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Action of y-Rays on Aqueous Solutions of Carbon Monoxide

By Y. RAEr* AND A. J. SwaLLOW }

Nuclear Technology Laboratory, Dept. of Chemical Engineering and Chemical
Technology, Imperial College, London, S.W.7

Received 30th November, 1962

Solutions of carbon monoxide (4:84 < 10~4 M) in 0-1 N H,SO; (oxygen-free) have been irradiated
with y-rays (~30,000 rad/h) and found to give hydrogen with G = 0-95, carbon dioxide G = 26,
formaldehyde G = 0-5, glyoxal G = 0-3, and formic acid G = 0-4. Hydrogen peroxide could
not be detected. The results are interpreted in terms of a mechanism involving CHO and COOH
radicals, some of the products being secondary. The effect of variations in acidity have been in-
vestigated, a striking observation being that formic acid is produced with G = 44 in alkaline solu-
tion. In the presence of ferrous ions (2x 1074-2x 10-3 M Fe2+, 0-1 N H,SO4) no ferric was pro-
duced, but in the presence of ferric ions (2x 10-4-1x 10-3 M Fe3+, 0-1 N H,SOy) ferrous ions are
produced with G = 6-3-6'4. The ratio of the rate constants for the reactions H+HCHO to H+CO
(in 0-1 N H,S04) is 14-8 4+ 3, of OH+CO to OH+Fe2+ (in 0-1 N H,S0y) is 3-64+.0:5 and of H-+CO
to H4+H*4-Fe2* (in 0-1 N H,S0y) is 2:24+0-3, all at 23°C,

Aqueous solutions of carbon monoxide were first irradiated by Fricke, Hart and
Smith 1 in 1938 (X-rays) but apart from a brief mention by Johnson and Weiss,2 no
work on the X- or y-irradiation of the system has been published, although carbon
monoxide is simple, neutral, and industrially important. We have now examined
the action of y-rays on aqueous solutions of carbon monoxide (absence of oxygen) and
have found evidence of reactions which are related to those occurring in the irradiation
of aqueous solutions of formic acid and similar organic compounds.

EXPERIMENTAL

Distilled water was redistilled from alkaline potassium permanganate and then distilled
again; its pH was about 5-6. Solutions of different pH were obtained by adding either
sulphuric acid or sodium hydroxide. Water was freed from carbon dioxide by boiling
before adding filtered concentrated sodium hydroxide solution.3 Ferrous ammonium
sulphate and iron alum in 0-1 N H,SO,4 were used for experiments with ferrous and ferric
ions respectively. All chemicals were of A.R. grade. Cylinder carbon monoxide, (stated to
be 99 9 pure) was passed through a liquid-oxygen trap and bubbled through an alkaline
pyrogallol solution followed by an alkaline sodium hydrosulphite solution sensitized by the
addition of sodium anthraquinone f sulphonate.# Analysis showed absence of carbon
dioxide and oxygen, but presence of about 0-5 9 of hydrogen. The reaction vessel was a
250 ml round-bottom flask which could be connected to a vacuum line and a gas storage
flask through a ground joint and a tap. 100 ml of the solution were de-aerated by freezing
in dry ice + acetone mixture, evacuating to less than 10~4 mm Hg using a mercury diffusion
rump, then thawing while shaking and repeating the procedure. Carbon monoxide was
then added, the vessel being shaken to equilibrate the solution with the gas phase at a final
pressure of 400 mm Hg. The corresponding carbon monoxide concentration in 0-1 N
H,SO4 at 23°C would be 4-84x 104 M. The solutions were irradiated with y-rays from
a kilocurie cobalt 60 source.5 Doses were determined with the Fricke dosimeter (in
0-1 N H,S04), G being taken as 15-5.6 Dose rates were 26,000-30,000 rad/h.
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Hydrogen wasidentified and determined by gas chromatography,? using charcoal columns;
the carrier gas was N. The apparatus was the Griffin and George V.P.C., Mark II with a
katharometer detectdr. The irradiated solutions were shaken, and a measured volume of
gas collected in a gas burette and then injected into the column. The retention time of Hj
was 2 min in a 6 ft column at room temperature. A correction was always made for the
hydrogen in the unirradiated carbon monoxide by running a blank.

