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T H E  PROBLEM of supplying man with 
his oxygen requirement and uncontaminated 
air during prolonged confinement is receiving 
considerable research attention. In particular, 
the recovery of oxygen using biological speci- 
mens as the mechanism for converting carbon 
dioxide into oxygen plus other materials has 
been the subject of many papers recently. 

There can be no doubt concerning the need 
for a regenerative system that will produce oxy- 
gen from man's respiratory wastes for space 
application. Any cursory examination of the 
weight involved in storing man's oxygen re- 
quirement, whether for long duration space 
flight or submarine submergence, reveals that 
after some point in time it becomes economically 
justifiable as well as operationally important to 
manufacture this necessary material in situ. 

Of course, this premise also holds for water 
and food. Obviously any procedure that will 
permit the complete regeneration of man's needs 
from his wastes, resulting in a dosed ecological 
system, will be most useful for space vehides. 
However, present technology is limited insofar 
as means for the manufacture of food are con- 
cerned. Water can be recovered successfully, as 
has been demonstrated in an earlier paper. 13 
This paper is concerned with the purification of 
air and the regeneration of oxygen. 

~Problems to be Solved.--The major problem 
areas are: 

1. Atmospheric purification: Because of the 
small sealed volume enclosed by a space vehicle 
or submarine or any other confined area, air 
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purification becomes an immediate and con- 
tinuous problem. The air will be depleted of 
oxygen at a rate of about 13~ pounds per man- 
day with an approximate equivalent mole quan- 
tity of water and carbon dioxide being formed 
in its place. In addition, certain noxious gases 
from flatus and body surface will be present. 
Body perspiration and sebaceous gland excre- 
tions will also enter the atmosphere and require 
removal. Considering carbon dioxide only, it 
can be shown by simple calculation that in a 
sealed volume of 100 cu. ft. per man the CO 2 
content of the atmosphere will reach 3 per cent 
within three to four hours if no purification is 
attempted. Man's capability for useful work is 
seriously impaired at this value of CO2 content. 

2. Oxygen regeneration: The major diffi- 
culty associated with the storage of oxygen is 
the additional weight and volume of the con- 
tainers. Because of oxygen's low boiling point, 
storage as a liquid requires good insulation 
while storage as a gas requires strong, heavy 
tanks. For extended trips of perhaps a month 
or longer, the 13,~ lb. per man-day require- 
ment will become a substantial weight problem. 
It therefore becomes advantageous to recover 
oxygen from man's waste products for reuse. 
Used oxygen is found primarily in water and 
carbon dioxide. A lightweight, safe, and reliable 
system for regenerating oxygen from these 
sources is needed. 

Current Status.-- 

1. The purification of the atmosphere is con- 
cerned with the control of three constituents, 
carbon dioxide, humidity and noxious gases 
and odors. In current practice for short term 
space flight, the CO s is removed by adsorption 
on a solid such as anhydrous lithium hydroxide. 
This method is satisfactory for relatively short 
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term flight inasmuch as one pound of LiOH 
will adsorb 0.8 pounds of CO~. Reusal of 
the desiccant becomes important as flight 
time increases if one considers the weight rela- 
tionships involved. For example, on a daily 
basis, man produces about 2.0 lb. of CO2; to 
absorb this quantity requires about 2.5 lb. of 
LiOH. In this manner, for a thirty-day flight, a 
total of 75 lb. of LiOH are required in addi- 
tion to the container weight. If it becomes nec- 
essary to remove the CO z from the LiOH in 
order that the hydroxide may be reused, a high 
temperature is required. The lithium carbonate 
formed is decomposed at a temperature of 
1200 ~ F. 

Submarine practice is advanced in that the 
newer type of vessels use a system in which the 
CO 2 is removed by monoethanolamine which is 
then freed of CO 2 by heating to a moderate 
temperature and is thus ready for reuse. This is 
an application of a regeneration system and is 
advantageous primarily because of the extended 
submergence periods modern nuclear powered 
submarines can maintain, 

Another possible approach to the regeneration 
system is through the use of a molecular sieve. 
This material is now under study and shows 
promise because little energy is required for its 
regeneration. Heating to a temperature of 95~ 
will suffice at one atmosphere. At reduced pres- 
sures, a lower temperature is required although 
it has been shown that some heat is necessary 
even at pressures of 15 mm. Hg in order that 
all of the CO.+ be driven off. 2 

Humidity has been controlled by means of 
one of several methods. Freeze and dew point 
condensation techniques have proven feasible 
and, in the case of condensation, valuable in sub- 
marine applications. This technique is applica- 
ble in space use, because of the need for a cabin 
air conditioner which furnishes the cold surface 
necessary for the condensation to take place. A 
second approach is through the use of a desiccant 
such as lithium chloride or silica gel. The use 
of LiC1 appears suitable for regeneration pur- 
poses since water can be recovered by heating 
the material to 300"F. 

The use of activated charcoal for the removal 
of odorous material from the air appears quite 
feasible since mass requirements are small. 

