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INTRODUCT ION

In the radiolysis of oxygen-free acetic acid solutions; the pri-

mary radicals H, OH are removed via the steps

H + CHyCOOH —— H, + CH,CO0H (1)
OH + CH,COOH ——= H,0 + CH,CO0H, (2)
and the resultant organic intermediate CH2000H is removed in turn by the
‘combination reaction
-2 CH,COOH ——s COOH(CHZ)ZCOOH (3)

to yield succinic acid as the principal organic product (1).
If dissolved oxygen is present, the competing processes
Y-H+02-—->H02 , (L)
~ CH,COOH + 0, ——= O,CH,COOH (5)

2 2 2772
lead to a suppression of the succinic acid production and a concomitant
oxidation of tﬁe acetic acid molecule. Products of this oxidation in-
clude: glyoxylic, glycolic, and oxalic acids, formaldehyde, and carbon
dioxide. The present paper reports (i) experimental evidence for the
formation of these products (ii) product yield measurements for several
different conditions of irradiation (iii) a consideration of the inter-
mediate processes ensuant to steps h,s above.
EXPERIMENTAL

Irradiation

Studies were made with y-rays from Co60 and with helium ion, préton,
and neutron beams from the Crocker Laboratory 60-inch cyclotron.

A 2000 curie cobalt source was uséd for the y-irradiations. Solutions
(3 mt) wefe.exposed under oxygen (5 ml) at one atmosphere in sealed pyrex

tubes, Contents were shaken at intervals to prevent depletion of oxygen

in the solution during exposure. The irradiation dose rate was
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~ 7.8 x 10*%ev/my-min.

The alleglass cells used in the helium ion and proton irradiations
were of the tubular, aerated type previously described (2). Target
solutions (10 mL) were aerated continuously with oxygen during exposure.
Product yields obtained at beam intensities of .0l microampere and below
were essentially independent of the gas flow-rate at values above 30~
LO ml/min. Details of the t&rget assembly, beam monitoring circuits and
dosimetry methods have been given (1,2). Energy of the helium ions and
protons incident on the cell window were LO Mev and 10 Mev respectively.
Corrections for energy loss were calculated from range-energy data (3).

Neutrons were produced by bombardment of beryllium with 2,-Mev deu-
terons. Solutions (10 m}) were exposed under oxygen (10 mk) at one ate
mosphefe in pyrex tubes mounted uniformly in a motor-driven reel situated
a standard distance from the source. Experimental techniques including
methods used in establishing the dosimetry have been reported elsewhers
(Ly5)s -

Materials

Water from a Barnastead still was re-distilled in pyrak firat from
alkaline permanganate and then from dilute phosphoric or sulfuric acid.
Baker and Adamson reagent grade glacial acetic acid was re-distilled
twice. The middle fraction (~ 30%) was retained each time. The Clh-
labeled acetic acid was purified chrohatographically on a silicic acid
column (see below). |
Analysis

The analytical scheme of the présent study is very similar to that
developed as part of bur recent work on the synthesis of higher molecular

weight products in the radiolysis of aqueous solutions of formic acid (6).
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The present discussion will emphasize those modifications found to be
necessary in adapting the methods to the acetic acid-oxygen systeme
Other experimental details may bg found in the earlier paper.
1. Organic acids: Acid products were determined by methods of parti-
tion chromatography adapted from the work of Marvel and Rands (7) and
| Bulen, Varner and Burrell (8). Water adsorbed on silicic acid acts as
the immobile phase. Chloroform containing increasing amounts of butyl
alcohol is used as the developing iiquid.

In the preliﬁinary studies, 10 mt volumes of oxygen-aerated 0.25 M
acetic acid containing 100 to 200 microcurtes of CH;C00H (or cliiyco0)
were irradiated with LO-Mev heliun ions at a beam intensity of .OL micro-
ampere."The solutiohé were distilied to drynéss in vacuo at room tem-
psrature to remove acetic acld. The non-volatile fraction was chrama-
tographéd using the standard survey method of Bulen, Varner and Burrell (8).
Solvents in sequence were 5, 15, 20, 25, 35, and 50% (v/v) n-butyl al-
cohol in chloroform saturated with 0.5 N sulfuric acide Appropriate
aliquots of each 10 ml fractioh of the effluent were neutralized with a
few drops of .01 N sodium hydroxide, evaporated to dryness, and assayed
for Clb activity, The specific activity of the'target solution was set
go that any acid prodﬁced in significant yield would give a product peak
with a total Clh activity of several hundred counts per second and an
associated titer of less than ,1 ml of .0l N sodium hydroxide. Two major
activity peaks were observed at radiation doses as low asllxlolsev/ﬁi.

