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REDUCTION OF CARBON DIOXIDE I N  AQUEOUS SOLUTIOmS BY 

IONIZIl'fG RADIATIOE 

March 13, 1951 

W. M. Garrison, D. C ,  Morrison, J, Go Hamilton, A. A. Benson and M. Calvin 

Crocker Laboratory, Radiation Laboratory and Department of Chemistry, 
University of Cali fornfa, Berkeley, California* 

* The work described in t h i s  paper was sponsored by the U. S. Atomic Energy 
Commission. 

The question of the condition8 under which l iv ing  matter originated on the 

surface of the ear th i s  s t i l l  a subject limited largely t o  speculation. m e  

epeculation hars a greater  chance of approaching the t ru th  insofar a s  it includes 

and i s  based upon the ever wider variety of established sc ien t i f ic  fac t .  One 

of the purposes of the herein reported obserfation was to  add another f a c t  to  

the ever increasing infonmatfon which might have any bearing upon t h i s  most 

interest ing question, It i s  not our purpose i n  the present communication t o  

discuss the various proposals o r  the arguments which have been adduced f o r  and 

against  them, 

One of the most popular current conceptions i s  that l i f e  originated i n  

an organic milieu on the surface of the ea.rth, (1,2,3,4,5) The problem t o  which 

(1) A.  I. Oparin, "origin of ~ i f e * ,  Translated by S o  Morgulis. Macmillan Co., 
Mew York, I?. Y. (1938) . pr, 271. 

(2) Re H. Horowitz, Pro@ , Mat, Acad. Sci  . , - 31, 153 (1945) 

(3)  George G o  Simpeon, "Meaning of ~volut ion",  Yale University Press, Mew Haven, 
Comec t i e u t  (1950) 

(4) C ,  B. van l i e l ,  '&lotosynthesfs i n  f lants" ,  Chapter 22, Iowa State  College 
Press, Ames, Iowa (1949)~ pp 437-495. 

( 5 )  J. B0 S. Haldane, Pelican Books ( 1932) . 



we a r e  addressed i s  the  o r ig in  of t h a t  organic milieu i n  the  absence of any  

l i f e .  It appeared t o  us t h a t  one souree, i f  not  the only source, of reduced 

carbon compounds i n  complex arrangemsnts mfght be the in terac  t i on  of  various 

high energy radia t ions  with aqueow solut ions  of inorganic materfale, par t icu-  

l a r l y  carbon dioxide, and nitrogenous compounds such ae ammonia and nitrogen,  

s ince  it appears t h a t  these compounds were the  commoner forma i n  whfch the  

e s sen t i a l  elemente found themselves on m e  primordial ea r th  ( 6 , ~ ) .  

(6) W. M. ~ a t i m e r ,  ~ c s e n c e ,  - 112, 101. (1950). 

( 7) H. Wartenburg, Naturwf as,,  - 18, 400 ( 1950) . 

While f t has long been known t h a t  high energy radia t ions  can cause organic 

deeomposi ti on and oxida t i  on, it seemed useful  t o  us t o  demonstrate that conditions 

could be found f n  which high energy r a d i a t i  ons could induce the  reduction with 

water of carbon dioxide and the  ult imate creat ion of polyatomic molecules (o ther  

than simple polymerf zat f  on of monomers) of carbon, oxygen, hydrogen and nitrogen.  

Experi mental 

The general technique employed i n  t h f s  invest igat ion was t o  bombard air- 

f r e e  aqueoua eolutions of C1' label led CO i n  a closed system with and without 
2 

the addi t ion of ferrous ~ u l f a t e ,  The bombardments were made using tke  40 Mev 

helium ion beam of the  60-fnch eyelotron a t  Crocker Zaboratory, To de t ec t  the 

amount and nature of the  reduction products, chemical separations were made 

on the  bombarded solut fon a f t e r  the  addi t ion of c a r r i e r  amounts of formic acid,  

formaldehyde, and methyl alcohol,  Theee were separated a s  so l i d  der iva t ives  

and assayed f o r  (2'' a c t i v i t y .  I n  most of the  bombardments one mi l l i cu r i e  of 