Carbon dioxide was detected and determined using the method of Gregary and Mapper.8
The irradiated solutions, after shaking, were connected to the vacuum line, and the reaction
flask immersed in dry ice + acetone mixture. The gas mixture was introduced slowly to
an evacuated trap immersed in lquid nitrogen, and the amount of carbon dioxide finally
measured on a calibrated McLeod gauge. Peroxides were detected by the titanium sulphate
method,? the iodide method,10 and the ferrous thiocyanate method.11

Aldehydes were identified by paper chromatography of their 2,4-dinitrophenylhydra-
zones 12; 20 ml of 0-25 % 2,4-dinitrophenylhydrazine in 30 9 perchloric acid were added
to the irradiated solutions and the hydrazones formad were extracted into CCly, concentrated
under vacuum and then applied to the paper. Aldehydes were quantitatively determined
by the method of Johnson and Scholes,13 formaldehyde 2,4-dinitrophenylhydrazone being
determined at 430 my and glyoxal, or glycolaldehyde, at 570 my, both in CCly after the
addition of alcoholic sodium hydroxide. For formaldehyde, this method was at least ten
times as sensitive as the chromotropic acid method,14 which could not be used at the low con-
centrations found in this work. Attempts were made to detect ethylene glycol by the periodic
acid method 15 with separation of the formaldehyde produced by steam distillation, but
other expected irradiation products such as glyoxal, glycolaldehyde, and formic acid, interfere
with the test under these conditions. Organic acids were tested for by specific colour reac-
tions. The irradiated solutions were neutralized with dilute sodium hydroxide, concentrated
by evaporation. Then (i) glyoxalic acid was tested for by the method of Eegriwe,16 (ii) oxalic
acid by heating with thiobarbituric acid to give a brick-red condensation product 17; (iii)
formic acid by reaction with mercuric chloride which is reduced in presence of formic acid or
formate to mercurous chloride which can be detected by reaction with ammonia to form
mercury.l8 For quantitative determination, formic acid was reduced by magnesium powder
to formaldehyde,!® and the formaldechyde determined as above. (iv) Glycolic acid was
tested for by the method of Calkins.20 Formaldehyde and other aldehydes, which would
interfere, were removed by forming 2,4-dinitrophenylhydrazones and extraction of both
reagent and derivatives with ethyl acetate.21

Ferric ions were determined spectrophotometrically at 304 mu. Ferrous ions produced
in ferric solutions was estimated by difference. A Unicam SP500 spectrophotometer was
used except for the studies of decay curves, when a Spectra-Cord model 4000 was employed.

RESULTS

The formation of hydrogen as a function of dose is shown in fig. 1. The limited
accuracy at the lowest doses makes it difficult to assess the initial yields. G-values at
the lowest dose, shown in table 1, are significantly higher than the molecular yield
from water in several cases. For pH 3-5, Fricke, Hart and Smith found the rate of
hydrogen formation to be 1-0 uM per 1000 r,! which corresponds to G = 0-9.22, 23
The chromatography experiments also show that if oxygen is a product it is formed
with G<0-1.