2. The problem of obtaining oxygen from 
man's metabolic wastes has received consider- 
able attention in recent years. Primary empha- 
sis has been on the approach that utilizes the 
photosynthetic ability of chlorophyll-containing 
plants to synthesize food and oxygen from car- 
bon dioxide and water in the presence of sun- 
light, or other light in the visible region of the 
spectrum. Several excellent reports are avail- 
able concerning the results of studies using algae 
as the photosynthetic device, t,4,rr,ls Basically, 
a seemingly ideal relationship may be formed 
between a man and an algal plant. The algae 
will absorb the CO z expired by man and with 
water and the proper energy input (light in the 
visible spectrum) produce a carbohydrate plus 
oxygen, using chlorophyll as a catalyst. The 
carbohydrate is used by the plant whereas the 
oxygen is, of course r needed by man. It has 
been estimated that 2.2 kilograms of algae will 
support the 0 2 requirements for one man. ar 
Although this value is probably subject to revi- 
sion downward, one must remember that a quan- 
tity of water, amounting to from twenty times, 
to perhaps 100 times the weight of algae must 
be added to the over-all system weight. In addi- 
tion, a fundamental problem has arisen con- 
cerning the non-equivalence of the COn/O+ 
production rate (the respiratory quotient (R.Q.) 
for animal and the assimilitory quotient (A.Q.) 
for plants.) It has been found that the A.Q. 
for algae, although an apparent function of its 
nitrogen source, is lower than the R.Q. for ani- 
mals. Hence, an oxygen overproduction re- 
sults which enriches the atmosphere if left 
without adequate controls. However, in spite 
of this difficulty, it is quite obvious that the al- 
gae can support animal life by converting car- 
bon dioxide into oxygen to meet the animal's 
oxygen requirement. Still, many other prob- 
lems exist that require a solution prior to its 
widespread acceptance and use as a source of 
oxygen for space flight. Weight, volume, and 
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energy input requirements are quite high if 
lamps are the light source as currently contem- 
plated. Another extremely important point that 
must be resolved is the reliability of a biological 
system. This point must be investigated before 
a realistic evaluation can be made. To date, lit- 
tle has been done in this particular area. 

A second approach toward obtaining an ade- 
quate supply of oxygen using regeneration meth- 
ods makes use of inorganic chemistry. 

The use of potassium superoxide is attractive 
for this purpose since this material will react 
with the moisture in the air to produce oxygen 
and an hydroxide which will react with the CO_~ 
in the air, forming a carbonate: 

4KO~ + 21-I.20 ~ 4 KOH q- 30: (1) 
4KOH + 2CO2 ~ 2 IG CO3 + 2 H20 (2) 

This reaction is currendy under study by 
several agencies. One point that requires fur- 
ther investigation before this system is com- 
pletely acceptable is the difference in the oxygen 
production rate and the CO_. consumption rate. 
These values do not balance with the R.Q. of 
man (Chemical R.Q. = 0.67, Man R.Q. --  
0.82). Hence, an inhibitor or other means, i.e., 
mechanical bleed, etc., must be built into the 
system to equate the two quotients. This ap- 
proach, strictly speaking, cannot be considered a 
regenerative method because the superoxide 
must be prestored in quantities proportioned to 
flight time. Weight estimates of a system em- 
bodying this technique indicate that the ap- 
proach, while an improvement over the basic 
prestorage method, does not compete with regen- 
erative techniques utilizing man's wastes as the 
raw materials. 

Studies concerning the possibility of obtaining 
oxygen from carbon dioxide have also received 
attention. Konikoff 12 and Foster and McNulty s 
have examined this problem and came to the 
same conclusion; namely, the hydrogen reactions 
with carbon dioxide are potentially important 
and, with proper care, recovery of essentially 
all of the oxygen contained in the carbon di- 
oxide can be accomplished. 

improved Yecbniques.--The approach consid- 
ered here is based upon the fact that man's in- 
take of water and oxygen is equaled by his 
output of these materials, although they may be 
in another form. Of great importance and dif- 
ficulty are the techniques of collection and proc- 
essing that are required so that these materials, 
normally referred to as metabolic wastes, may be 
presented to him in a form suitable for his 
ingestion and inhalation. 

As a basis for the statement made previously 
concerning the equivalence of man's input and 
output, consider first his metabolic process. As- 
suming that a daily diet totaling K cal. and com- 
posed of 

52 per cent carbohydrate (glucose--C_4H,~O,) 
32 per cent fat (palmitin--C51H~O~) 
16 per cent protein (rneat--C3.,H0.401.4N) 

is suitable, then the weight of this dehydrated 
food becomes 454 gm. (1 lb.) perday. By simple 
manipulation, a hypothetical food molecule may 
be derived from this combination of C-H-O-N. 
This food molecule has the form of C-"sH4aOllN. 

The trace elements, i.e., S, Fe, I, P, etc., have 
been ignored in this analysis, since their total 
weight is small in comparison with that of any 
of the major constituents. Since the process of 
metabolism is basically one of oxidation (com- 
bustion), we may write equation 3 from 
which we obtain the stoichiometric O z require- 
ment and also the quantity of CO 2 and H20 
produced. 

