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Ab st rac t  

The l i f e  support system requi remnts  f o r  long duration manned 

space missions have been examined. 

b io logica l  and chemical processes f o r  food synthesis from metabolic 

wastes may be feas ib le  and competitive with systems t h a t  use s tored 

food. This paper describes a typ ica l ,  conceptual, configuration of 

a closed l i f e  support system. Specific processes f o r  the  synthesis 

of formaldehyde, glycerol ,  carbohydrates,and ethanol a r e  discussed. 

Work curren t ly  under way t o  develop technology su i tab le  f o r  synthesis 

of such mater ia ls  i s  b r i e f l y  described. 

Hybrid systems t h a t  use both 
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i n i t i a l  e f f o r t s  (1,2) to develop regezerative l i f e  supgort 

s y s t e m  for zse is long dw.zition m m e d  space a i s s i o n s  began i n  

t h e  l%%'s. 

b io logica l  s y s t e m  which wwld provide o m e n  azzd potable water 

I r o x  r..stabolic waste products. 

work w a s  d i rec ted  toward the  use of photosynthetic gas exchangers 

( r e c l a m t i o n  of oxygen fron carbon dioxide) ,  a t t e n t i o n  was a l s o  

given t o  the  u t i l i z a t i o n  of the  by-probuct 'oiomss 8 s  a p o t e i z  

food sowce ,  and it w a s  sho'cln that r a n  can t o l e r a t e  up t o  20 per- 

cent of  nis d i e t  as a biomzss c o q r i s e d  or' algae.  Nore recent ly ,  

work was b e g u  on the  cheaicel synt'cesis of foods f o r  manned 

s p c e c r a f t  . 

Tnese s tudies  were directed toward the  d e v e l o p a n t  of 

While the  emphasis i n  t h i s  early 

Based on work of t h e  l r % e  nineteenth century, AAerlof and 

Xj.tcl>&l ( 3 )  ct7&ied t h e  c p t h e s i s  nf s'm?le ca-rbohydrates from 

mterials t h a t  could be obtaiaed I'rorc L.-n metabolic waste prod- 

u c t s  i n  a spacecraf t .  Tney syilthesizea for-aldehyde f r o a  carbon 

nonoxihe a d  hydrogen i n  a s i l en t  e l e c t r i c  discharge reactor  and 

condeosza it i n  t ' re presence o f  calciux ---&-oxide t o  form a com- 

plex uxri;urs o f  csrbohydrzkes cal led f o r m s e  sugar. 

tine mixture t o  rats zr-i fomd it t o  be tox ic .  

They fed 

I n  conj -ac t ion  with ot&r program r e l a t e d  t o  t'ce developEent 

of L l e  susport s y s t e m  lor lor3 duration s p c e  missions, X X A  

sponsored sxuiies t o  define feasible  iriethods for regeneratiag fceds 
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from metabolic wastes. This paper summarizes t h e  conclusions of 

these s tudies  and discusses work cu r ren t ly  under way t o  synthesize 

i'oods elieiiitcall>-. 

Closed L i f e  Support System 

i n  Table 1, typ ica l  metzbolic inpdt-Gutput re la t ionships  f o r  

man are  l i s t e d .  A s  mission durations increase and crew s i z e s  become 

l a rge r ,  it w i l l  be advantageous t o  reclaim more and more of the  

metabolic wastes. 

of reclaiming oxygen and water i n  one-year, four-man-crew missions 

w i t h  expendables replenished every 90 days. 

reclamation, some 14-15 percent of t he  wastes l o s t  must be o f f s e t  by 

means of s tored  food. 

A recent  study (4) demonstrated t h e  necessi ty  

Even w i t h  t h i s  degree of 

Manned Mars encounter missions would probably require  approx- 

imately 500 days and a 10-man crew. 

for reclaiming water and oxygen, near ly  3,200 kg of food would be 

needed. Our closed l i f e  support system s tudies  were directed 

toward determining t h e  configuration and the engineering f eas ib i l -  

i t y  of a regenerative l i f e  support system with a t o t a l  weight 

requirement s ign i f i can t ly  less than t h a t  f o r  a system which used 

s to red  food. 