The formation of carbon dioxide with increasing dose is shown in fig. 2. The yield
varies little with acidity, being 2-6 in 0-1 N sulphuric acid and 2-75 in water (table 1).
No attempt was made to determine carbon dioxide or carbonate in 0-1 N sodium
hydroxide. The carbon dioxide yield was dependent on ferrous concentration, being
G = 26 in 2x 104 M Fe2+. In solutions containing ferric ions, G was 3-5 indepen-
dent of concentration. For solutions of pH 3-5, Fricke, Hart and Smith found the
initial yield to be 2-45 uM per 1000 r,1 which corresponds to G = 2:2.22,23 For0-8 N
sulphuric acid, Johnson and Weiss found G = 2-53+0-11.2
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Fic. 1.—Formation of hydrogen in irradiated carbon monoxide solutions.
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Fi1G. 2.—Formation of carbon dioxide in irradiated carbon monoxide solutions.
@, 0'1 N H,SO4; O, 1074 N H;SO04; O, neutral; ©, 0-1 N H;SO4, 2x10-4M Fe2+; @,0'1 N

H>804, 2x 1074 M Fe3*,
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No hydrogen peroxide or other peroxides could be detected in the irradiated
solutions, and therefore could not be formed with G greater than 0-05.

The 2,4-dinitrophenylhydrazone method showed formaldehyde to be the only
monoaldehyde present. A further proof of formaldehyde was the decrease of
optical density to about 50 % in 15 min,24 at 430 my of the 2,4-dinitrophenylhy-
drazone in CCly after the addition of alcoholic sodium hydroxide (0-1 N). For
quantitative determination of formaldehyde, corrections were made using decay
curves for the 2,4-dinitrophenylhydrazone in CCly after the addition of alcoholic
sodium hydroxide. The yield of formaldehyde as a function of dose is shown in fig. 3.

formaldehyde formation against dose

-6
12:5x10
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Fic. 3.—Formation of formaldehyde in irradiated carbon monoxide solutions.

©, 01 N H,804: O, 10-4 N H,SO4; O, neutral; @, 01 N NaOH; ©, 0-1 N H,S04, 2% 104 M
Fe2t; @, 01 N HS04, 2% 104 M Fed+,

The initial yield is G = 0-5 for acid and neutral solutions, and less in the presence of
ferrous or ferric ions or 0-1 N sodium hydroxide. Full G values for formaldehyde
are shown in table 1. Fricke, Hart and Smith ! found the initial yield at pH 3-5
to be 0-3 per 1000 1, i.e., G = 0-27,22: 23 in reasonable agreement with our result.
Paper chromatography showed the existence of one dialdehyde in the irradiated
solutions which could be glyoxal or glycolaldehyde since both give the same 2,4-
dinitrophenylhydrazone. The spot gave a bluish-purple colour when sprayed with
alcoholic sodium hydroxide, a further proof of dialdehyde. The method of Dechary
et al.25 did not distinguish between glyoxal and glycolaldehyde because of the low
concentrations formed. However, from the shape of the concentration against dose
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curve, fig. 4, it is likely that the dialdehyde is a primary product. This is consistent
with the formation of glyoxal by dimerization of CHO radicals, whereas glycolalde-
hyde could only be a secondary product. Yields of glyoxal in the various solutions
are given in table 1.

dialdehyde formation against dose

=%
8x10 |-
bF
=
g
E (-]
8
9
Q o] o
P oY
W
) fo} 0}
p- »
o 5
-4 ~
I L 1 1 1 3
10 20 30 20 50 X0
dose, rad

Fic. 4.—Formation of dialdehyde in irradiated carbon monoxide solutions.

@, 0-1 N H;804; O, 10~4 N Hs804; O, neutral; @, 0-1 NNaOH; ©, 01 N Hy804,2x1074 M
Fe2+; @, 01 N H;SO4, 2%x10-4 M Fe3t,

TABLE 1.—YIELDS OF VARIOUS PRODUCTS IN IRRADIATION OF CARBON MONOXIDE
SOLUTIONS

G,
G, Gco, Omo, Oucno U, Cmcoom Orer OFest
(26000 (9000 (9000 (9000 (9000 (9000 (5000 (5000

rad) rad) rad) rad) rad) rad) rad) rad)
0-1 N H,SO4 0-95 2-6 0 0-5 03 04 —_ —
104 N H,504 0-445  2:65 0 05 0-24 —_ — —
neutral 0-44 275 0 05 0-075 — — —
0-1 N NaOH 1-2 — 0 03 007 44 — —
2x 1074 M Fe2t, 1-1 2:6 0 0-38 0:06 — 0 ¢
0-1 N H;S04
2% 1073 M Fe2t, — 13 — — — 0-4 0 0
0-1 N H,S04
2x 1074 M Fe3t, 0-86 35 0 0-25 0-065 — 63 0
01 N H,S04
1x 1073 M Fe3*, — 3.55 — — —_— — 64 0