C~Ha3OllN + 281,/40~ -~. 23 CO2 + 211/2 H20 + 1/2 N 
Wt. (gm.) 453 + 806 : 903 + 345 + 12 
Wt. (lb.) 1.0 + 1.78 : 1.99 + .76 + .03 
Vol. (liters) 565--~ 456 

(3) 
CO~ (Vol) 456 

R.Q. -- -- - -  0.81 
O~ (Vol) 565 

f32 l 
The 903 gm. of CO 2 contain 1 - - X 9 0 3  { 

[44  I 

grn. of 02 or 656 gin. and 345 gin. of H20  
contain 306 gin. of O._. Therefore, if it is pos- 
sible to extract all the oxygen contained in 
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these two waste materials, a total of 962 gin. 
of O~ are made available for respiration. This 
quantity is greater than the required amount 
(806 gm. derived from equation 3 because 
some of the oxygen from the food is converted 
to CO 5 and HsO and hence recovered.) 

It should be pointed out at this time that the 
above analysis is simplified and is, at best, an 
approximation of the complicated process in- 
volved in human metabolism. 

For example, it can be argued that a waste 
molecule (CmH,OzN) should appear in place of 
the N in equation 3. However, the effect of 
this molecule on the O 5 uptake and CO 2 pro- 
duction is negligible in this approximate analysis. 

This hypothetical reaction does serve to indi- 
cate the general chemical reactions involved and, 
with a fair degree of accuracy, reports on the 
required quantities. 

Air Purification.--Since the CO 2 and H20 
are the sole sources of oxygen, the first task in 
this study--the removal and collection of these 
contaminants from the expired air--becomes evi- 
dent. By passing the air over a purification 
train consisting of a suitable desiccant or freeze 
trap for water removal and then through a 
molecular sieve, diethanolamine scrubber, or 
other suitable means for CO 2 removal, this task 
can be resolved with no major problems. A 
"suitable" desiccant is one which will permit 
regeneration with a reasonably low energy in- 
put. In addition, the energy input should be of 
a rather low-grade form. For example, the use 
of LiOH for CO s absorption is quite attractive 
because, weight-wise, the relationship is roughly 
1 to 1. However, to recover the carbon mon- 
oxide from the carbonate is a difficult task re- 
quiring initially a temperature of about 600~ 
in order that the Li2CO s be reduced to L i fo  
which must then be hydrolyzed to form LiOH. 
A question exists as to the feasibility of such a 
procedure. 

On the other hand, the use of a molecular 
sieve, while not as efficient a collector, requires 
energy at a temperature of only about 95~ for 
regeneration and hence appears more desirable 

than the LiOH system since the energy require- 
ments should be kept to a minimum. In addition, 
the regeneration process is relatively simple. 
More recent work has indicated the feasibility 
of the removal of CO2 from a molecular sieve 
by means of vacuum technology. Early results 2 
show that the CO 5 can be recovered by apply- 
ing moderate vacuum to the sieve (15 to 20 
ram. Hg) while maintaining the sieve at or near 
normal room temperature (15~ The use of 
an activated charcoal bed appears suitable as a 
means for the removal of odors. 

Oxygen Recovery from 'Water.--Once the 
CO 2 and HsO have been recovered from the 
contaminated air, the extraction of O 5 from 
these materials can begin. The most direct 
method for the recovery of O 5 from HsO is 
by electrolysis. 

The decomposition of water by electrolysis is 
a process that has long been understood and 
practiced. Since pure water is a poor conductor, 
some substance is usually added to increase con- 
ductivity. In practice, a dilute solution of sul- 
furic acid or sodium or potassium hydroxide is 
usually employed. 

Theoretically, the decomposition proceeds as 
follows : 

2H~O ---~ 2H2 + O: A H = 136.54 K cal. (4) 

This shows that an expenditure of 136.5 K 
calories is required to obtain one mol. (22.4 
liters at S.T.P.) of 02. Hence, since 565 
liters are required per man per day, the total 
energy requirement becomes 3445 K cal./man- 
day. This assumes complete conversion. Using 
a standard laboratory type electrolysis cell 
(Hoffman type, Cenco improved Electrolysis 
apparatus, model 81240) and H2SO ~ as the 
electrolyte, it was found that an energy input of 
24.8 K cal./1, of 0 2 was required indicating an 
efficiency of 24.6 per cent. 

Use has been made of a General Electric fuel 
cell that combines 0 2 and H 2 to produce en- 
ergy, water being the by-product. 2~ This cell is 
unique in that it contains a hydrophilic resin 
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membrane containing a molecularly anchored, 
ionically active functional group as the elec- 
trolyte. This permits an essentially self-regu- 
lating action. Thus, water is automatically re- 
jected from the resin as it is formed in the cell 
reaction. In addition, the electrolyte cannot be 
leached from the membrane by the water. Re- 
versing the action of this ion-exchange solid- 
membrane electrolytic fuel cell results in an 
electrolysis cell having these advantages: 

1. Since the electrolyte is incorporated in the 
membrane, pure water may be decomposed by 
electrolysis with no additional substance required 
to improve conductivity. 

