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ABSTRACT 

This  r epor t  d i s c u s s e s  t h e  s y n t h e t i c  product ion of carbohydra te  on 
a l a r g e  scale. F i r s t  of a l l ,  t h e  world food s i t u a t i o n  is s tud ied  i n  
some de t a i l .  Next, three possible n o n a g r i c u l t u r a l  methods of making 
s t a r c h  are presented i n  de ta i l  and d i scussed .  The s imples t  of t hese ,  
t h e  hydro lys is  of c e l l u l o s e  wastes t o  g lucose  fol lowed by polymeriza- 
t i o n  t o  s t a r c h ,  appears  a reasonable  and economic supplement t o  a g r i -  
c u l t u r e  a t  t h e  p re sen t  t i m e .  

The conversion of f o s s i l  f u e l s  t o  starch w a s  found t o  be not  com- 
p e t i t i v e  w i t h  a g r i c u l t u r e  a t  t h e  p re sen t  time, but  t r a c t a b l e  enough t o  
a l low a reasonable  p l a n t  des ign  t o  be made. T h i s  des ign  may s e r v e  a s  
a b a s i s  for  f u t u r e  a n a l y s i s ,  should needs,  costs, o r  technology change. 
I t  may also s e r v e  as a model f o r  t h e  des ign  of s i m i l a r  bu t  more compli-  
cated multienzyme, l a r g e  scale processes ,  such as mock pho tosyn thes i s .  

A r econs t ruc t ion  of t he  photosynthe t ic  p r m e s s  us ing  i s o l a t e d  en-  
zyme s y s t e m s  proved t e c h n i c a l l y  much more d i f f  i cb l t  than  e i ther  of t h e  
o t h e r  t w o  p rocesses .  P a r t i c u l a r  d i f f  i c u l t i e s  relate t o  t h e  replacement 
of expensiv,? energy c a r r y i n g  compounds, s e p a r a t i o n  of similar materials, 
and process ing  of l a r g e  r e a c t a n t  volumes. Problem areas have been pin-  
po in ted ,  and technologica l  progress  necessary t o  permit  such a s y s t e m  t o  
become p r a c t i c a l  has been desc r ibed .  T h i s  p rocess  i s  of s p e c i a l  i n t e r e s t  
because of its p o t e n t i a l  u se  t o  recycle metabolic waste (1202) on prolonged 
space  f l i g h t s .  

a l  is d iscussed  i n  some de ta i l .  F i n a l l y ,  an a n a l y s i s  of t h e  implementation 
of t h e  c e l l u l o s e  process  i n  a r e p r e s e n t a t i v e  area and i t s  impact on t h e  
s o c i a l ,  economic, and p o l i t i c a l  factors of the  area is made. 

Next, t h e  p o s s i b l e  u s e  of s y n t h e t i c a l l y  produced carbohydra te  materi- 
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Chapter  1 

INTRODUCTION AND SUMMARY 

1.1 General 

This  -.port is t h e  r e s u l t  of an e leven  week s y s t e m s  des ign  p r o j e c t  
sponsored j o i n t l y  by t h e  Nat ional  Aeronaut ics  and Space Adminis t ra t ion  
and the  American Socie ty  of Engineer ing Educat ion.  The group c o n s i s t e d  
of e igh teen  f a c u l t y  members from across the  na t ion ,  r ep resen t ing  a number 
of d i s c i p l i n e s .  S tanford  Univers i ty  and Ames  Research Center  were t h e  
host i n s t i t u t i o n s  f o r  t h e  workshop. The purpose was both t o  g ive  the 
p a r t i c i p a n t s  exper ience  i n  systems eng inee r ing  and t o  produce a u s e f u l  
s tudy  . 
t u r a l  carbohydra te  product ion on a large scale. The p r o j e c t  grew out  of 
work done a t  t h e  Ames Research Laboratory in t he  gene ra l  area of synthe-  
s i z i n g  food f o r  long-dura t ion  manned space  miss ions .  Since approximately 
80% by weight of a person 's  d i e t  is carbohydrate, and s i n c e  carbon d i o x i d e  
and water are a v a i l a b l e  from t h e  metabolic cyc le ,  t h e  A m e s  work n a t u r a l l y  
focused toward t h e  product ion of carbohydra te  from carbon d iox ide  and water. 
Once i n t o  t h i s  work, it w a s  impossible  to  avoid cons ide r ing  the  p o s s i b i l i -  
ties of us ing  such a s y n t h e t i c  process  t o  provide  food on a l a r g e  scale 
here on earth. 