With t h e  present technology 

The assumptions made t o  guide our s tud ies  are l i s t e d  i n  

Table 2. They are somewhat r e s t r i c t i v e  and not necessar i ly  rep- 

r e sen ta t ive  of what might be  imposed i n  an ac tua l  long duration 

space mission. For example, t h e  power penalty of 50 kg/kW i s  
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biological ly;  and i n  t h e  second a hybrid process of both b io log ica l  

and chemical processes i s  used. 

r"r;om the  -;le;lTzint cf wight. ana power! t he  b io log ica l  system 

i s  preferred over t h e  hybrid.  

system is t a s e d  on the  assun?tion t h a t  man can t o l e r a t e  a high 

l e v e l  of p ro te in  i n  h i s  d i e t .  

p ro te in  d i e t  consumed over a long period imposes physiological 

stresses, such as increased water turnover.  

t e m  can produce a d i e t  with components i n  more conventional 

proportion, it i s  considered t o  be a preferable  approach. 

However, t h e  use of t he  b io log ica l  

There are indicat ions t h a t  a high 

Since t h e  hybrid sys- 

The c a l o r i c  requirement and t h e  des i rab le  composition of t h e  

d i e t  are r e l a t i v e l y  w e l l  es tabl ished (6 ) .  

t i o n ,  however, i n  recommended allowances and ac tua l  consumption. 

For example, a minimal pro te in  requirement of 35 g per day f o r  a 

70 kg man is considered adequate. 

p re fe r s  considerably more and h i s  average d i e t  provides around 

100 g .  

t o t a l  d a i l y  ca lo r i c  requirement, while the 100 g d i e t  suppl ies  

18-20 percent.  

e s s e n t i a l l y  equal quan t i t i e s  of fat  and carbohydrate. Fat provides 

9 ca lo r i e s  per g ,  compared t o  4-5 f o r  pro te in  and carbohydrate. 

From weight and volume considerations,  it would be advantageous 

t o  construct  a d i e t  with a high fa t  content.  

l i m i t  of 50-percent fa t  has been suggested ( 7 )  since more m y  

prove t o  be physiological ly  detrimental .  

There i s  some var ia-  

The adul t  American, however, 

The 35 g d i e t  suppl ies  approximately 7-8 percent of t h e  

The remainder o f  the  ca lo r i c  needs is  m e t  through 

An upper d i e t a r y  
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O u r  predisposi t ion then has been t o  p re fe r  a closed system t h a t  

would furn ish  a normal ca lo r i ca l ly  cons t i tu ted  d i e t .  k simpiiTied 

schematic diagram of sucn a systeiii is shorn i3 Figlxe 2 .  

c i p a l  f ea tu re s  a r e  a urine processing system, a s o l i d  and fecal 

Tts prin-  

waste processing system, a b a c t e r i a l  (E2drogenoraozas eutropa.) pro- 

t e i n  synthesis  system, and chemical r eac to r s  f o r  carbohydrate syn- 

t h e s i s .  A spec i f i c  fa t  synthesis process i s  not shown. For t h i s  

scheme, t h e  assumption was made t h a t  t h e  required fats would be 

provided from stored suppl ies .  A l a te r  sec t ion  of t h e  paper d is -  

cusses a fa t  synthesis  concept current ly  being invest igated.  

Since t h e  in t en t  of t h i s  paper is  t o  examine chemical syn- 

thesis, t h e  waste processing and b a c t e r i a l  systems are only 

b r i e f l y  discussed. The function of  t h e  waste processor is  t o  

t r e a t  and condition r a w  u r ine  and f e c a l  material i n t o  a form 

acceptable as the  nu t r i en t  medium f o r  t h e  b a c t e r i a l  system. The 

b a c t e r i a l  system includes the  necessary cu l ture  apparatus,  pumps, 

and cont ro ls  t o  recombine the waste ni t rogen,  sulfur, carbon, 

hydrogen, and oxygen i n t o  protein.  A system i s  a l so  shown f o r  

processing t h e  protein-r ich bac ter ia  i n t o  an acceptable food. A s  

yet, t he  requirements f o r  t h i s  a r e  undefined. 