2. The membrane also serves as a dividing 
wall for the O 2 and H 2 chambers. 

3. Energy input is considerably below that 
of the laboratory model cell reported upon 
above. Test data yielded a value o f  8.14 K 
cal./1, of O~ resulting in an efficiency of 74.9 
per cent. s 

Using the efficiency value cited above the to- 
tal energy requirement shown previously now 
becomes 4600 K cal./man-day. 

Although the decomposition of water by elec- 
trolysis is a simple and well understood phe- 
nomenon, it has a requirement for a high grade 
energy input. Admittedly, solar energy is avail- 
able in space~ however, the conversion of this 
energy into electricity is a relatively inefficient 
process. With the present techniques an effi- 
ciency of 10 per cent can be expected at best. 
Thus this approach is relatively costly. 

Another method for recovering O 2 from wa- 
ter involves the photo-decomposition of water. 
It is an intriguing problem made important by 
possible space application because of the abun- 
dance of solar irradiation in space. The major 
problem is to find a catalyst that will be capable 
of sensitizing the decomposition in a more ener- 
getically abundant region of the solar spectrum. 
This is necessary because water is transparent 
down to about 1800 A. Heidt 9 has demonstrated 
that a photosensitized decomposition of water 
takes place in perchloric acid solutions of cerous 
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and ceric perchlorates. The reaction scheme 
may be as follows: 

hv 
2Ce +4 + I-hO --> 2Ce *s + I/'20~ + 2H + (5) 

h~ 
2Ce +' + 2H20 ----> 2Ce +4 + H2 + 2OH- (6) 

Net reaction: 
I-hO ---> I-I2 + V202 (7) 

This reaction was studied at the 2537 A 
line of a high intensity mercury arc. In direct 
sunlight, the reaction has a very low efficiency. 
After several days' illumination in sunlight, a 
formation of about 10 "s moles of hydrogen was 
collected. 

Still another approach to the photodecompo- 
sition of water concerns the Hill Reaction) ~ 
This is the photo-oxidation which occurs in na- 
ture whereby the photolysis of water by chloro- 
plasts in the presence of some electron accep- 
tor Z results in the formation of Hs and 0 2. 
The reactions are: 

h~ 
2H20 + 4Z ---> 4H + + Oz + 4Z- (8) 

4Z- + 4H § ----> 4Z + 2H~ (9) 
Net reaction: 

h~ 
HzO ---> I-h + V202 (10) 

In laboratory study of this reaction, the elec- 
tron acceptor most frequently used is ferricya- 
nide. The reduction of ferricyanide to ferro- 
cyanide is exergonic, hence the light energy 
used to energize the reaction is not stored but 
lost. Thus, the over-all efficiency is quite low. 

Oxygen Recovery from COs.--  

1. Fischer-Tropsch Synthesis: The direct 
removal of 0 2 from CO s presents a more diflq- 
cult problem. It is well known that the decom- 
position of CO~ into C and O z under usual 
conditions requires an extremely high energy 
input, and yields are quite low. 

Therefore, it becomes desirable to find an- 
other manner in which the O~ can be recovered. 
One logical approach wonId be to reduce the 
CO~ to a form from which it is relatively easy 
to recover Oo. The Fischer-Tropsch synthesis is 
such a reaction and is shown in equation 11. 

COs + 4H2 ~ CH4 + ')H20 (11) 
wt. (gm.) 903 + 164 = 3~28 + 739 
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This reaction is feasible and is certainly a 
desirable one since all of the 0 2 is removed from 
the CO: and converted into water. By electroly- 
sis, a total of 656 gm. of O 2 (462 liters) is 
obtained. 

An interesting by-product in equation 13 is 
solid carbon which, under proper conditions, 
may be activated in the presence of hydrogen. 

It should be pointed out at this time that the 
reactions shown above (equations 11 to 14, 

T A B L E  I .  T H E  H E A T  OF  R E A C T I O N  F O R  T H E  R E A C T I O N S  O F  E Q U A T I O N S  11 A N D  15 A N D  

T H E  F R E E  E N E R G Y  AS A F U N C T I O N  O F  T E M P E R A T U R E  

Temperature 

Reaction H, K-Cal. F ~ K-Cal. (approx) 

0~ 127 227~ 327~ 0~ 127~ 227~ 327~ 

Equation 11 --39.4 --40.6 --41.8 --42.8 --28 --22 --19 --12 
Equation 15 -- 9.8 -- 9.7 -- 9.5 -- 9.3 -- 8 -- 7 -- 6.5 -- 5.0 

The methanation reaction shown in equation 
11 is strongly exothermic. In fact, this entire 
series of Fischer-Tropsch reactions involving Hz 
and CO 2 or CO (equation 15) are exothermic. 
Table I lists the heats of reaction for the reac- 
tion of equations 11 and 15 and also the free 
energy as a function of temperature.; 

The second product formed by this reaction, 
methane, appears to be quite useful in an over- 
all system concept for several reasons: (a) It is 
a fuel having a caloric value of 1067 Btu/cu. 
ft. and, hence, could be useful as a secondary 
energy source. (b) When methane is treated 
with chlorine, its hydrogen is replaced step by 
step in the production of useful chlorinated 
hydrocarbons: 

(12) 
CH0 --> CHsCL --> CH~Cls ~ CHCI~ --> CCh 

methyl methylene chloroform carbon- 
chloride chloride tetra 

chloride 

or by treating with hydrogen, acetylene (Coil2) 
is formed, which can then be treated to" yield 
acetic acid. There are many other reactions 
which will yield useful products resulting from 
the treatment of methane. Thus, an interesting 
in situ regenerating plant may result. (c) Meth- 
ane may be treated with chlorine to yield hydro- 
chloric acid which, upon decomposition, releases 
hydrogen. In thL- manner there is no loss of 
this element. 