0-1 N H2S04
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Examination of the irradiated 0-1 N sulphuric acid solutions for acids showed that,
if glyoxalic, oxalic or glycolic acid were formed, the G-values must be less than 0-1.
However, initial G-values for formic acid were determined in some of the solutions and
are shown in table 1. Fig. 5 shows the formation of formic acid against dose in 0-1 N
sodium hydroxide solution. Fricke, Hart and Smith give indirect evidence that
formic acid is formed in high yield in alkaline solution.! Ethylene glycol a possible
secondary irradiation product, was not definitely detected in the 0-1 N sulphuric acid
solutions. However, from the material balance, glycol may be formed with G = 0-35
in 0-1 N sulphuric acid.

In the experiments with ferrous ions present initially, ferric did not appear on
irradiation but with added ferric ions, the yield of ferrous was G = 6-3-6+4,

formic acid formation in 0-1 N NaOH

-4}
3xI0}

formic acid, M
]

dose, rad
FiG. 5.—Formation of formate in a solution of carbon monoxide in 0-1 N sodium hydroxide.

DISCUSSION

In 0'1 N sulphuric acid, the following mechanism accounts for the results obtained
(at 9000 rad).

H,Oww—H, OH, Hy, H;0, 0)
H+CO-CHO 1)

OH +CO-COOH ©

CHO +CHO-CO+HCHO 3
CHO + CHO-CHO . CHO @
COOH + COOH- CO,+ HCOOH )
CHO + COOH—CO,+HCHO (6)
H-+HCHO—H, + CHO 0]
OH-+HCHO—H,0+CHO ®)
COOH + HCHO—CO;+ CH,OH ©)
CH,OH + CH;0H—CH,0H . CH,0H (10)

COOH + H,0,-CO, + H,0+OH (1D
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Reaction (0) is the generally accepted mechanism for the decomposition of water by
y-rays, where the species H and OH may exist in any of several possible forms. The
G-values for the formation of free radical and molecular products are taken as

Gyw = 365, Goyw = 285, Gy,o,v = 0-8, Gy,w = 0-4.26

There has been doubt whether the COOH radical would rearrange to form CO,+H
or would react as such.2” In the present work Geo, = 2-6, consistent with the mecha-
nism shown above, in which COOH does not rearrange. If COOH were to be slowly
transformed to CO2+H, the Gco,, Gucno, and Geuo.cao would have been much
higher, and the Gucoon lower, than the experimental values. Furthermore, a chain
reaction would have proceeded in the irradiation of de-aerated dilute formic acid
solutions according to

H+HCOOH-H, + COOH 12)
COOH-CO,+H (13)

—but no chain reaction was found by Hart.28

By a similar argument, COOH does not react with CO to form the radical
COOH. CO. According to Draganid this radical would decompose to CO,+CHO
and the reaction would explain the formation of formaldehyde and glyoxal in the
irradiation of aqueous solutions of oxalic acid.2 However, if COOH.CO was
formed in the irradiation of aqueous solutions of carbon monoxide, and decomposed
as suggested by Dragani¢, then the yield of most products would have been much
higher than that obtained.