The Hydrogenomonas systemdoes not require  l i g h t  f o r  growth as 

do t h e  a l g a l  photosynthetic systems. It obtains  i t s  energy f o r  

growth from t h e  recombination of hydrogen and oxygen. A photo- 

synthe t ic  system is hampered by many i n e f f i c i e n t  s t eps .  The 
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conversion of e l e c t r i c a l  energy t o  l i g h t  is about 20 percent 

e f f i c i e n t ,  arid the z t i l i z a t i z s  zf l i g h t  by t h e  ac t ive  photo- 

q ~ - t h e t i c  c e l l  i s  about 20 percent. 

which i s  something less than 4 percent. 

process power requirement i s  l a rge ly  a funct ion of t h a t  neces- 

sa ry  t o  e lec t ro lyze  water t o  provide hydrogen and oxygen. 

rent e l e c t r o l y s i s  systems f o r  spacecraft  are approximately 

50-60 percent e f f i c i e n t .  

and lo s ses ,  t he  b a c t e r i a l  system should be some f i v e  o r  six times 

more e f f i c i e n t  than a photosynthetic system under the  conditions 

of the  assumptions s t a t e d  e a r l i e r .  

A ne t  e f f ic iency  r e s u l t s  

The Hydrogenomonas 

Cur- 

Assuming other  process ine f f i c i enc ie s  

The remaining sect ions of the  paper present an account of our 

a c t i v i t i e s  in chemical food synthesis .  

Formaldehyde Synthesis 

A s  noted i n  Figure 2 ,  a process f o r  t h e  synthesis of formal- 

dehyde is  needed because formaldehyde i s  an intermediate material 

f o r  t h e  synthesis  of carbohydrates. O u r  s tud ies  showed t h a t  form- 

aldehyde was a l s o  an intermediate i n  some processes f o r  fat syn- 

t h e s i s .  

t h e  synthesis  of formaldehyde were common t o  other  processes,  it 

was considered appropriate f i r s t  t o  attempt a so lu t ion  here r a the r  

than choose spec i f ic  fa t  o r  carbohydrate synthesis  processes.  If 

successful,  t h e  technology developed could be d i r e c t l y  appl icable  

t o  other  concepts. 

Since many of t h e  uni t  operation problems associated with 
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Formaldehyde is  produced extensively and economically by two 

s i g n i f i c a n t l y  d i f f e r e n t  approaches. tTs-mlly, carha Emoxide and 

h;$droger, for= = e t h ~ n o l  and. met.hxno1 is  oxidized t o  form formaldehyde. 

CO + 2H2 d C H 3 O H  

In  t h e  other  method, mixtures of hydrocarbons, including methane, 

are oxidized t o  form formaldehyde. 

The product a l s o  contains many other organic compounds and t h e  y i e ld  

of formaldehyde is  considerably less than t h a t  of t h e  methanol pro- 

cess. 

a lone.  The technique is  evidently influenced by economical f ac to r s  

r e l a t e d  t o  t h e  a v a i l a b i l i t y  of reactants. 

In Germany formaldehyde is produced commercially from methane 

‘Tne spacecraft  teclizilcps ic alsz icflmnced by various f ac to r s .  

Economics is  one, but  s implici ty  of operat  ion i s  more important. 

Figure 3 shows t h e  processes which would be involved i f  t h e  methanol 

system were adopted. 

and/or pressure reac tors  f o r  producing carbon monoxide and syn- 

thes iz ing  methanol. Also shown i s  a separator f o r  removing 

unreacted gases a f t e r  methanol i s  converted t o  formaldehyde. The 

advantages of t h i s  technique are t h a t  reac t ion  conditions a r e  well  

known and y i e lds  are high. 

and temperatures required and the  gas-liquid phase separatiofi problems. 

Most noticeable a r e  t h e  high temperature 

Disadvantages are t h e  high pressures  
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The methane technique i s  shown i n  Figure 4.  There are 

r e i a t  ive iy  high tmiperata-e reac tors ,  b-ct t he  reac t  ions are a 11 

carr ied  out a t  ambient pressure.  Yields are less than with the  

o ther  process and t he  need for gas-liquid separation s t i l l  e x i s t s .  