C H ,  + 2Ch  ----> C + 4HCI  (13) 

4HC1 --> 2H: + 2Ch (14) 

7O6 

inclusive) concerned with the further treatment 
of the by-product CH~ are not easily accom- 
plished. Considerable experimental work is re- 
quired before they can be applied. Also of in- 
terest is the recovery, for reuse, of the chlorine. 

Of  course, a final suggestion is to collect the 
methane, and dump it overboard. 

2. Reverse Water-Gas Reaction: A second 
approach, reverse water-gas shift reaction, is 
somewhat similar to the Fischer-Tropsch syn- 
thesis. The major difference is that the CO 2 is 
initially reduced to CO only. Thus, only one 
atom of 0 2 is recovered for each molecule of 
0 2 in the CO2. 

CO2 + H 2 ~  :~ C O  + H 2 0  (15) 

wt. ( gm. )  903 + 41 ---- 574 + 370 

It is easily seen, comparing this reaction with 
that of equation 11, that just one-half of the 
water is produced. This reaction must take 
place at elevated temperatures. At temperatures 
below 800oc the equilibrium very much favors 
the reactant side. 22 At a temperature of 1500~ 
over an iron chromate catalyst, however, the 
equilibrium has shifted so that about 60 per 
cent of the CO 2 is removed in a single pass. 

In order that the remainder of the 02 be re- 
covered, it is necessary to treat the CO formed 
in equation 15. Many possibilities exist. The 
most direct appears to be the hydrogenation of 
carbon monoxide: 

3H~ + C O  ~ CH4 + H~O (16a)  

or  H2 + C O  ~:~ Cg + l--hO (16b)  
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The water is then electrolyzed, yielding the re- 
quired O v 

These reactions T M  have been carefully stud- 
ied. As mentioned earlier, both reactions are 
greatly exothermic and heat must be removed. 
Table II shows data for reaction of methane. 
It proceeds best at lower temperatures with a 
decreasing value for the equilibrium constant as 
the temperature increases. 

3. Other CO 2 Hydrogenation Methods: Still 
a third attractive reaction between CO 2 and H., 
is: 

co~ + 2H: ~=~ C + 2H~.O (17) 

This reaction, while theoretically feasible, re- 
quires further study in order that it may be 
more fully understood. 

T A B L E  I I .  R E A C T I O N S  OF 

M E T H A N E  

Temperature °C Keq 

27 24.677 
227 10.060 
427 3.571 

4. Alkali Metal Reactions: An interesting, 
and possibly ~seful technique for COo_ reduction 
is that concerning the reaction of the alkali 
with COo_. For example, using sodium, the 
theoretical yields are high and energy inputs are 
reasonably low. 

2Na: + CO~ -"-> 2Na20 + C (18) 
Na~ + 2CO~ ---> Na2C20~ (18a) 
NazO + I-hO -~ 2NaOH (19) 
2 NaOH --> 2Na + O~. + H2 (20) 

The actual yield of the oxide formed in equa- 
tion 18 approaches 98 per cent. 25 Expected con- 
ditions for the reaction would be a temperature 
of under 300 ° C. Although the speed of the 
reaction is known, previous work has indicated 
it is not impractical from the time sense. After 
the formation of the oxide, it is combined with 
H oO (equation 19) forming sodium hydroxide. 
The electrolysis of N a O H  is a commercial 
process which, for many years, has been 
carried out in the Castner Cell. ~1 The process 
is quite simple and proceeds as shown in 
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equation 20 where N a O H  at 820 ° C. is fed at 
a current density of 2.0 amps/cm 2 with a 
current efficiency of 80 per cent. Cell voltage 
of 8V gives a high yield. ~1 During electrolysis 
of the NaOH,  the actual reactions a r e :  

Cathode Anode 
4 N a  ÷ + 4 e  - -~  4 N a  4 O H -  - 4e  --~ 2FhO + O, 

The water diffuses to the cathode and is decom- 
posed to H 2 and NaOH.  It is estimated that a 
yield of 50 per cent per pass is feasible. 

CONTAMINATEDLo_ O'ZHiHi.CO_~.~ AiR ) ~  

too:~ 
Fig. 1. Schematic flow diagram for Fischer- 

Tropsch synthesis for oxygen recovery. 