We have investigated the material balance of the 0-1 N sulphuric acid system at a
dose of 9000 rad. From fig. 1 the hydrogen yield at 27,000 rad is Gg, = 0-95;
since Gu,v = 0-4, then the yield at 27,000 rad due to reaction (7) is 0:95—0-4 = 0-55.
The concentration of formaldehyde increased non-linearly from zero at the beginning
of the irradiation to 8-1 x 10-6 M at 27,000 rad (see fig. 3) and the carbon monoxide
concentration decreased from 4-84 x 10—4 M to 3-50 x 104 M, (assuming G for loss of
CO = 495, which must be approximately true on any reasonable material balance).
To estimate the ratio of the rate constants for reactions (7) and (1) we take the mean
value of the formaldehyde concentration for the dose region up to 27,000 rad to be
5:0x10-6 M, and the corresponding carbon monoxide concentration to be 4-17 x
10-4 M. The average G-value for hydrogen atoms which react with formaldehyde,
97, 1s then given by

g(7) = g(l)(k(7) X 5'0 X lo_ﬁlk(l) X 4'17 X 10_4), (14)

where g(1) is the G-value for hydrogen atoms which react with carbon monoxide.
Since gm = 0-55 and gu+gm = Gav = 3:65, then k(7)/k(1j = 14-8+3. This value
is of similar magnitude to the rough value of 6-1 estimated from the ratio
k@acaoy/k@Eia Py = 90%105/6-7x 105 = 13-4 at pH = 2 obtained by Riesz
and Hart using data in the gas phase 30 and the ratio kg:coy/k@ims+Fezry = 22
obtained in the present work. The ratio k(7)/k(y is now used to calculate the
hydrogen yield due to reaction (7) at 9,000 rad, knowing that the arithmetic mean
value of [HCHO] up to 9,000 rad is 2-3 x 10-6 M (from fig. 3) and of [CO] is 4-62 x
10~4 M. The yield due to reaction (7) is 0-25 so that the measured Gy, at 9,000 rad
should be 0-65. The following material balance equation, based on reaction (0)-(11),
may now be given

3-65H +2-850H +0-8H,0, +0-4H, +4-95CO—0-55HCHO + 0-3CHO . CHO +

(0:5) (0-3)

0-4SHCOOH +0-35CH,0H . CH,OH +-0-75H2+2-65CO, +1-35H,0, (15)
(0-4) (065 (2:6)
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where the G-values measured at 9,000 rad (or calculated for hydrogen) are shown in
parenthesis. Several other ratios of rate constants could be calculated from eqn.
(0)-(11) and (15). However this is not discussed further because these other ratios are
not reliable without further work.

In 10-4 M H,SO4 and neutral solutions the hydrogen yield is reduced almost to the
molecular yield. This is consistent with the view that * solvated electrons  are the
predominant reducing species in these solutions, since reaction (7) would not occur.
The presence of solvated electrons can also explain why the dialdehyde, and to some
extent the formaldehyde yields reach a steady level in these solutions, but not in
0-1 N H,SO4; we assume that solvated electrons readily remove dialdehyde and form-
aldehyde to form non-aldehydic species, whereas hydrogen atoms do not do so.

In 0-1 N sodium hydroxide, formic acid is produced with G = 44, presumably
through a chain reaction :

(H,0)~+CO-(HCOOH)- (16)
(HCOOH)-+ OH-—HCOO- +(H,0)" 17)

where (H,0)~ represents that form of the H atom which is present in alkaline solutions
and (HCOOH)- is related to other possible reduced forms of CO as follows :
—H20 H+ H20

(HCOOH)™ = CO™=CHO == CH(OH),. (18)
To account for the aldehyde formed, we suggest that the CHO radical which exists in
equilibrium with (HCOOH)~ reacts according to (3) and (4), thereby breaking the
chain. Now carbon monoxide can react with concentrated sodium hydroxide
solution at about 100°C at a pressure of 40 atm;31

CO,)+OH,,,~HCOO,,. (19)

Reaction (19) has a decrease of free energy — AG°® = 9-6 kcal/mole at 25°C as
calculated from the standard free energy of formation of HCOO~ (ag), OH- (aq)
and CO (g), showing that the reaction is thermodynamically feasible. However, in
the absence of the radiation, the rate must be low at room temperature since no formic
acid was formed in a blank of carbon monoxide in 0-1 N sodium hydroxide solution
at 400 mm pressure.