The p r o j e c t  involved apply ing  a systems approach t o  s tudy  nonagr icu l -  

The dec i s ion  w a s  m a d e  t o  use  t h i s  problem as a focus  fo r  t h e  summer 
workshop fo r  a number of reasons.  The problem w a s  extremely cross disci-  
p l ina ry ,  s i n c e  social, economic, and pol i t ical  c o n s i d e r a t i o n s  were involved 
as w e l l  as techical  ones.  S ince  pre l iminary  work a t  A m e s  i n d i c a t e d  t h a t  
the  product ion of carbohydrates  would almost c e r t a i n l y  r e q u i r e  p rocesses  
mediated by enzl-mes, it w a s  obvious that t h e  technology involved would be 
e x c i t i n g .  F i n a l l y ,  it w a s  bo th  real and t i m e l y  and of g r e a t  i n t e r e s ;  t o  
many agencies, i n d u s t r i e s ,  and i n d i v i d u a l s .  

a seve re  cha l l enge  t o  the  a b i l i t y  of a g r i c u l t u r e  t o  meet f u t u r e  food needs.  
Ma lnu t r i t i on  and under -nut r i t ion  are s e r i o u s  problems i n  l a r g e  p a r t s  of 
the  world, even today. World p r o j e c t i o n s  which estimate a popula t ion  of 
t h e  order of 7 b i l l i o n  by t h e  y e a r  2000, f a i l  t o  d e p i c t  t h e  p l i g h t  of t h e  
developing c o u n t r i e s ,  where the  focul needs in 1985 w i l l  be 2 1/2  times 
t h a t  of 1962. 

Even t h e  most o p t i m i s t i c  f o r e c a s t s  of world popula t ion  growth i n d i c a t e  

The p o s s i b l e  means of i nc reas ing  t h e  world food supply are improvements 
i n  convent iona l  a g r i c u l t u r e  and the  u s e  of unconvent ional  food sources. 
Although there is g r e a t  p o t e n t i a l  i n  the so -ca l l ed  "Green Revolution",  
i t  must be recognized t h a t  t h e r e  are l i m i t s  t o  t h e  e a r t h ' s  land and water 
resources ,  and t o  the  capac i ty  of p l a n t s  t o  produce, even in t h e  f a c e  of 
ex tens ive  enrichment.  The a r e a  of p o t e n t i a l l y  arable land exceeds t h a t  
c u l t i v a t e d  by more than  a f a c t o r  of 3, but  more than  half  of t h i s  land 
is i n  the  t r o p i c s .  Furthermore, in Asia, where t h e  popula t ion  problem is 
c u r r e n t l y  most s e v e r s ,  e s s e n t i a l l y  a l l  of t h e  arable land is a l r eady  in 
use .  Better c o n t r o l  of water, implying d ra inage  as w e l l  as i r r i g a t i o n ,  
involves  high cost. I r r i g a t i o n  a lone  is conse rva t ive ly  estimated t o  cost 
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.'400 per acre t o  develop a t  p re sen t ,  and i n  p a r t s  of t h e  world,  t h e  u s e  
of normal r i v e r  f low is about a t  t he  l i m i t .  The Green Revolution o f f e r s ,  
a t  best, a b rea th ing  s p e l l  i n  t h e  wor ld ' s  food c r i s i s ,  while  a l t e r n a t i v e s ,  
such a s  a r t i f i c i a l  food processes ,  a r e  developed.  

After t h e  d e c i s i o n  was made t o  i n v e s t i g a t e  t h i s  problem. a pre l iminary  
s tudy c o n t r a c t  w a s  l e t  by A m e s  Research Cen te r  t o  a group a t  t h e  Univers i ty  
of C a l i f o r n i a  a t  B e r k e l e y  t o  do some process  i n v e s t i g a t i o n s  which would be 
needed by t h e  workshop. The group w a s  headed by D r .  James A .  Bassham and 
produced va luab le  guidance on va r ious  pathways from carbon d iox ide  and w a -  
ter  t o  starch. This  pre l iminary  work, t h e  previous  A m e s  work, and some 
pre l iminary  th ink ing  about t h e  problem done by the  Stanford  and A m e s  advi -  
sors w a s  a v a i l a b l e  t o  t h e  workshop p a r t i c i p a n t s  when they a r r i v e d .  