Equation 18a shows the reaction involving the 
other two per cent of the total input in equation 
18. The sodium oxalate may be treated to 
eventually yield the metal (Na) and CO which 
can then be recycled or it may be discarded. 

Another interesting product of this reaction 
is carbon. Equation 18 shows that an appreci- 
able quantity of C is formed, amounting to 
(12/44 X 1.99 X .98) = 0.52 lbs. per day, 

approximately. Reactivating this solid carbon 
in the presence of hydrogen may be possible, 
hence permitting a further step toward a closed 
ecology. 

Figure 1 is a schematic flow diagram illustrat- 
ing the inter-relationship of the methanation 
reaction (equation 11). By simple substitution 
of the water-gas reaction (equation 15) in its 
appropriate place, the diagram still holds. The 
block marked "By-product Treatment" may in- 
clude any of the reactions shown in equations 
12, 13, 14, 16a and 161o. Figure 2 illustrates 
the alkali metal reaction. 

5. Decomposition of COo_ at High Tempera- 
tures and/or  Reduced Pressures: Another 
approach that is of possible interest is a thermal 
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decomposition method as expressed by the 
equilibrium reaction: 

2 C O a  ~:~ " ) C O  -[- O= ( 2 1 )  

This reaction has been reported in the 
literature by Nernst and Von Wartenberg 19 and 

kO O, I L O O z ~  " q 
Hi COz HZO [ [CO~ r [ 

J 
! 

REVITAUZFrD AIR 02 "~/ ( 
't H; 02 

LO COt 
kO HzO 

Fig. 2. Schematic flow diagram illustrating alkali 
reduction of carbon dioxide for oxygen recovery. 

cerns the possible decomposition rate when both 
high temperatures and low pressures are used. 

Pursuing this general approach appears 
promising since the other product, CO, can be 
further acted upon either to go to C and H~O 
or CO2. These reactions are (theoretically): 

C O  + H2 --~ Cg  + H~O ( 1 6 b )  

2C0 ---) C + C0.2 (22) 

Equation 22 would require Fe3C as a catalyst. 
It is of interest to note that the carbon deposited 
out speeds the catalytic reaction. This reaction 
(equation 22) proceeds at a rather low tempera- 
ture (450 ~ C.) for the maximum yield of CO z. 

T A B L E  I I I .  T E M P E R A T U R E  A N D  

C A R B O N  D I O X I D E  

D E C O M P O S I T I O N  R A T E  

by Langmuir. 1~ The former have demonstrated 
that high yields can be attained by passing CO 2 
through a heated zone at reduced pressures. 
Ordinarily, the decomposition of CO z by the 
application of high temperature is quite low; 
at 2000 ~ C. less than 2 per cent of the CO 2 
is decomposed. However, by reducing the 
ambient pressure, the reaction is greatly 
accelerated toward completion. Their results 
show the following per cent of decomposition 
per pass as a function of pressure at a tempera- 
ture of 2500 ~ C. 

Pressure, atm ............... 10.00 1 .00 0 .10  0.01 
CO2 decomposition, 

per cent .................. 7.08 15.80 30.70 53.00 

Langmuir also studied this reaction using a 
somewhat different experimental technique. He 
passed the CO z at atmospheric pressure over a 
small diameter platinum wire uniformly heated 
over its entire length of about 31 cm. His results 
indicated a very strong dependence of the 
decomposition rate upon the temperature, par- 
ticularly at the higher values as seen in Table 
III. 

It can be seen that at 3000 ~ (abs.) 48.5 per 
cent decomposition can be attained at atmos- 
pheric pressure. An interesting conjecture con- 
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Temperature C02 Decomposition 
Absolute Per Cent 

1000 2 .0  x 10 - 5  
1500 4 .36 x 10 - 2  
2000 1.84 
220O 5.OO 
2500 15.6 
3000 48.5  

6. Photo-chemical Decomposition of CO2: 
Over the years investigators have periodically 
published experimental data concerned with the 
decomposition of CO 2 in ultraviolet light. Cline 
and Forbes 8 describe their experiments in which 
CO2, purified from water vapor and saturated 
with mercury vapor, was rapidly decomposed 
when radiation at wave length of 1840 _~ was 
admitted. Quantum yields of 0.8 were realized. 
Jucker and Rideal 1~ also reported on the photo- 
decomposition of CO:. These workers used 
Xenon 1470 A radiation and found quantum 
efficiencies of 1.9. In both studies, the decom- 
position reaction was: 

2CO~ --~ 2CO + 02 (23) 

In the case of the mercury vapor saturation, 
the 0 2 reacted with the Hg and formed yellow 
mercuric oxide. 

Unfortunately, this over-all approach, while 
scientifically feasible, is primarily one of low 
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eff• In fact I it appears that any reaction 
of the type described above is inherently 
inefficient and hence may not prove suitable for 
space flight where energy utilization is of para- 
mount importance. 

DISCUSSION 

The several techniques described above are 
but a few of the many approaches available for 
the removal of oxygen from carbon dioxide. 
They do, however, represent a sample of each 
method having a high probability of success. 
Each approach is attractive from at least one 
point of view. 