Typical c a t a l y s t s ,  such as ozone or ni t rous  oxide, m y  be d i f f i -  

c u l t  t o  produce or control  i n  a spacecraf t .  The major disadvan- 

t a g e  of t h i s  approach, however, is t h a t  complete oxidation of 

methane t o  carbon dioxide and water i s  much more favored 

thermodynamically. 

Other processes f o r  producing formaldehyde were a l s o  con- 

s idered.  The complexities o f  the necessary processes and uncer- 

t a i n t i e s  of various s teps  i n  the processes caused t h e i r  r e j ec t ion  

f o r  fur ther  ser ious consideration as candidate methods. Formal- 

dehyde synthesis  by both the  methane and methanol route is  cur- 

r e n t l y  being invest igated i n  the  laboratory.  To date, attempts 

t o  synthesize formaldehyde v i a  the methane route have been dis- 

couraging. It i s  too e a r l y  t o  comment on progress v i a  t h e  

methanol rou te .  

Glycerol Synthesis 

Normal f a t ,  p ro te in ,  and carbohydrate which make up our d i e t s  

are general ly  composed of long chain complex molecules. To simplify 

t h e  synthesis  process, an e f fo r t  was made t o  i den t i fy  simpler mole- 

cu les  which would s a t i s f y  nu t r i t i ona l  requirements. Glycerol i s  

such a mater ia l .  Feeding s tudies  (8) have been conducted with rats 
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t o  determine to l e rab le  l e v e l s  of g lycero l  i n  the  d i e t .  This work 

suggests t'nat giycei-oi czii provide LIP te 40 percent. nf the ca lo r i c  

reqi~irement~ w i t h  no ill e f f e c t s  . 
In a study (9)  pr imari ly  d i rec ted  toward an ana lys i s  of  t h e  

s p t h e s i s  of fa . t s ,  techniques f o r  t h e  synthesis of g lycero l  were 

a l s o  invest igated.  In  passing, it should be noted t h a t  a process 

which involved t h e  synthesis of ethylene from carbon monoxide, 

polymerization t o  a-olef ines  v ia  the Ziegler growth reac t ion ,  con- 

vers ion t o  f a t t y  ac ids  by oxidative ozonolysis, and combination 

with g lycero l  t o  form edible  glycer ides  w a s  defined as t h e  most 

feasible technique f o r  l i p i d  synthesis .  However, t h e  process is  

considered t o  be too complex for  spacecraf t  use, and it is  probable 

that work t o  pursue synthesis  f o r  such use w i l l  not be undertaken. 

Four methods (10) of glycerol  synthesis  were examined: 

(a) d i r e c t  hydrogenation of carbon monoxide, (b) synthesis  from 

acetylene and formaldehyde, ( c )  t r imer iza t ion  of formaldehyde, 

and (d)  hydrogenolysis of carbohydrate. The examination of these 

techniques w a s  qu i te  extensive and only t h e  conclusions of t he  

inves t iga t ion  w i l l  be discussed. The f i rs t  method 

i s  conceptually simplest .  However, t h e  reac t ion  favors the  forma- 

t i o n  of ethylene glycol and requires  pressures i n  excess of  

1,000 atmospheres. 
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The second, synthesis  from formaldehyde and acetylene,  follows 

t h e  reac t ion  sequence: 

CU( CgH) 2 
HC E CH + HCHO > HC CCH20H 

HC E CCH2OH H2 + H2C = CHCHzOH 

H2C = CHCH20H “02 > CH2CHCHz 

OH OH OH 
I l l  

A l l  s t eps  i n  t h i s  method a re  well known, are consi-ired f a i r l y  

reliable, and give high yields;  but  t h e  method i s  undesirable 

because it i s  complex and involves handling hazardous material. 

The last  two processes a re  considered t o  o f f e r  more promise. 

I n  t r imer iza t ion  of formaldehyde, t h ree  carbon sugars and hydroxy 

ketones are forzed by the cmd-ensation of formaldehyde. They are  

then hydrogenated t o  g lycero l .  

