 25 HL, 2 min; 7. C,H., I 1 atm + 0: 6 atm. 

irradiation at 1 Hr. SO min. 

Fig. 6. The fraction of the extinction. ( I,, - I) /I,,. vs. the nnxture density. 

Temperature, 308 K. 0. C,H, 20 atm -I (:lz 6 atm; 0, CZH, 11 atm + 0, 6 

atm 0, C,H, I I atm + 0, 1 1 attn. The cuntribution of individual compo- 

nents IO the photo-absorption by 0: is calculated using Eq. ( 2) in the text, 

and the result for the C,H, 1 1 atm -t Or 6 atm mixtures is drawn using dashed 

line\. C,H, and CO, contribute exclusl\ely. 

Fig. 7. Quantum yield dependence on the mixture density. Reaction condi- 

tion\: temperature, 308 K: laser pulse energy, 20 mJ pulse ‘; 0. C,H, 20 

atm +Oz 6 atm, irradiation at IO HL. 5 mjn; 0, C,H, 11 atm+O, 6 atm; 

irradiation at IO Hz, 5 min; 0. C,H, I I atm +O, 1 I atm. irradiation at IO 

Hz, ‘i min; n , C,H, 1 1 atm + 0,6 atm. irradiation at 2 Hz. 25 min; +, C2H, 

1 1 atm +O? 6 atm, irradiation al 5 Hz. 10 min; A, CZH, I 1 atrn+ O2 6 atm, 

irradiation at 25 HI. 2 mm; V’. CIH 1 1 I ,tfm + OL 6 atm, irradiation at 1 Hz, 

SO lnin 

observed decrease of the transmitted light finally corresponds 
to the real absorption. considering that even the scattered light 
is eventually absorbed inside the cell. The quantum yield 
estitnated as above is shown in Fig. 7. 

The quantum yield seems not lo be strongly dependent on 
the Asolute and relative amount of&H, and O,, in particular, 
in the higher density region. Tho different repetition rate of 
the laser pulse does not result in any apparent difference in 
the quantum yield, provided that the total pulse number for 
the irradiation is kept constant. This indicates that the main 
reaction progress is completed before the next laser pulse 
comes; the smallest time interval employed was 40 ms (25 
Hz !. 

7’he quantum yield is quite small; indeed it is ca. 0.01 at 
the mixture density of 10 mol I ‘, which is much smaller 
than the case of photolysis of CzH,,,/O,/CO, mixtures to yield 
CH ,CHO and ethanol as the main products under the similar 
condition ( C2H,, = 1 1 atm, O? =: 6 atm, total density = 10 mol 
I ’ at 308 K) of 0.05 [S. Koda et al., experimental results 
whose details will be published elsewhere. ] It is also inter- 
esting to note that the quantum yield has a tendency to 
decrease rapidly with the increase of the density. Fig. 8 shows 
the relationship between the quantum yield 4 and the total 



density p. using logarithmic scales. The dependency 01‘ (I, on 
p is approximately de<crihed by 

cb -p ’ ” in the region {J<X mol l ’ (3) 

-P ’ ’ in the region [)>X mol 1 ‘. 13) 

The fraction ofCH,CHO against the sum ofCH,CHO and 
C2H,0 obtained at the S-min irradiation time is plotted 
against the mixture density in Fig. 9. The fraction is almost 
independent of the change of the ratio of C,H,/O,. and is not 
affected by the different I;rser-pulse repetition rate. 

The oxygen molecule does not directly dissociate when it 
absorbs the KrFexcimer laser light at 248 nm. which is longer 
than 242.4 nm. the conventionally accepted threshold for the 
photo-dissociation ofthe ground electronic state O? ( X‘& J 

14 1, We have already suggested that the initial excitedspecieh 
under the KrF excimer laser irradiation is O-, in its A’ state 
due to the absorption augmentation. However. there is only 
21 very poor bibliographical information concerning the reac- 
ti\ity of0, (A”I1,,). 