The Fischer-Tropsch synthesis (equation 11) 
is a member of a family of reactions that has 
been carefully studied (information is available 
on the energy, catalysts, temperatures and pres- 
sure requirements, etc.). The fact that the 
reaction wilt proceed at a pressure of one atmos- 
phere is advantageous. Yields are high and the 
by-product, CH~, is useful should the require- 
ment exist insofar as utilization of all waste. 

To a great extent, the reverse water-gas shift 
reaction (equation 15) has attributes similar to 
the Fischer-Tropsch synthesis. The point of 
departure, however, is the fact that only one 
half of the O 2 is removed in the reaction. Hence, 
the by-product, CO, must be decomposed in 
order that the necessary O2 requirement can 
be met. Fortunately, many reactions are feasible 
for the extraction of O 2 from CO, although 
some may not be direct. However, as shown in 
equations 16a and 16b, the CO can be effec- 
tively decomposed. 

The hydrogenation reaction shown in equation 
17 is an interesting one and should be the sub- 
ject of additional study. Some data concerning 
this reaction are available in the overall wealth 
of information concerning the Fischer-Tropsch 
reactions.S, 22 

The reactions of the alkali metals are of 
interest primarily because of the large body of 
data available concerning the electrolysis of the 
eutectic mixture of the carbonates, i.e., Li2CO s 
or the hydroxide, NaOH. Unfortunately, while 

these reactions may result in the release of 
sufficient 02 gas, the fundamental premise of a 
complete independence of prestored materials for 
02 supply is not met by this technique. The 
alkali metal in suffcent quantities for a specified 
voyage must be initially stored. 

The direct decomposition of CO 2 is usually 
considered to be a difficult reaction because of 
the energy requirements. While this is still a 
valid objection, the description of the techniques 
of Nernst, Von Wartenberg and Langmuir are 
scientifically intriguing and should be subjected 
to continued study. The results, showing 50 
or more per cent dissociation per pass, are a 
remarkable achievement. It would be interesting 
to examine this reaction under the combined 
action of high temperature, platinum wire cata- 
lyst, and reduced pressure. 

The photochemical decomposition of CO., 
falls into the category of the previous tech- 
nique. By nature, it is a low effciency reaction 
with present knowledge; of utmost importance 
here would be the discovery of a photocatalyzer 
which would upgrade the reaction and energy 
utilization. 

Another important factor in the discussion of 
the several techniques that require attention is 
the energy requirement. Obviously, at present, 
it becomes mandatory to specify a technique 
which will use the minimum quantity of energy 
In addition, the technique should use energy 
in a form most easily obtained. For example, 
if thermal energy is required, the sun is an 
excellent source and merely using a lens or 
concentrator (parabolic reflector) will permit 
almost a 100 per cent conversion efficiency. 
Should the required energy be in the electrical 
form however, a serious loss due to conversion 
efficiency is immediately noted if we wish to 
utilize the sun as our source of energy. Here, 
using available solar cells, a conversion 
efficiency of 10 per cent is available with the 
possibility that perhaps I2 per cent cells may 
shortly become available. 

Each of the techniques described earlier 
requires energy. Also, each requires both the 
thermal and electrical forms. 
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Table IV is a listing of the computed energy 
requirements of these techniques. The total 
energy is obtained by determining any or all of 
the heats of formation, reactions, decom- 
positions, electrolysis, etc., that are necessary in 

ture control. The total energy shown, 9916 
K cal./man-day, is a reasonable value con- 
sidering a photosynthetic efficiency of 25 per 
cent. It should he pointed out that this energy 
value is a realistic appraisal based on empirical 

T A B L E  IV.  C O M P U T E D  R A N K I N G  T E C H N I Q U E S  FOR T H E  R E C O V E R Y  OF O X Y G E N  

FROM CARBON D I O X I D E  

Technique 

Fischer-Tropsch synthesis 
Reverse  water  gas reaction 
Hydrogenat ion  
Decomposition 
Alkali metal reaction 

Photosynthetic gas exchange 

Theoretical Energy Requirements 

Remove 02 From CO2 
K-Cal./Man-Day 

--874 
--1402 
--880 

1390 
--3633 

Obtain O2 Gas 
K-Cal./Man-Day 

4600 
4600 
4600 
1250 

13000 

Total 
K-Cal. /Man-Day 

3726 
3198 
3720 
2640 
9370 

9916 

Complexity 
Factor Ranking 

order that the end product be oxygen in a 
sufficient quantity for one man per day as 
determined by equation 3. Since the reactions 
generally remove the oxygen molecule from 
CO z and combine it with hydrogen, forming 
water, the energy computations are twofold. 
First is the amount of energy added or extracted 
from the reaction (endothermic or exothetmic) 
and second, the electric energy required to 
electrolyze the H20.  The total energy is simply 
the algebraic sum. Practically, this is difficult 
to justify since it is unrealistic to presume that 
all of the heat generated in the exothermic re- 
actions will be recovered and reused elsewhere. 
However, for the intended use, it is acceptable 
since we are interested in ranking the tech- 
niques based upon these analytical considerations 
only. 