The summer s tudy proceeded through t h r e e  phases .  The Fellows were 
d iv ided  i n t o  three groups,  each group w i t h  a Stanford-Ames adv i so r .  Ose 
group w a s  r e spons ib l e  f o r  t h e  chemistry of t h e  process ,  ano the r  f o r  t h e  
s y s t e m  hardware a spec t s ,  and t h e  t h i r d  f o r  s o c i a l ,  economic, p o l i t i c a l ,  
and l e g a l  a s p e c t s  of t h e  problem. From t i m e  t o  t i m e  ad-hoc groups were 
formed t o  work on s p e c i f i c  problems which d id  no t  f a l l  c l e a n l y  w i t h i n  t h e  
a r eas  of t h e  three main groups.  Each of the three groups s e l e c t e d a l e a d e r  
f o r  each of t h e  three phases  of t h e  p r o j e c t .  These leaders, a p r o j e c t  man- 
age r  who w a s  selected f o r  each phase,  and t h e  S tanford  A m e s  advisory  group 
formed t h e  p r o j e c t  management team. The r e s u l t  w a s  t h a t  most of t h e  par -  
t i c i p a n t s  played a d i r ec t  management r o l e  i n  t h e  s tudy .  

formation,  a t t empt ing  t o  p l ace  data i n  paramet r ic  form, examining a l t e r n a -  
t i v e  system concepts ,  and f u r t h e r  d e f i n i n g  the  problem. The f i r s t  t w o  
wezks made i n t e n s i v e  use  of l e c t u r e s  by o u t s i d e  e x p e r t s  inareas of i n t e r e s t  
to t h e  s tudy ( s p e c i f i c  t i t les  and names are included i n  t h e  acknowledgments 
a t  t h e  end of t h i s  document). During t h i s  f i r s t  three week per iod  no a t -  
tempt was made t o  c o n s o l i d a t e  t h e  r e s u l t s  of t h e  information ga the r ing  
i n t o  a cohes ive  whole. In  f a c t ,  i f  anything,  an e f f o r t  was m a d e  t o  cause  
the  s tudy  t o  d iverge .  

The o u t l i n e  of t h e  f i n a l  r epor t  was developed early i n  t h i s  phase and re- 
s p o n s i b i l i t y  for  developing va r ious  s e c t i o n s  of t h e  r e p o r t  ass igned  t o  
groups and t o  i n d i v i d u a l s .  C o n s t r a i n t s  were firmed up and a l a r g e  amount 
of t i m e  s p e n t  i n  system i n t e r f a c e  problems. The f i n a l  three weeks were 
spent  i n  working out d e t a i l s  of t h e  s y s t e m ,  provid ing  t h e  necessary co-  
hesiveness ,  producing a summary r e p o r t  for t he  f i n a l  p r e s e n t a t i o n ,  and i n  
w r i t i n g  t h e  f i n a l  r e p o r t .  

A t  t h e  o u t s e t  of t h e  s tudy ,  it appeared p o s s i b l e  t o  imitate t h e  reac-  
t i o n s  used by p l a n t s  t o  manufacture carbohydra tes ,  u s ing  sources  of energy 
o t h e r  than s u n l i g h t .  Although t h e  sequance of r e a c t i o n s  lead ing  from car- 
bon d iox ide  t o  sugar  i n  p l a n t s  has been known f o r  some t i m e ,  t h e  s tudy  
n e c e s s a r i l y  concerned i t s e l f  w i t h  t h e  n a t u r e  of t h e  suppor t  s y s t e m s  needed 
t o  keep t h e s e  r e a c t i o n s  going.  I t  is  these s y s t e m s  t h a t  a r e  d i f f i c u l t  t o  
reproduce. 

Cons idera t ion  of populat ion trends,  p o l i t i c a l ,  economic, and l e g a l  
a spec t s  a s soc ia t ed  w i t h  food product ion and consumption, and p o t e n t i a l s  
of enzyme chemis t ry  led t h e  group t o  cons ide r  three chemical procesaes ,  

The first f o u r  weeks of t he  s tudy  per iod  were spen t  i n  ga the r ing  i n -  

The next  f o u r  weeks were spent  i n  converging upon a s y s t e m  d e f i n i t i o n .  
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or pathways, which would lead t o  t h e  product ion of g lucose  and s t a r c h .  
The f i r s t  is a reasonably compet i t ive  process  which d i g e s t s  c e l l u l o s e  
i n t o  i ts  e d i b l e  components. The second is a comparat ively s imple enzyme 
mediated process  which conve r t s  a petrochemical  i n t o  carbohydra tes .  The 
t h i r d  is a process  which m i m i c s  photosynthes is ,  u s i n g  hydrogen t o  reduce 
carbon d iox ide  t o  sugar  i n  t h e  same approximately 17 steps used i n  na tu re .  