Below. we will qualitatively discuss I possible reaction 
mechanism based on the rtvlts of the tinal product analysis. 
U hether ;I certain reaction proceeds or does not proceed 
between the nascent 0, (A’-‘& I and the foreign gas, prin- 
cipally C2H.,. concertedly along with the photo-absorption is 
not known. MJe will. howevcr. c,gnly take into consideration 
the isolated 0, ( A”&,) (v,,hich will be described as O,2 in 
below). whose plausible suhscquent processes are: 

0 >:‘:+o, ---, O( ‘P)-‘0, (5) 

-+ quench i ng (6) 

0 ? +C H , ---) reaction (7) 

-+ qucnchi ng (8) 

0 :‘:+co 1 _ -4 quenching. (9) 

The reaction ( 5 ) ii certain 10 proceed. consulting the recent 
ob\ervation of 0, produclion a( 24X nm irradiation [ 5-7 1 
ant.1 subscqucnt discussions for Ihe mechanism. 11 is argued 
that 0, ( A”A,,) caaily con\ert\ 10 vibrationally excited 0, 
ant1 that the vibrationally cxcltrtl 0, can react with O1 to yield 
Of A P) t 0:. 

The product of the O( ’ P ) rcac$on with C2H, at relatively 
high pressure and/or in liquid phase is established to be 
CI-i,CHO and C,H.,O 14.X ] Thtrugh some part of 0, pro- 
duc~d via Eel. (5 ) may bc di\soci;ltcd through the jubsequcn1 
I~Iw~- pulses to yield (I( ’ D ) wh~h is readily quenched in the 
tle~~se CO, lo O( ‘I’). the rcmalning part of 0; might react 
diri:ctly with C:H I [ 0 I. whoke product\ arc not known in the 
prcscnt mixtures. Whether the <~ll~mical reaction between (I2 
( A’ ‘.A,,) and C,H, proceed\ or not is also not known. 

l‘he similarity of the product\ Mwcen the C)( ‘P) reaction 
ant! the present capcriments is \\orthy to note. The fraction 
of ( ‘H,CHO from ~hc (I( ’ I’! rcac.lion with (1lH., measured 
under the prc\surircd N, [ 4 1 i\ compared with that of the 
pn’>ent experimenl\ in Fig. 9. The fraction from the two 
rea~:tion system\ i\ quite similar. Wng into account the ten- 
dency of tbc slight increase ol‘tltc fraction from the lime = 5 
milt L alue toward3 time = 0 ;I\ mentioned in Seclion 3. I The 
othisr important oh\ervation ILII lhe total quantum yield is 
mu~:h smaller than the cast OI thy* C’,H,,/O,/CO, mixtures is 
con4dercd to evidence that the ilnportant intermediates {uch 
a\ ()( A P) arc trappcd by C,I I I. \o as not to induce any WI)- 

scclucnt radical reactions. In lhc (~‘2H,,/0,/C’O~ mixtures. 
O( P) is expected to abstract hydrogen atoms from C&l, 
and induces :I certain radial chaiu reaction to result in higher 
quantum yields. Thus. we suspx~~ that most 01‘ Ihe observed 
CH CHO and (‘,H,O arc producal t ia the reaction of C‘?H, 
witli O( ‘P). linfortunatcly KC could no{ conclusively 
rem.lrh about the product\ l’~om the other oxidants. 0, 
(A’ A,,) and 0,. 



The main reaction route to yield CH?CHO and CIH,O is 
the production of O( 3 P) via (5), and its subsequent reaction 
with C,H,. The quantum yield is expected to change inversely 
proportional to the concentration of CO?. which is approxi- 
mately obeyed by the relation (?I), provided that the main 
quencher of O2 * is CO?. The more serious dependence at 
higher densities described by Eq. (4) may be attributed to 
greater diffusion limitation and/or stronger cage effect fat 
some active species. Though any detailed mechanism cannot 
be identified, various cases are imagined. For example. the 
elongated lifetime of the reaction pair, O,‘g + 02. in a certain 
cage may cause the change in the branching ratio between 
(5) and (6). 

4. Conclusions 

The main products from the mixture of CIH,IO,ICOI 
irradiated by a KrF excimer laser are CH,CHO and C,H,O 
under pressurized conditions. The primary absorption of the 
laser light produces O1 (A”&,), while the ratio of the reac-- 
tion products suggests the principal contribution ofO( ’ P) as 
one of the real oxidants. Although the quantum yield shows 

a tendency to decrease with the increase of the mixture den- 
sity, any distinctive specitic pressure effect has not been 
observed in the near-critical region. 
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