The position of peak I indicated that the GI¥ activity of this
fraction could be associated ﬁith suceinic acid and/or glyoxylic acid.
These acids are eluted very close together in the standérd survey methode.

Usually separation of such pairs can be apcompliéhed by changing the
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elution procedure., However, no adequate separation of succinic and
glyoxylic acids could'be accomplished, although numerous control runs
ware made under various column conditions. The composition of peak I
was established as follows. A sample of the Clh activity plus added
succinic acid and glyoxylic acid in milligram amounts was treated with
2,-dinitrophenylhydrazine-hydrochloric acid solution (9) to form the
glyoxylic acid hydrazone derivative, The solution was evaporaied to
dryness in vacuo and the residue was chromatographed with 25% n-butyl
alcohol in chloroform. The glyoxylic acid hydfazone and excess reagent
wers recovered in the "break-through" volume. The suceinic acid was
eluted on further addition of developing liquid and showed only back-
ground aciivity. All of the Clh acﬁivityﬂcg éeak I ﬁas subsequently
found to be retained by the glyoxylic acid hyﬂrazone derivative after
it had been séparated and purified chromatographically on filter paper
with a butanol-ammonia solvent system (6).

Peak II from its position on the elution curve was suspected of
being oxalic acid and/or glycolic acid. Samples of the CL¥ activity
plus added authentic acids in milligram amounts were chromaiographed
with 25% n-butyl alcohol in chloroform saturated wiﬁh 0,50 N sulfurie
acide This procedure effects a satisfactory separation of the oxalio
and glycolic acids (also glyoxylic acid). The activity of peak II was
fbund to be divided into two fractions which showed exact correspondence
with the titers of the added oxalic and glycolic acids. Typical co-
chromatographs for this particular separation are published in reference (6).

In determining quantitative yield data, known amounts of oxalie,
glycolic, and glyoxylic acids were added to the target solution immedi-

ately after irradiation, recovered as & non-volatile fraction (not
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- necessarily quantitatively) and chromatographed as described in the
preceding paragraph., Bach of the three separated acid peaks was then
re~chromatographed individually and assayed for specific activity.
Corrections for self-absorption were obtained experimentally for the
actual counting geometry employéd.

2, Carbonyl products: Carbonyl products were identified as the 2,L-

dinitrophenylhydrazone derivatives. OSince these can be readily detected
in amounts as low as 1.0"7 moles, preliminary studies were made on target
solutions that did not éontain CthBCOOH. Aliquots of the irradiated
solutions were treated with platinum black to remove hydrogen peroxide
and were then added to 2,h-dinitrophenylhy&razine-hydrochloric acid
solution. ﬁydrazones.and excess reagent were extracted with chloroform
and separated chromatographically on filter paper by use of the solvent
systems: (i) butanol saturatéd with 3% aqueous ammonia, (ii) heptane
(pract) saturated with methanol. The first method separates the carbonyl
acid hydrazones, the second develops the "non-acid" hydrazones, i.e.,
those of formaldehyde, acetaldehyde, etci (6)s Only glyoxylic acid and
fofmaldehyde derivatives.uere observed.

In the quantitative studies, known amoﬁn;s of formaldehyde earrier
were added to irradiated solutions containing CthBCOOH and precipitated
as the 2,h-dinitrophenylh&drazone derivative. This was washed several
times with dilute base and chrcmatographed by method (ii). The appro=-
priate area of the filter paper chromatogram was then extracted with
methanol and assayed for gl activity and for total hydrazone (6).