T h i s  r e p o r t  o u t l i n e s  each of these processes  i n  some de ta i l  and 
p o i n t s  out advantages,  d i sadvantages ,  and c r i t i ca l  problems involved w i t h  
each .  The "ce l lu lose"  and " f o s s i l  f u e l "  processes  were carried i n t o  
f a i r l y  d e t a i l e d  des igns  of p l a n t s  w i t h  100 ton/day c a p a c i t y .  The "CO2 
f i x a t i o n "  process  w a s  no t  carried t o  d e t a i l e d  p l a n t  des ign ,  bu t  was given 
a thorough f e a s i b i l i t y  s tudy .  P o l i t i c a l ,  economic, and social implica-  
t i o n s  of t h e  l ' ce l lu losc*t  p l a n t  w e r e  thoroughly cons idered .  

Chapter  2 of t h i s  r e p o r t .  Chapter  3 is an exp lana t ion  of t h e  e s s e n t i a l  
concepts  of t h e  three pathways t o  s y n t h e t i c  carbohydra te .  Chapter  4 is 
a d e t a i l e d  chemical t rea tment  of t h e  pathways i n  t h e  processes .  Chapter  
5 contains details  on process  and p l a n t  des ign  inc luding  flow diagrams, 
economic ba lances ,  and equipment d e t a i l s .  Chapter  6 is concerned w i t h  
t h e  use of t h e  s y n t h e t i c  carbohydra te  a f t e r  it is manufactured. Chapter  
7 d i s c u s s e s  a sample a p p l i c a t i o n  of t h e  c e l l u l o s e  s y s t e m .  The appendices  
inc lude  information which w a s  genera ted  du r ing  t h e  s tudy and is of poss i -  
ble i n t e r e s t  t o  people  i n t e r e s t e d  i n  t h i s  area, bu t  which is of too de- 
t a i l e d  a n a t u r e  t o  be included i n  t h e  main body of t h e  r e p o r t .  

Chapter  2, 6, and 7 are somewhat se l f -conta ined  and s imple t o  read .  
However, Chapters  3, 4, and 5 c o n t a i n  a v a s t  amount of t e c h n i c a l  d e t a i l  
and may prove somewhat d i f f i c u l t  f o r  those  new t o  t h i s  problem area. We 
w i l l  therefore conclude t h i s  i n t roduc to ry  c h a p t e r  wi th  some summary de-  
s c r i p t i v e  material on each of t h e  three processes  cons idered  and summary 
c o s t  d a t a .  T h i s  material should exped i t e  reading  of t h e  more d e t a i l e d  
m a t e r i a l  which follows i n  later c h a p t e r s .  

The world food s i t u a t i o n  is d iscussed  i n  cons ide rab le  de t a i l  i n  

1.2 Cel lu lose  Process  

The product ion of food f r m  c e l l u l o s e  has a reasonably long h i s t o r y .  
Acid hydro lys i s  of wood c h i p s  w a s  c a r r i e d  out  on an i n d u s t r i a l  scale both  
in t h e  U.S. and i n  Germany du r ing  t h e  f i r s t  half  of t h i s  cen tu ry .  However, 
t h e  use  of enzymatic degrada t ion  has been a comparat ively r ecen t  develop- 
ment. Two o t h e r  groups,  one a t  LSU and one a t  Berkeley have s tud ied  s l m -  
i lar  processes  w i t h  similar r e s u l t s  i n  terms of cost d a t a ,  bu t  no p l a n t  
has y e t  been b u i l t .  A f low diagram and an o u t l i n e  of t h e  chemical reac- 
t i o n s  used i n  t h e  process  w e  are proposing appear  i n  F igures  l.landl.2. 