14 from 5 t o  9 percent C l abe l led  C0 was used. This made 1 t possible  t o  de t ec t  . 2 
6 the  reduc ti on of approxfmately one pa r t  f n  10 



Target A s  sembPy 

A diagram of the t a rge t  assembly i s  shown i n  Figure 1. The aqueous so lu t ions  

were bombarded i n  an a l l - g l a s s  t a r g e t  c e l l  (A) which consisted e s sen t i a l l y  of a 

50 m l  pyrex f l ask  one s ide  of which was drawn i n  t o  give a window (B) having an 

average thickness of approximately 5 m i l  over the bombarded area .  The c e l l  had 

a volume of 1 2  m l ,  It was connected to  a glass  manifold (c)  which i n  t u rn  was 

connected through stopcocks t o  a 100 ml product gas storage bulb (D) t o  a 25 ml 

CO rese rvo i r  (E) t o  a mercury manometer (F) and t o  an o u t l e t  (G) through which 
2 

the e n t i r e  sys tern could be evacuated. The assembly was supported on a bracket  (H)  

whfch was fastened t o  the be l l - ga r  type t a rge t  (I) .  The helium ion beam was brought 

out of the  cyclotron vacuum through a 1.5 m i l  aluminum f o i l  (J) and was delimited 

i n  c ross  eec t ion  by the  aper ture  (K) i n  p la te  (L) . The t a r g e t  window was cooled by 

means of an a i r  stream whfch entered a t  (M) and emerged through the aper ture  (K)  . 
The beam current  was monitored through the electrode (F?) . With the a l l - g l a s s  t a rge t  

c e l l ,  it was necessary, because of the non-uniform t h i c h e s s  of the window, t o  

ca lcu la te  the number of ion-pairs  produced from the  amount of ~ e + ~  oxidation, 

assuming the  same ion-pair  y ie ld  f o r  t h i s  reaction i n  the  g lass  c e l l  a s  was 

obtained i n  the c e l l  having the  platinum window. With the l a t t e r  t a rge t  c e l l ,  

it was possible t o  eetfmate within a few percent the energy l o s s  of the  helium 

ions i n  penetratfng the  1.5 mm aluminum fo91, 10 cm of a i r  path, and the  one m i l  

platinum window. 

Bombardment Proc edure 

The t a rge t  c e l l  was f i r s t  flushed with nitrogen, then f i l l e d  with t r fp l e -  

d i s t i l l e d  deaerated water, o r  deaerated one mlar ferrous s u l f a t e  so lu t ion  a t  a 

pH of approxflnately 3.5 ., The water was deaerated by bo i l ing  and then allowed t o  

cool i n  a glasa-stoppered vesse l  whfch had been f i l l e d  with nitrogen gas. The 

one.molar ferrous s u l f a t e  solut ions  were prepared by adding a known wefght 

of ferrous  su l fa te .  Af te r  the  t a r g e t  c e l l  was f i l l e d ,  it was immediately 



connected t o  the  manifold which w a s  then evacuated u n t i l  rougRly 5 percent of 

the  t a rge t  solut ion had been evaporated, Stopcock (1) was then closed and 

the  manifold was evacuated including the product gas storage bulb and t h a t  

port ion of t he  manifold t o  stopcock (2) which was connected t o  the CO rese rvo i r  
2 

containing approximately one mi l l i cur ie  of from 5 t o  9 percent C14 l abe l led  

Cog. Af te r  the  ewcuat ion was complete, the manifold was i so la ted  by c los ing  

stopcock ( 3 ) .  Stopcocks (1 ) (2)  were then opened and ths Cog was allowed t o  

equ i l ib ra te  with the t a rge t  solut ion.  The t a rge t  c e l l  was then bombarded with 

a 0,5 beam of  40 Mev helium ions.  Bombardment data f o r  each .of the experiments 

a r e  summarized i n  Table I, 

Chemical Procedures 

After  bombardment, the t a r g e t  c e l l  was allowed t o  stand f o r  from 1 t o  2 hours 

t o  permit the  induced rad ioac t iv i ty  t o  decay out. Stopcocks (1 ) (2 )  were closed 

and the  t a r g e t  c e l l  was removed from the manifold. The solut ion was then t rea ted  

with su l fu r ic  ac id  t o  dissolve the  f e r r i c  hydroxide and adjusted t o  pH 1, The 