Such a ranking also includes an estimate of 
the complexity of the process. For example, the 
Fischer-Tropsch synthesis will theoretically 
remove all of the 02 from the CO2 in one 
reaction whereas the reverse water-gas shift 
reaction requires two steps. Hence, the former 
reaction rates higher from a complexity point 
of view. 

Also shown on the table are the energy re- 
quirements for an algal plant using the Cblorella 
strain grown under typical laboratory conditions 
of artificial light, proper nutrient and tempera- 
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data whereas the other values are based on 
theory only. Thus, it is probable that these 
other energy values will, by necessity, have to 
be revised upward by factors of perhaps 3 or 
more as experimental data are made available. 
Hence, it is not to be misconstrued from this 
tabulation that the photosynthetic gas exchange 
system requires considerably greater energy in- 
put than do physiochemical techniques. At this 
time, more information is required before valid 
evaluation can be made. 

Inasmuch as the major premise regarding the 
utilization of a regenerative system for 02 
supply is weight savings, an estimate was made 
of the system weight of four different methods 
for supplying a man with oxygen during space 
flight. These methods are: (a) Open cycle (pre- 
storage), (b) Superoxide supply system, (c) 
Liquid oxygen supply system and (d) Re- 
generative system (Fischer-Tropsch synthesis). 

The assumptions for each are the same and 
are: 

O, required ............................ 1.78 lb./day/man 
CO2 produced ........................ 1.99 lb./day/man 
H-20 produced ........................ 0.76 lb./day/man 
Odor removed by 1.0 lb. of activated charcoal. 

Detailed specifications are on a daily basis 
for one man: 

Open cycle--1. CO 2 and H20  are absorbed 
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on LiOH and LiC1 respectively. Required 
quantities are 2.5 lb. of LiOH and 1.30 lb. of 
LiC1. Container weight is estimated to be 2.5 
per cent. 2. Liquid oxygen supplies O z and 
weighs 2.85 lbs./daily requirement. 

Superoxide system (see equations 1 and 2 ) - -  
1. CO 2 and H20 are used by the KOz for the 
production of O2. Theoretical yields assumed, 
hence 5.26 lb. of KO 2 are required which will 
use 1.43 lb. of CO 2 eventually. Hence~ 0.74 lb. 
of LiOH is required for the remaining 0.56 lb. 
of CO 2. 

~o pr.-~-m~.nos,~/ ~ ' m a ~ c 8  s,~rness 
y~ 

/ /  / 

0 4 8 12 IS 20 24 Z8 3 :) 

T I M [ ,  DAYS 

Fig. 3. Estimated breakpoint in oxygen supply 
systems. 

s and regenerative CO 2 adsorber~l. 
CO 2 will be adsorbed on a molecular sieve 
system which will be regenerated hourly. Thus 
a total of 9.00 lb. of sieve material induding 
spare cannister and valving is required. HzO 
will be adsorbed as before in the open cycle 
method. :2. O 2 will be supplied as before 
(see open cycle method). 

Regenerating system--1. The Fischer-Tropsch 
synthesis (equation 11) will be used and the 
tubing, etc., will weigh about 35 lb. 2. CO S 
will be adsorbed on a molecular sieve (see Lox 
and regenerative CO 2 adsorber method). 3. HsO 
will be adsorbed and regenerated by heat from 
LiCI, or a freeze trap weighing about 1.5 lb. 
total. 4. H20 will be electrolyzed by a fuel cell 
and, including required solar cells, the system 
will weigh about 85 lb. 
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Figure 3 presents this information. It shows 
the equipment weight as a function of flight 
time. It can be seen that a regenerative system 
utilizing the Fischer-Tropsch synthesis will be 

~XH,UST ~-r 

EXHAUST 

Fig. 4. Schematic flow diagram of the experi- 
mental apparatus for the reaction: COs -t- 4H2 ~:~ 
CH~ + 2H20. 

more desirable, from a weight standpoint, after 
a flight time of twenty-six days or perhaps, one 
man-month. 

Since these results indicate the desirability of 
using the Fischer-Tropsch synthesis for oxygen 
recovery, an experimental program is currently 
underway to verify its feasibility. Figure 4 is a 
diagram showing schematically the experimental 
apparatus. 
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Food and Absorption of Vitamin B~z 
D. J. DELLER, M.B., H. GERMAR, M.D., and L. J. WITT8, M.D. 

Radcliffe Infirmary, Oxford,  England. s 1:574-577, 1961 

Administration of a fasting dose of radioactive vitamin B12 is not  a reliable method of 
determining absorption of the vitamin in patients with partial gastrectomy. W h e n  the 
test dose is given with a meal free of vitamin BI_o , absorption of the vitamin is significantly 
enhanced. In partial gastrectomy patients with grossly subnormal absorption, the effect 
of food sometimes is comparable to that of intrinsic factor. Doses of vitamin B12 labeled 
with cobalt 58 were given under fasting conditions and with food to patients with partial 
gastrectomy or pernicious anemia and to healthy persons. Absorption was enhanced by 
food in the partial gastrectomy group only.--2lodern 2ledicine, 1961. 
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