The c e l l u l o s e  process  u t i l i z e s  t h e  e x t r a c e l l u l a r  enzymes of Tricho- 
derma v i r i d e  t o  d i g e s t  i n e d i b l e  c e l l u l o s e  polymers i n t o  g lucose  o r  f r u i t  
suga r .  In t h e  p l a n t  designed by t h i s  group, bagasse ( sugar  cane wastes) 
is used as raw material. 
mi l l i ng ,  a l k p l i  t rea tment  s e r v e s  t o  loosen up the  s t r u c t u r e  s u f f i c i e n t l y  
t o  a l low a t t a c k  by t he  c e l l u l a s e s  fram t h e  fungus.  ( I t  a l s o  d i s s o l v e s  
off  the  hemice l lu lose  impur i t i e s  conta ined  i n  t h e  raw m a t e r i a l .  ) The 
p r e t r e a t e d  material is then s e n t  t o  a r e a c t o r  a long  w i t h  t h e  exudate of 

A f t e r  mechanical d i s r u p t i o n  by chopping and 
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t h e  Trichoderma. (The organism is grown i n  a fe rmenter  i n  p a r a l l e l  w i t h  
t h e  r eac to r  and u s e s  t h e  raw bagasse a s  an energy source  i n  t h e  c u l t u r e  
medium.) 
glucose s o l u t i o n ,  t h e  con ten t s  are f i l t e r e d  a l lowing  t h e  product glucose 
t o  pass ,  b u t  r e t a i n i n g  t h e  enzyme and unused c e l l u l o s e  f o r  r ecyc l ing  and 
reuse .  

Af te r  hydro lys is  i n  t he  r eac to r ,  which produces a 10 t o  15% 

The glucose produced is converted t o  s t a r c h  i n  an a d d i r i o n a l  three 
s t e p  process  us ing  microbial  enzymes. The f i r s t  two s t e p s  add a phos- 
phate  t o  glucose; due t o  t h e  p e c u l i a r i t i e s  of a v a i l a b l e  enzymes t h i s  
must be done by adding it f i r s t  t o  one carbon atom i n  t h e  glucose mole- 
c u l e  and t h e n  t r a n s f e r r i n g  i t .  The source of t h e  phosphate is ATP, a 
w e l l  known but expensive biochemical,  and two enzymes are used, hexokin- 
a s e  from yeas t  and phosphoglucomutase from Escher ich ia  c o l i .  The t h i r d  
s t e p  causes  t h e  phosphorylated glucose t o  polymerize,  g iv ing  starch. 

The d e s i g n  of t h i s  segment of t h e  process  presented  s e v e r a l  cha l -  
l enges .  There are few des ign  precedents  on which t o  base estimates and 
t o  d e l i n e a t e  problems, a s  enzymatic conversions on a n  i n d u s t r i a l  s c a l e  
have been r e s t r i c t e d  t o  very small q u a n t i t i e s  of m a i e r i a l  ( a s  i n  drug 
product ion)  or  have involved t h e  u s e  of whole o r g a n i s m  i n  fe rmenta t ions  
(as i n  wine product ion) .  

F i r s t ,  t h e  l a r g e  s c a l e  i n i t i a l  production of three r e l a t i v e l y  pu r i -  
f ied enzymes is requi red ,  and al though yeas t  and E .  c o l i  ( t h e  sou rces )  
are easily grown, cons iderable  q u a n t i t i e s  (on t h e  o rde r  of 50 tons  f o r  
a 100 ton/day p l a n t )  are needed. The product ion f a c i l i t y  must a150 ne- 
c e s s a r i l y  provide f o r  replenishment of these enzymes as they d e t e r i o r a t e .  

Another concern was t h e  requirement t ha t  adenosine t r i phospha te  (ATP) 
be cons t an t ly  regenera ted .  Because of t h e  c o s t  of ATP, t h e  breakdown pro- 
d u c t s  of ATP which a r e  sloughed off a t  d i f f e r e n t  p o i n t s  must be recombined. 
In order  t o  accomplish t h i s ,  a s a t e l l i t e  r egene ra to r  i s  proposed. In  t h i s  
regenera tor ,  t h e  breakdown products  [adenosine diphosphate  (ADP) and inor -  
ganic  phosphate ( P i ) ]  a r e  mixed i n  t h e  presence of potassium cyanate  and 
an enzyme from E .  c o l i  which condenses t h e  in t e rmed ia t e ly  formed carbamyl 
phosphate w i t h  ADP t o  form ATP. T o  complete t he  cyc le ,  t h e  potassium cya- 
na t e  is a l s o  regenerated from t h e  products  of t h i s  r e a c t i o n .  Aside from 
replacement of l o s ses  then,  no a d d i t i o n a l  raw materials a r e  r equ i r ed .  