3. Carbon dioxide: Yield data for carbon dioxide were obtained only

for the case of helium-ion irradiation. Target cells containing clh.
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labeled acetic écid were aerated with oxjgen containing 1% carbon
dioxide. The effluent gas was scrubbed with a dilute solution of
sodium hyﬁroxide. Flow was continusd several minutes after irradia-
tion to insure complete recovery of the Clboz. Carbonate in the sodium
hydroxide trap was quantitatively recovered as barium carbonate and
assayed for Clh activity (thick sample geometry).
Li. Peroxides: Hydrogen peroxide was routinely determined‘by titration
with ceric sulfate in the cold (10). A series of control rﬁns with
similated target solutions showed that the organic products of acetic
écid oxidation do not interfer. Orgenic hydroperoxides were also
measured‘(ld,ll)
- RESULTS AKD DISCUSSION

Table I gives the 100 ev yields or O values for the formation of
organic products in oxygen-saturated 0.25 M acetic acid solution by
irradiation with helium ions, protons, neutrons, and y-rays for approxi-
mately the same total dose (ev/ml). All of the acid products appear in
appreciablg yield at conéentratioﬁs which are lower than that of the
parent solute by a factor of about lO'h; This observation would suggest
that the glycolic, glyoﬁylic, and oxalic acids, for example, are not
formed in sequence through a serieé of>consecutive oxidation steps.,
Support for this conclusion is to be found in the data of Table II which
shows that the measured G values for the aéid products are essentially
independent of radiation dosage over a fairly wide range. Note also that
the carbon dioxide yleld data obtained with'cleBCOOH are consistently
lower than those obtained with CHBC]'L‘O_OH. The inference is that carbon
dioxide is produced preferentially by some intermediate decarboleation

process, not through oxidation of oxalic acids We also found that
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irradiation of solutions of unlabsled acetic acid (0.25 M) containing

added Cth OHCOOH (10'3§) gave G values for glyaxylic acid which were

2
less than ,00l. The irradiation conditions were identical with those
of column 1, Table Il. The foregoing observations lead to the ooncluéion
that the radiation-induced oxidation of acetic acid occurs priﬁarily
through parallel reactions initiated by the formation of the common pre-
cursor:OZCHQCOOH EZE'reaction 5 above.

In considering possible reaction paths involving 02CH2000H radicals,
we note first that processes which lead to chain reactions, e.ge.
0,CH,COOH ———> CHOCOOH + OH - (6)

2772
0,CH,COOH + CH,COOH == HO,CH COOH + CH,COOH (7)

22 3 272 2"
probably do not contribute anoreciably to the yields of observed products.
Reactions 6 and 7 in conjunction with reactions 2 and S respectively each
initiaﬂe a chain reaction. ?here is, however, no evidence from the pre-
sent work ‘that more than one acetic acid molecule is removed per OH
radical initially formed in the primary.radiation—in&uced reaction. .
| The reaction

HO, + O,CH,COOH —=—s HO,CH,COOH + O

2 22 22 2 ,
may also be ruled-out since specific tests for organic hydroperoxides

(8)

give an upper limit for G (ROOH) of ~ 0.3 under the conditions of the
present study. This result is in agreement with the work of Weiss and
co-workers (11) who have detected organic hydroperoxides as major pro-
ducts in several irradiated aquo-~organic systems but only at the higher
pH values under which conditions HOZ(OE) is a mofe effective reducing
agent. At the pH of 0.25 M acetic acid we may assume thét H02 is pre-

ferentially removed by the well established disproportionation reaction



2 HOp ———> H,0, + O, (9)

We come, therefore, to the conclusion that formation of organic
products in the radiolysis of oxygen-saturated acetic acid solution
Ocours primarily through interactions of OZCHZCOOH radicals. The
problem of elucidating the various reactions of peroxy radicals in the
preoent study would appear to be closely related to the classical
problem of formulating the mechanism of chain termination in hydro-
carbon oxidation as denoted by the general reaction 2RO2 > products.
In attempting to formulate the possible i?teraotions of OZCHZCOOH we
will consider first those processes which are indicated on the basis of

the more qualitative evidence, and will then attempt to ascribe relative
importance in terms of the quantitative results obtaiﬁed under the
oseveral experimental.conditions studied.

The simplest mechanism for the’ formation of the aldehyde functions,

glyoxylic acid and formaldehyde is given by the sequence:

2 0,CH,CO0H —— 0, + 2 OCH,COOH (10)
0, + OCH,COOH —— CHOCOOH + HO, (11)
emeein CH,0 + CO, + HO,,.  (ua)

_ 2 2 R }
Reaction of the ﬁype 10 has been considered by Vaughn and co-workers to

be of importance as a chain ending process in the low-temperature oxida-
tion of hydrocarbons (i2). More recently, Jolley employed the equivalent
of reactions 10, 11, and 1lla in interpreting studies of the photochemi~
cally~induced oxidation of diethylketone ( 13).