14 unreacted C 0 was str ipped w i t h  ni trogen and recovered i n  PJaOH solution.  After  2 
14 most of the  high specif ic  a c t i v i t y  C 0 had been removed, the solution was then 2 

flushed with tank Cog which was discarded. A sample of the  solut ion was withdrawn 

a t  t h i s  point  f o r  f e r r i c  ion analysis .  

To the remainder of the  solut ion was added formic acid,  formaldehyde and 

methyl alcohol c a r r i e r s  i n  amounts t o  give 100 milligrams of the i so la ted  product, 

i .e . , barium formate, methone der iva t ive  of formaldehytPe, and barium carbonate 

prepared from the  CO formed on oxidation of the  methyl alcohol f rac t ion ,  
2 

The pH of the  solut ion was then adjusted t o  7 and the formaldehyde and 

methyl alcohol were d i s t i l l e d  win vacuo". The d i e t i l l a t e  was t reated with 

methone solut fon i n  50 percent excess and ac id i f i ed .  This  precipi ta  ted the  

methone-formaldehyde der ivat ive  and the  methyl alcohol was separated from t h i s  

mixture by a second vacuum d i s t i l l a t i o n ,  The methyl alcohol d i s t i l l a t e  was 



wet oxidized with a chroroium t r i o x i  de-sulfuric acid  mixture containing potassium 

iodate and the evolved CO was recovered a s  barium carbonate. I n  none of t h e  
2 

bombardments was t h i s  barium carbonate f rac t ion  act ive .  

The mthone-formaldehyde prec ip i ta te  was f i l t e r e d  off ,  washed and dissolved 

i n  sodium hydroxide. The solution was ac id i f i ed  and the p r ec ip i t a t e  centrifuged, 

washea, redissolved i n  NaCEI, and reprecipi ta ted.  This procedure was repeated 

and then the methone- formaldehyde react ion product was rec rys ta l l i zed  twice from 

acetone-water. A sample of the pur i f ied methone-formaldehyde product was counted. 

The residue from the f i r s t  d i s t i l l a t i o n  containing the  f o m i c  acid was acid- 

i f i e d  t o  pH 1 and d i s t i l l e d  "in vacuon, The d i s t i l l a t e  was t i t r a t e d  t o  phenol- 

phtRalein endpoint w i t h  a sa turated barium hydroxide solut ion a f t e r  f lushing 

with CO followed 'by nitrogen. The p r ec ip i t a t e  of barium carbonate which formed 
2 

was centrifuged o f f ,  The supernatant containing the  barium formate was evaporated 

t o  approximately 0.5 m l  and while warm, was t rea ted  with absolute e thy l  alcohol 

which prec ip i ta ted  c ry s t a l l i ne  barium formate, This was redissolved i n  water and 

rec rys ta l l i zed  i n  t h i s  manner four times. 

A f rac t ion  of  o r ig ina l  so lu t ion  which had been. removed f o r  i ron determination 

was acid1 fled_ with 6 N H SO and t i t r a t e d  with standard solution of potaseium - 2 4  
permanganate. A second f rac t ion  of t h i  s so lu t ion  was reduced with SO and t i t r a t e d  

2 
with W O  after the excess S O  was removed by boi l ing,  The ~ e + ~  concentration i n  4 2 
the t a r g e t  so lu t ion  was calcula ted from the  di f ference i n  t i t r e .  I n  Table I, 

bombardments 1, 2, and 3 were made using the  a l l - g l a s s  c e l l .  Bombardment 4 wa.s 

made using the c e l l  having a one m i l  platinum window. With t h i s  c e l l ,  the helium 

ion beam incident  on the so lu t ion  had an energy of 35.8 Mev. The number of  ion- 

p a i r s  produced in bombardments 1, 2, and 3 were calculated assuming t h a t  the  

ion-pair  y ie ld  f o r  f e r r i c  ion oxidation obtained i n  bombardment 4 was a l s o  

obtained using t he  a l l - g l a s s  t a r g e t  c e l l s .  This assumption i s  considered 



reasonable s ince  the energy l o s s  in the g l a s s  and platinum windows were of 

the  same order of magnitude. 

