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Introduction

The study of the radiation chemistry.of aqueous solutions containing
two solutes offers two general possibilities. The first is that the solutes
may react with all’df the H and OH radicals produced by the action of the
radiation on the water and thusveliminaté any back-reaction. Tﬁe yiéld obtaired
under such conditions would represent'the:maximum yield of the primary proqeés.
The second possibility is that one soluté wili take all of the OH or all of
the H and thus serves as an internal stéﬁdard for the amount of radiétion intro-
duced and permits.the study of the reacﬁiéns'of the other radical with various
substances. For a substané to serﬁe és sﬁ¢h an internal standard‘it is
sufficient that théy amount of‘this‘standgrdfreacting should not”depend on the
concentratioh of'ﬁhé substance added. "Ahoiﬁér condition which must be fulfilled
in studies of this fype is that the oxidatidn—reduction couples present in the
solution must not interact in any manner independent of the radiaﬁion. The
results which we are presenting in this paper are for experiments of this
second type;‘ We have used ferrous ion as a means of removing all OH radicals’
formed in the.solution and have studied the reactions of hydrogen atoﬁs upon

dissolved carbon,dioxide which as recently observedl can be reduced to formic

acid and formaldehyde by high energy radiation.

% , ‘ ' '
The work described in this paper was sponsored by the United States Atomic
Energy Commission. :
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Experimental

 Solutions#® containing one molar ferrous sulphate, one-tenth normal
sulfuric acid, and carbon dioxide, were bombarded with 3§-MEV helium ions
in an all=glass target cell of the type shown in Figure 4. The beam (0.1 micro-
ampere in all cases) entered through'avthln glass window (A)." Solutions were
de—-aerated prior to the addition of cerﬁon dioxide By evacuation through B.
The C14 labelled carbon dioxide was added to the cell by either of two methods.
In the first, C 402,, prepared? by the action of perchloric acid on Ba014039 was
added by means of a Toepler pump, through B which was then sealed Offo In the
second methed, a known amount of Na01403 was placed in the side arm (C) prlor
to evacuatlono In this case;, the 01402 was generated, after the target cell |
was eealed at D, by tilting the cell so that acid solution came in contact with '
the Ne2014035 Since only a few milllgra@svof NaQClA’O3 were reqddfedg.ﬁo signi-,
fieapt,change in the acid concentration of the solution resulted. During bem—
bardment? the target cell was supported horizontally and rotated'in the Papget
assembly‘shpwn ln ?igure 56 The_irradiation period could be aeeuratelyAdetep-'
mined py use_ef'the shutter arrangement_(Sa,Sb)o The helidm ion beeﬁ was de-
limdted:by'the waﬁer—cooled aperture (). The target cell (8) could be rotafed
in_the‘eseemply (7) which in turn was fastened to the shutter aesemely‘atvéo
After i;radiafien,\the cells were attachedvat E through a gless/seal_ﬁo ev ”
vacuum systemo The break-off (F) was opened and the gases were removed for

mass spectrometric analy31s and for 01402 recovery by means of & Toepler pumpo

The cell was then cut from the line and fluehed with carbon dlox1de followed

* The ferrous sulphate used in these experiments was Baker and Adams Reagent
Grade without further purificaticn. Water, from a Barnstead still, redistilled
iﬁAglass froTAalkallne permanganate was used in preparing the solution. - The

Q2 as -BaC 03, -‘was obtained from the United States Atomic Energy Commission,
Oak Ridge, Tennessee. ‘
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by nitrogen to remove traces of 01402 activity. An aliqudt of this solution was
titrated3 with standardized titanous chloride solution to.determine the amount

of ferric ion produced. The remainder of the solution was then distilled in

Vacuo.

fhe amounts of HClAOOHg HClAHO, ClAHBOH, and (ClAOOH)Z produced in the
irradiation were determined by prbcedures based on the addition of miiligram
amounté of stable carrier for each of the irradiation products. These were
separated as indicated below, using modifications of previously deécribedl tech-
niques. To the distillate were added formic acid, forﬁaldehyde, Qnd methyl
alcohol carriers in amounts to give 100 milligrams of the isolated product, i.e.,
barium formate, methone derivative ofiformaldehyde, and 5arium carbonate prepared
from carbon dioxide formed on oxidation of the methyl aicohol fraction. After
addition of carrier, the distillate was again flushed with carbon dioxide, ad-

justed to pH 7 with sodium hydroxide,‘and redistilled in vacuo. The formaldehyde

and methyl alcohol‘were obtained in the distillate. The residue which contained .
the formic acid fraction was acidifiea'to pH 1 and redistilled. The formic acid
distillate (~ 5 cm?) was flushed with carbon dioxide, neutralized to pH 8 with
barium hydroxide,vééntrifuged to feﬁovecséfiﬁmbéarbonate, and was thén added to
75 cm? of warm absolute ethyl alcohol which precipitated crystalline barium
formate. The barium forméte was dissolved in a minimum volume of water and re-
crystallized by the addition of ethyl alcohol. This process was repeated three
times following which the barium formate was mounted on an aluminum plate to a
uniform thickness and assayed for Cl4 activity using standard techniqueso2