Base 
HCHO HOCH2CHCHO + CH~COCHZ 

I I  
OH OH 

I 
OH 

H2 HOCH2CHCHO + CH2COCH2 __3 2CH2CHCH2 
I I I  I l l  
OH OH OH OH OH OH 

Generally, t he  problems associated with t h i s  concept a r e  r e l a t ed  t o  

stopping t h e  first reac t ion  at t h e  three-carbon s tage .  The formation 



of pentoses and higher sugars proceeds r ead i ly  under favorable 

condi t ions.  The second reac t ion  proceeds shove 100 atmspheres. 

The usual  pro5lem of prsduct sepwatfon and high pressure and 

temperature reac tors  contr ibute  t o  t h e  ove ra l l  complexity of t h i s  

process f o r  spacecraf t  use. 

The f i n a l  process f o r  glycerol  synthesis ,  hydrogenolysis of 

carbohydrates, is  similar t o  t r imer iza t ion  of formaldehyde process.  

Formaldehyde i s  allowed t o  condense t o  higher sugars. 

reduced t o  polyhydric a lcohols ,  and t h e  alcohols are fu r the r  

hydrogenated t o  form glycero l .  

They a r e  

CH20H CH20H 

CE2OH 
I 

( CHOH 1 
I 

> 2CH2CHCH2 H 2  

I I .  I 
OH OH OH CH20H 

The second react ion occurs more r ead i ly  at  100 t o  200 atmospheres 

pressure.  However, ethylene glycol and propylene glycol  are a l so  

formed, and the  process is  complicated by t h e  usual separation 

problems. 

Carbohydrate Synthesis 

The main technique f o r  synthesis of carbohydrate has been 

introduced i n  the  discussion of g lycero l  synthesis ,  t h a t  i s ,  



condensation of formaldehyde. 

formation of sugars was reported i n  186; (11). 

is  miimxize& buy Shapfrs ( 5 j  p .  175). 

of t h i s  method i s  t h a t  it i s  nonspecif ic j  that  i s ,  three- ,  four-, 

f ive- ,  and s ix-carbm s’xars  m y  be rormed . Furthermore, o p t i c a l l y  

a c t i v e  isomers of t h e  sugars form. Naturally occurring sugars a r e  

composed of t h e  D isomers. However, during synthes is ,  equal quan- 

t i t i e s  of L i s o m r s  form. L i t t l e  i s  known of t h e i r  ca lo r i c  value 

or of t h e i r  possible  t o x i c i t y .  

is not known, s tud ies  ( 3 , 8 )  i n  which t h e  synthet ic  mixture was fed 

have been r e l a t i v e l y  unsuccessful. Present ly ,  it i s  not known 

whether t h e  mixture i tself  i s  tox ic  o r  i f  formaldehyde may s t i l l  

be i n  the  product. E f fo r t s  a r e  cur ren t ly  under way t o  pur i fy  the 

m i x t u r e  f u r the r  i n  order t o  resolve the  question. Studies  w e r e  

recent ly  i n i t i a t e d  t o  study carbohydrate synthesis  by passing 

formaldehyde through a ca t a lys t  matrix with o p t i c a l l y  a c t i v e  s i t e s .  

It i s  hoped t h a t  t h i s  work w i l l  l e ad  t o  synthesis  of  a sugar 

mixture of t h e  D isomer op t i ca l  form. 

The first observation of t he  

h t e r v e n i r 4  w o r k  

The major disadvantage 

While t h e  t o x i c i t y  of  the L form 

An a l t e r n a t i v e  approach t o  carbohydrate synthesis  v i a  t he  form- 

aldehyde route  is  t o  s top t h e  condensation a t  an intermediate s tage 

(as was necessary w i t h  g lycerol  syn thes i s ) .  

reacted i n  the  presence of a base t o  form f ruc tose  and sorbose. 