The removal of OZCHchOH,may also.be written as o_type of dispro-
portionation reaction to give glyoxylic and glycolic acids directly, i.e.,

-2 020H2C00H e Oé + CHOCOOH + CHZOHCOOH0 (10a)



Evidence for reaction of the type 10a has recently'been given by
Russell (1L). |

The presence of oxalic acid as an initial product is somewhat more
difficult to account for. Bach (15) observed'a.rathef similar phenomenoe
in radiolysis studiea of liquid hydrocarbon systems containing dissolved
exygen. It was found that organic acids (in addition to carbonyls and
ofganic peroxides) are produced initially as a linear function of radia=-
tion dosage. The author interprets the formation of the carboxyl function
. in terms of the early studies of Rieche and Meister (16) whe showed that
organic free-radicals of the type RCH02 undergo isomerization according
to RCHO, ——= RCOOH. The formation of oxalic acid as an initisl pro-
duct in the present wofk could be interpreted on the assumption that a
small fraction of the O CH2000H radicals undergo hydrogen abstraction

2
2 0,CH,CO0H === O CHCOOH + HO,CH,COOH (10v)

2772 2 272

followedeby-ieomerization
| 0,CHCOOH ——= (COOH),s | (12)
The correspondingly small amoent of organic hydroperoxide formed in step
10b would.be below the expefimentally observed upber limit for hydro-
" peroxide production, ie@e, G(ROOH) 0434

Disregardlng for the moment the question of absolute product-yields,
it is seen that the helium—ion, proton, and y-ray data (Table I) are
generallyrconsistent with a mechanism in which reaction 10 represeﬁts
the principal path for removal of O CHZCOOH. Theblower &ields of oxalic
and glycolic acids are interpreted simply by ascribing proportionately
lower rates to the parallel steps 10a and 10b. Note, howsver, that the

results obtained with neutrons show glyoxylic and glycolic acids to be
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formed in almost equivalent amounts for this particular irradiation
condition. Obviously, the latter result is not consistent with the idea
that the yields'of oxalic, glyoxylic, and glycolic acids are wholly de~
termined by the relative rates of parallel paths 10, 10a, and 10b, This
apparent anomaly is resolved, however, if we include in the reaction
scheme the recognized hydrolytic process | .

Hy0 + 0,CH,CO0H ——= CH,0HCOOH + HO,. ‘ . (13)
Reaction of the type 13 has been préposed by Sworski (17), and by Phung
and\Burton'(lB) as a‘mechanism for the formation of phenol in the radio-
lysis of aqueous benzens-oxygen soiutions. We postulate that the
relatively higher yield of glycolic acid from neuiron irradiation in the
present study may be attributed to an effect of dose rate on the relative
rates of reactions 10,-16a, and 10b as compared to 13, The‘former,
being of second order in O CH2COOH would, of course, be favored over the
pseudo first-order reaction 13 at the higher dose rates. In the helium
ion and proton irradiations the.dose rate was ~ leolsev/ml-min, in the
y-ray irradiations ébout 7.&x10186v/ml-m1n. Thé corresponding value in
the neutron runs was ~ lx1017ev/ml-min.

The absolute ylelds of observed final products‘can be related only
approximately to the primary radical and molecular product'yields for
water decomposition. The notation of Dewhurst and Burton is used hsre
to represent the initial chemical reaction (19),

320 —sm_— H, OH, H2, H202.
The 100-ev yields of initial products are denoted Gw(H), Gw(OH), GW(H2)’
Gw(H2O2)° Hart has shown that theVaqueous formic acid-oxygen dosimeter

provides a convenient chemical system for the determihatidn of these
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values because of the relative simplicity 6f the radiation-induced
oxidation mechanism (20). Data are available for Co6ovbrays (20) and
for the 10-Mav proton beam used in the present study (5); the following
primary yield values may be taken (1) y-rays: Qw(H):;Gw(OH):s3°O,

G (H,)~=G, (H,0,)~0.L; (i1) 10Mev protons: G_(H)~ 0 (QH)=2.k,

G (H,)=G, (H,0,)=0.6, Although the specific yields of H, OH, H,, am
H,0, are somewhat dependent on the nature of the solute, such effects
are relatively small (21) and introduce no serious limitations in the
application of the above data to the present system.