14 14 To insure that HC 008 and HC BO were ac tua l ly  produced by helium ion  

bombardmnt, the  following addi t ional  con t ro l  experiments were made: (1) A 

14 
sample of the o r ig ina l  unbombarded t a rge t  solut ion containing c 0 and re80 

2 L 
was retained a t  approximately 30°c. f o r  one week and then processed i n  a manner 

iden t ica l  t o  t h a t  used i n  separating the HCOOH, HCHO and CH OH f'ractions i n  
3 

the  bombarded samples. No c14 a c t i v i t y  could be detected i n  these i r ac t i ons  

from the unbombarded solution indicat ing that reduced c14 compounds were n o t  

present i n  the o r ig ina l  solut ion o r  formed by a metabolic process involving 

mold o r  o ther  organism,  (2) A blank bombardment (#5 )  was made without added 

14 C 0 and the i so l a t ed  HCOOH and HCHO c a r r i e r s  were inact ive ,  ( 3 )  Mass absorp- 
2 

t ion  curves run on ac t i ve  barium formate produced i n  tihe radia t ion reduction 

14 of C 0 were i d e n t i c a l  with those obtained using known samples of ac t ive  barium 
2 

f o m t e  prepared chemically and having the  same spec i f ic  a c t i v i t y  and counting 

geometry. (4) No decay could be detected i n  the a c t i v i t y  of the  rad ia t ion  
, 14 14 produced HC OOH and HC HO. 

Discuseion 

An examination of  Table I demonstrates unequivocally that it i s  qu i te  

possible t o  reduce appreciable quan t i t i es  of carbon dioxide t o  formic ac id  by 

means of water through the  agency of rad ia t ion ,  In fae  t, it appears t h a t  

approximately one-fourth of the  dissolved carbon dioxide was reduced i n  experiment #: 

Whether o r  not  the  formic acid  i s  fu r ther  reduced t o  formaldehyde o r  whether the 

formaldehyde has i t s  or ig in  i n  a d i r e c t  reduction of  carbon dioxide s t i l l  remains 

t o  be demonstrated, but  formaldehyde can a l s o  be produced from carbon dioxide 

and water under the  influence o f  radia.tfon, 



The ac tua l  ion-pair  yield i s  ce r ta in ly  no t  optimal even i n  the  experiment 

#2 i n  view of the  l a rge  excees of the number of ion p a i r s  produced over t h e  

number of mo9ecuPee of carbon dioxide i n  the solutian.  Presumably, this reduction 

f s  achieved by means of the secondary hydrogen atoms resu l t ing  from the  ionizat ion.  

The ac tua l  amount of reduction observed i s  c l e a r l y  s t i l l  only the  r e s u l t a n t  of 

t3e  reduc t f  on and oxidation reactions.  The oxidation reaction is  presumably 

minimized by the dest ruct ion of the hydroxyl rad ica l s  by t h e i r  react ion w i t h  

ferrous ion,  (8,9,10) 

(8) J. Weiss, e t  a l ,  J. Chem. Soce, 1949 - 3241, 3245, 3254, 3 5 6 ;  1950 - 2704, - 
2'709; = y  5 0 

(9)  M. Burton, 30 Phye. Colloid Chem, - 51, 611 (1947) 

(10) A, 0. Allen, J. Phys. Colloid Chem. - 52, 479 (1948) 

Whether o r  n o t  carbon-carbon bonds and carbon-nitrogen bonds can be formed 

and more highly organfzed e t ructures  created under the influence of high energy 

radiations is  a t  present under investigation.  

Aeknow1ede;menB: We wish t o  thank ;Professor W. M. Latimer f o r  he lpfu l  discussions 

and the crew of the  60- inch cyclotron a t  the  Crocker Laboratory f o r  the  bombardmsnts 