The products a r e  
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Base 
Formaldehyde DL-glyceraldehyde + dihydroxyacetone 

DL-glyceraldehyde DL-fructose + DL-sorbose + dihydroxyacetone 

Sorbose i s  poorly to l e ra t ed  in  the d i e t  and an addi t iona l  process 

f o r  i t s  removal would have t o  be introduced. Since t h i s  approach 

required t h e  development of e s s e n t i a l l y  the  same techniques as does 

t h e  process previously described, t he re  was no pa r t i cu la r  advantage 

foreseen i n  pursuing it a t  t h e  present .  

Ethanol Synthesis 

One other  process is worthy of consideration f o r  a spacecraf t  

chemical food synthesis system. Studies  of t h e  n u t r i t i v e  and 

tox ico logica l  propert ies  of ethanol ind ica te  it has a high ca lo r i c  

value,  and with su i tab le  supplement of pro te in  and carbohydrate, 

and a control led r a t e  of consumption, it might provide a subs t an t i a l  

p a r t  of man's ca lo r i c  requirement. 

Ethanol production could r e s u l t  from t h e  following reac t ion  

(12) : 

3C0 + 3H2 C2H50H + C02 

The conditions f o r  t h i s  react ion are 13O0-2OO0 C and 10-20 atmo- 

spheres pressure.  Under these conditions,  a product i s  formed 

which is  4 t o  8 percent ethanol.  The processes required f o r  an 



ethanol p lan t  are shown schematically i n  Figure 5 .  

requires  considerable recycling of by-products vhich diseolxages 

ia5oratcji-y st-&ies of t h e  =-- - - - *  nrnresq . 

Ethanol synthesis  

Unit Operat ions 

.Tne ab ilitji t o  s p t h e s i z e  foods chemically, i n  a spacecraf t  

will depend i n  l a rge  p a r t  on t h e  so lu t ion  t o  uni t  operations prob- 

lems. 

ments for high pressure,  high temperature r eac to r s ,  gas-liquid and 

l iqu id- l iqu id  separation, heat exchangers, and process con t ro l l e r s ,  

pumps, e t c .  !The problem i s  fur ther  compounded by t h e  cons t ra in ts  

of power, weight, volume, and zero g rav i ty .  

must be given t o  t h e  necess i ty  for long t e r m  r e l i a b l e  performance, 

for  t h e  crew may not be ab le  t o  operate and maintain a complex 

chemical p l a n t .  

Figure 5 i s  typ ica l  of synthesis processes; there  are require-  

Also, consideration 

Generally, our approach has been t o  inves t iga te  processes 

that are not used conventionally. O u r  se lec t ions  have been based 

on t h e  consideration of possible,  and prefer red ,  mechanical 

s impl ic i ty .  

i s  required t o  prove or disprove work previously reported i n  t h e  

l i t e r a t u r e ,  f o r  example, t h e  work r e l a t ed  t o  synthesizing form- 

aldehyde by methane oxidat ion.  Further ,  new technology o r  

processes must be generated. The p robab i l i t y  of synthesizing 

su i t ab le  carbohydrates would be g r e a t l y  increased i f  a simple 

process f o r  t h e  reso lu t ion  of racemic mixtures were developed. 

In invest igat ing these processes considerable e f f o r t  
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Solutions t o  these  problems are not ye t  i n  hand. Space 

missions which a r e  postulated for  t h e  next two decades consider 

durat ions of such magnitude t h a t  regeaerative s y s t e s  +is some 

degree may be e s s e n t i a l .  

futare space missions, t h e  technoiogy developed my be appl icable  

t o  more immediate problems of the world's food supply. 

I n  addi t ion t o  the  requirements of 
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TABU 1 

Man ' 5 Metabolic Requirements 

Inpa t ,  g/day Output , g/day 

Water 2 , 9 0  Water 3,080 

Oxygen 822 Carbon dioxide 1,010 

Food 633 Solid vastes 2 70 



TABLE 2 

Closed L i f e  Support System Stxdy Constraints  

Mission ciiiration 1 t o  3 years 

C r e w  s i ze  10 t o  100 men 

Gravity Zero fir reduceS! 

Spacecraft o r ien ta t ion  Raiidom 

Power ;oenait;y 5Q kdkW 

Atm.0 spher e Standard 

Proce s se s Chemical and/or i; i c log ica l  
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