The ffaction containing the formaldehyde and methyl alcohol was mixed
with methone solution in 50 per cent excess and acidified to pH 1. The»methone—
formaldehyde derivative which precipitates under these conditions was separated

from the methyl alcohol by distillation in vacuo. The methyl alcohol fraction
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from one of the bombardﬁents (Number 2-2) was wet oxidized with chromium trioxide-
sulfuric acid mixture containing potassium iodate, and the evolved carbon dioxide
after précipitaﬁion as barium carbonate was found to be inactiﬁeo‘ This observa-
tion agrees with the findings previously reportedol The methone-formaldehyde
precipitate was filtered off, washed, redissolved in sodium hydroxide solution,
and reprecipitated by the additién of acid. This cycle was repeated three times.
The methone derivative was then recrystallized twice from acétone?water and assayed
- for ¢4 activity.

The first residue containing the ferrous sulphate and (CM’OOH)2 was
dissolved in 75 éc of water and to this solution was added oxalic acid in an
amount equivalent to 100 milligrams of lanthanum oxalate. Sodium hydroxide was
added to precipitéte ferrous hydroxide and to bring the solution to pH 10. After
centrifugétion, the supernatant, which contained part of the added oxalate carrier,
was tréatea with excess lanthanum nitrate. The lanthanum oxalate was filtered off,

,redissolved in 6 N sulfuric aéid and reprecipitated by diluting the solution to
0,05 E and heating. After three recrystallizations, the lanthenum oxalate was
asséyed for 014 activity as described above, In all cases thé 014>activity in the

oxalate fraction was only slightly abovelthe counting backgrouhdo

Discussion

e e

It is apparent from inspection of the results presented in Table 1 that
the principal products fqrméd in this system are ferric ion and hydrogen, in a
proportion very'close to two mels of ferric ion to one mol of hydrogen., This
is brought out particularly well by the plot shown in Figure 1. It is to be
noted that these results are not in agreement with Nurnberger4 who worked with
alpha particles of considerably lower energy and found a rather wide range of

values for this ratioc. It is also shown in Table I that a small fraction of
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the hydrogen atoms is used to form reduction products from carbon dioxide. The
most important of these is formic acid, but there are also much smaller ameunts
of formaldehyde and oxalate produced. Since most of the hydrogen atoms combine to
form molecular hydrogen, the effective concentration of these atoms in the solution
is determined by the rate of. formation from the water and the rate of the combina-
tion to form the moleeulese Iﬁ this connection we wish to.call attention to the
distinction between what might be called tﬁe local concentratioebpf atoms along
the particle path and an over-all concentration in the solution. This has been
discussed by Magee°5 The local concentration of hydrogen atoms will be essentially
constant for a given radiation.

The results indicate that the amount of formate formed from the carbon
dioxide is proportional to the amount of dissolved carbon dioxide. Therefore, in
comparing the results of different experiments we ha&e used the ratio of the con-
centration of formic acid to thaﬁ of carbon dioxide. ,Figure 2 shows a plot of
this quantity against the concentration of ferric ion produ_eed° This is essentially
a plot of the ratio against time, since the amount of ferric ion produced under
constant radiation conditions is a linea? function of time. It 1s apparent that
the formate rises and approaches a quite definite limit asymptotically. The
amounts of formaldehyde and oxalate formed are always quite small, compared to
the formate (less than 5 per cent)., This approach of the formate concentration
to a definite limit must be caused by the -existence of compensating reactions,
one forming the substance, the other‘destrOying it, so that in the 1imit the
rates of the two processes are equals,

The following set of reactioﬁs is suggested as a mechanism to account
for the formation and destruétioh of fermic acid by means of hydrogen atoms:

1. . H0—~~> = H+O0H

il

2. HyCO3+ H HCO, + Hy0
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3, _ HCOOH +H = H, + HCO,
Lo ~ HCOp +H = HCOOH
5. HCO, +H = Hy +CO,
6. Fe™t +on = Fettt + oH”
7o H+H = L,

Reaction 1 shows the dissociation of water into hydrogen atoms and
hydroxyl radicals. Reaction 6 indicates the removal of hydroxyl radicals by
ferrous ion, It is immaterial for our discussion whether ferrous ion reacts with
hydroxyl directly or with hydrogen peroxide, formed by the combination of two

hydroxyls, as long as neither hydrqul or hydrogen peroxide react in any other
way in the éysteme Reaction 7 shows the combination of +the hydrogen atoms. We
are assuming the Reactions 1 and 7 together»determine what might be called a
steady state conéentration of hydrogen in the system. =rReactions 2, 3, 4, and 5
show the formation and decomposition of the formate. It is assumed that these
reactions. occur to such a small extent that they have a negligible effect on
the steady rate concentration of hydrogen atoms. It is probablé that all of
these reactions occur without any significant activation energy. _If that is
true, in order to reach a steady concentration of formic acid as low as that
observed, the reactive species of dissolved carbon dioxide in the solution must
be one present in the concentration comparable to that of fornic acid at the
steady state. It is for this reason that we have assumed the reactive species
‘in Reaction 2 to be carbonic acid. Also, carbon dioxide and hydrogen atoms do
not react readily in the gas phaseo If we apply thevusual procedures for de-
riving a rate law from a mechanism, we obtain the following equation:

G(HOOOH) = kykp(HpCO3)(H) Xk, (H)

. - k (H)}(HCOOH) -
dt (k, + k) k, +kg
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On the basis of the assumptions already stated, we may replace d(HCOOH)/dt by
d(HCOOH)/d(Fe+++), and if we also consider that in our experiments the carbonic
acid and hydrogen atom concentrations remain essentially constant, the equation
can be shown in the form of:

d[(HCOOH)/(H2003 )]
d(Fe™tT)

L1}

a = b(HCOOH)/(H2COB)

Integration of this differential equation shows that a plo£ of the logarithm of -
a constant minus the ratio of the concentration of formic acid to that of carbon
dioxide against the ferric ion concentration should be a straight lines Such a
plot is shown in Figure 3. It is apparent ihét thé*data fit this plot over the
entire range of observations.

If we assume that all of these reactions proéeed without activation
energy, it is possible to draw some conclusions concerning the effective éoncen-
tration of hydrogen atoms in the solution. The reaction of a hydrogen atom with
ancther hydrdgen atom to form a molecule, proceeds approximately one hundred times
as fast as the reaction with either carbonic acid or formic acid. Since the
latter two substances were present in concentrations of about lOm5 M, this means
that in our experiments the effective concentration of hydrogen atoms was about
10°3 M. Our mechanism suggests a possible means of accounting for the formation
of oxalate® by having two HCO, radicals come together in the solution. Since
these radicals were present in rather low concentration, it is not subprising
that the amount of oxalate formed was not large. -Formaldeﬁyde is p:obably pro-
duced by some reduction of the formic acid by'hydrogen‘atomso The amount formed

in our experiments is too small to warrant any attempt to set up a detalled mechanism.

% , ,
Experimental results, recently obtained by Garrison, Morrison, and Hamilton, soon

to be published, indicate that oxalate is one of the principal products in the

irradiation of hydrogen saturated solutions of formic acid with 35-MEV helium

ions. ‘
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We hope to study the possible reduction of formate in detail in later experiments.

Summary

The radiation chemistry of acid ferrous sulphaté solutions containing
dissolved carbon dioxide has been studied using high energy helium ions from the
cyclotron as the radiation source. The principal products formed are ferric ion
and hydrogen in a proportion very clese tc two mols of ferric ion to one mol of
| hydrogen. A small fraction of the hydﬁogen is used to form reduction products
of carbon dioxide. The most important of these is formic acid, but there are
also much smaller amounts of formaldehyde and oxalate produced. The formate
concentration approaches a definite limit asymptotically and is proportional
to the concentration of dissolved carbon dioxide., A proposed mechanism gives
the rate law |

d (HCOOH)/(H2003ﬂ

d(rettt)

which fits the observed data over the emtire range of observation.

= a = b{HCOOH)/(H,C0,)
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TABLE 1
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Bombardment Number 32 | 22 | 23 |42 | 51 | 43 |81 | 62
Vol. of solution (cm®) | 20.0 |13:2 |13.2 |21.0 | 22,8 | 21.0 |26.0 |29.0
Gas space (cm) 7.20| 6485 7.00 | 7.05| 7.08| 6.30| 6.40 | 8.05
| CMOZ added (me) 1.00| 1.00| 1.00 | 1.00| 1.00| 1.00| 0,10 |none
¢* in co, (%) 8.14| 7.39| 8.14| 8.14| 7.39| 7.39| 8.1 | —
H, molecules (x 10717) | 0,16 4.06 3;73 8.35|16:0 | 28.6 |10.2 }23.0
Fo'3 ions (x 10719) 2061 4010 6.87 [16.4 | 29.1 |58.9 |21.8 |43.4
Fe'? ions/ H, molecules | 16.2 | 1.01| 1.84 | 1.97| 1.82 2,06 | 2,10 | 1.90
(Fe™3) x 10° 2.18 5,18 | 8.54 |13.1 [21.2 | 4668 [14.0 |24.9
(c0,) x 10° 5.57 | Toh6| 7.35 | 5.47| 44| 5.15| w48 | —
(HoooH) x 10° 5.25 | 311 | 42.2 {39.3 |37.4 |40.7 | 3.5 | —
"(HCHO) x 108 1:95 | 7020 9085 | 4o76 | 5024 | 5034 | — —_—
[(HCOOH)/(cozzl x10° | 0594 | 4017| 5074 | 7020 7057 | 7.2 73| —
BHCHO)/(COZ)] x 107 0035 | .97| 134 | 87| 1.06| 1.02| — | —
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