Now the scheme proposed for the radiation-induced oxidation of
acetic acid:predicts that fhe'sum G(CHOCOOH)+G(CHZOHCOOH)+26(COOH)2+
G(CH20) should approximate GW(OH); It is readily apparent from ine
- spection of the data obtained in 0.25 M acetic acid (Teble I) that G
for total orgadic product as define& above is considerably less than
GW(OH) for both the y-ray and proton irradiations. The discreéancy
would seem to be considerably greater than the uncertainﬁies referred
to regarding the assumed GW(QH) values. Theré is, of course, the possi-
bility that all OH radicals available in the bulk of the solution are
not removed by reaction with acetic acid in 0,25 M solutions. This ig
considered unlikely, howevqn; in view of the fact that G(HZOZ) was
found to decrease but a2 few percent when ;he acetic acid congentration
was decreased by a factor of 5. On the other hand, it is quite possi-
ble that we have not identified all organic products formed in fhe
radiation=induced oxidatiod of the acetic acid molecule. An interesting
possibility which we are mow investigating is that dialkyl peroxide .

derivatives are produced via reaction of type 2Roé i 'ROOR + 02.



<1~

This reaction has frequently been cited as a path for removal of R02
radicals in hydrocarbon oxidation (22). Dialkyl peroxides are
relatively inert and are not detected by methods employed in the de-

termination of the hydroperoxides, ROOH.

SUMMARY
Radiation;induced oxidation of acetic acid ih oxygenated aqueous
solution yields glycolic, glyoxylic, and oxalic acids, formaldehyde,
and carbon dioxide. Formation of these pr;ducts apparently occurs
through parallel prbcesses initiated by formation of a common precur-

2772

chain reaction. Possible reaction paths for removal of 02CH2000H are

| treated. The experimental results are shown to be consistent with the

sor, viz, the peroxy radical, O,CH,COOH., There is no evidence for a

2
RO2 + H204-—~d> products. A detailed mechanism is presented.

concept that the removal steps involve: 2RO, ———s products,
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Table I

Product yields in -the radiolysis of oxygen-saturated 0.25 M
acetic acid solutions by various types of radiation

iOO-evAxield, a2

~ Heldium ionsb Protons Neutrons® Gammg raysd
Radiation (40 Mev) (10 Mev) (10 Mev) (Cob9)
Dose(ev/my)®  L.31x10t? - Lsoxot?  1.29m0Y  1.80x10%
Hydrogen :
peroxide 1.82 2.58 2.82 -
Glyoxylice :
acin ’ 0. 5)4 : 10 lo O. 75 1035
Glycolic ' '
acid 0,10 0039 - O. 65 . Oe ).15
Oxalic
acid Oc 13 . . O. 22 O- lo Oo 28
Formalde- '

2 Data are average values based on the results of at least 2‘runb for each
condition. Duplicate runs were reproducible to within 10%.

b Although the results rseported for the helium ion irradiations were ob-
tained at a somewhat higher dose, the data given represent initial G
values (see Table II) and may be compared directly with the other data
shown. _ ‘

© The neutron spectrum had a population maximum at about 10 Mev. Dose was
based on measurements made with the formic acid dosimeter. Assumptions
involved in the use of this system for evaluating dose to dilute aqueous
solutions is described in references l,5.

d Based on &(Fe*3)=15.6 for the Fricke Dosimeter (23).

e Calculated.in each case as total dose/total volume of irradiated
solution,

“




Table II

Effect of dose on product yields in the radiolysis of
oxygen-saturated 0.25 M acetic acid solutions
by 4O-Mev helium ions

100-ev yield, G

Dose: (ev/mt)  Le3la0?  1.290%%  h.31x0%0
Glyoxylic acid  Os5h W60 o 0.35 -
Glycolic acid 0.10 L1l “ 0.11
Oxalic acid Q.13 A2 0.19
Formaldehyde 0.10 - ‘ -

Carbon dioxide .
crycttoor 0,07 0.15 0,20
| clhgécoon 0. 006 0,009 - . 0,03




FOOTNOTES

1 This work was performed under the auspices of the Atomic Energy
Cammission.
Present Address: Department of Radiology, University of Southern
California, Los Angeles.