In ferrous solutions in 0-1 N sulphuric acid no oxidation to ferric occurs, whereas in
these solutions in the absence of carbon monoxide and air, the initial G}} = 7-8.32
This could be explained by the formation of the reducing CHO and COOH radicals in
the irradiated carbon monoxide solutions which would reduce any ferric produced.
These results also, and especially the formation of formic acid, are inconsistent with
decomposition of the COOH radical into CO, and H. The following mechanism
accounts for the results obtained at low doses where secondary reactions do not occur :

H+CO-CHO ()
OH +CO-COOH )

OH + Fe2*—Fe3++ OH- 0)
H-+H*+Fe2t>Fe3* + H, @1)
CHO + H* + Fe2+—Fe3++ HCHO (22)
COOH + H* + Fe2+—Fe3+ -+ HCOOH 23)
CHO + Fe3*+—Fe2++ CO+H* 4)

COOH +Fe3+—Fe2++CO, + H* (25)

H,0;+Fe2*—»Fe3++OH-+OH. (26)
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From this mechanism, k(om+coy/k(om+wez2+) can be calculated from

9(2)/9(20) = k(z)[CO]/k(zo)[Fe“], 27

where g2y and g20) are the G-values for OH radicals reacting according to reactions
(2) and (20) respectively, k() and k(g being the rate constants. [CO] and [Fe2+] are
the concentrations of carbon monoxide and ferrous ions in the solution. Further-
more,

9@y = Geo, + Grcoons (28)

92yt 920y = Gon¥+ Gy,o0,% (29)
Substituting g2y and g20) in eqn. (27) :

GCOz + GHCOOH _ k(Z)[Co] (30)

Gouv+ Gy,0,% —(Gco, + Gucoon) B k(zo)[Fe2 T

Taking Gouw = 285 and Gu,o,» = 08, [CO] =4-84x104M and [Fe2*] =2x
10-3 M, and substituting for Gco, = 1-3 and Gucoon = 0-4, then

ke2y/ke20y = kon+coy kon+rez+) = 3-6£0-5 at 23°C,

compared with 3-79 obtained by Hardwick 33 for the same ratio using OH radicals
from Fenton’s reagent in 0-1 N perchloric acid.

k@+co)/k@+H++Fe2+) can be calculated similarly, taking into account reaction (7) ;
the ratio is 2-240-3.

In ferric solutions in 0-1 N sulphuric acid, ferrous ions are produced with G = 6-4
in the range 2x 10~4-1 x 10-3 M Fe3+; in ferric solutions in the absence of carbon
monoxide and of air, no reduction occurs.34 The following mechanism is in accord
with the results obtained in these solutions under conditions where secondary reactions
do not interfere :

H+CO-»CHO (1)
OH+CO-COOH )
H+Fe3t—Fe2t+ H+ @31)
CHO+Fe3t—Fe2t+CO+H* (24)
COOH + Fe3*—Fe2++ CO,+H* 25)
H,0,+ Fe2t—Fe3t+ OH-+OH (26)

From the above, the yield of ferrous is given by
Gre2+ = Gyw+(Gop» + Gy,0,%) — Gy,0,% = Gyw+ Gopw = 6:50. 32)
Gre:+ gives the sum of the radical yields of water radiolysis. Gco, should be given by
Gco, = Geoon = Gonw+ Gn,o,% = 3:65. (33)

The values found (see table 1) are in reasonable agreement with the theoretical values.

The authors acknowledge with thanks the award of a grant to one of them (Y. R.)
from the Shell Company. They are grateful to Dr. E. S. Waight for permission to
use the recording spectrophotometer and the gas chromatography apparatus, and to
several colleagues for helpful discussions.
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