A t h i r d  k J r d l e  w a s  t h e  design of s epa ra t ion  s y s t e m s  w h i c h  would 
d i s c r i m i n a t e  on a l a r g e  s c a l e  between such s i m i l a r l y  charged chemicals 
as ADP and glucose-6-phosphate. Ion exchange chromatography is used 
because t h e  a l t e r n a t i v e  method, s e l e c t i v e  membranes, r equ i r e s  excess ive  
areas and p r e s s u r e .  T h i s  involves  cons iderable  s c a l i n g  up of what is 
o r d i n a r i l y  a l a b o r a t o r -  procedure.  I t  is a l s o  cecessary  t o  glean t h e  
f i n a l  s t a r c h  product away from its smaller precursors  and t h e  enzymes 
t h a t  make i t .  The problem of p r e c i p i t a t i n g  t h i s  out  and al lowing the 
recovery of t he  s o l u b l e  enzyme, as w e l l  as r ecyc l ing  t h e  phosphate and 
unreacted sugar-phosphate,  Anvolves a complex regime of c e n t r i f u g a t i o n ,  
ion exchange adsor?+ion and enzyme s t a b i l i z a t i o n .  

The c o s t  of cons t ruc t ion  of a p l an t  t o  produce 100 tons  of g lucose  
from c e l l u l o s e  p e r  day is es t imated  t o  be about $3.5 m i l l i o n ,  A t  opera t -  
ing  and m a t e r i a l  c o s t s  based on p r e s e n t  day p r i c e s ,  t h e  glucose could be 
produced a t  about 4.5& per  pound. Cost e s t ima tes  f o r  the conversion of 
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glucose  t o  starch run 5 .@/ lb .  This  g i v e s  a t o t a l  cost p e r  pound of 
s t a rch  produced from c e l l u l o s e  a s  10.3d/ lb .  (This  is i n  t h e  range of 
c u r r e n t  carbohydrate  costs which range from 26 tc. 180 p e r  pound nf m e -  
t a b o l i z a b l e  starch. To t h e  extent t h a t  glucose could  be tnpped off and 
used as a food supplement, t h e  p r i c e  would be even more c o m p e t i t i v e . )  

month c rush ing  season would provide enough bagasse t o  operate a 100 ton  
p e r  day p lan t*  the  y e a r  round. 
t o  r e t a i n  its va lue  as a raw material. A starch f a c t o r y  i n  conjunct ion  
w i t h  a sugar  m i l l  would provide both jobs and food where they  are most 
needed, as w e l l  as c o n t r i b u t i n g  t o  g e n e r a l  economic development through 
maximizing resource  u t i l i z a t i o n .  

food s u p p l i e s :  (1) a basic component i n  a prepared food, ( 2 )  an ex tender  
f o r  convent ioaa l  food components, and (3) a b a s i c  component i n  animal 
f e e d s .  The f irst  is the  most appea l ing  from t h e  s t a n d p o i n t  of i n c r e a s i n g  
t h e  q u a n t i t y  of foods  meetialg basic n u t r i t i o n a l  needs.  A high starch 
product widely used i n  Japan i s  " I n s t a n t  Ramen", a noodle packed i n  in-  
d i v i d u a l  s e r v i n g s  which r e q i i r e s  only the  a d d i t i o n  of b o i l i n g  water fo r  
p r e p a r a t i o n .  Such a product would be g e n e r a l l y  acceptable over the  world 
and could be e a s i l y  f o r t i f i e d  as w e l l  as f l a v o r e d  to  s u i t  r e g i o n a l  tas tes .  
S t a r c h  is a l ready  used w i t h  f l o u r  i n  baked goods i n  many p a r t s  of t h e  
world and commercial r e c i p e  formula t ions  could d r a m a t i c a l l y  i n c r e a s e  t h a t  
use .  The t h i r d  use,  as animal feed, offers promise of improving d i e t s  
through meat p r o t e i n ,  most l i k e l y  chicken.  Chicken feeds are high i n  
energy, and t h e  energy component r e p r e s e n t s  clcse t o  one-half of feed 
costs. Consumer acceptance of starch as a food would n o  longer  p r e s e n t  
a problem, and a v a i l a b i l i t y  of food g r a i n s  f o r  human usewould b e i n c r e a s e d .  

A sugar cane m i l l  p rocess ing  4000 t o n s  of cane  per day f o r  a f o u r  

Bagasse can be e a s i l y  handled and s t o r e d  

S-izrch o f f e r s  a t  least three a t t r a c t i v e  p o s s j b i l i t i e s  f o r  improving 

1.3 F o s s i l  Fue l  Process  

The f o s s i l  f u e l  process has cons iderably  h i g h e r  p r o j e c t e d  c o s t s  
than t h e  c e l l u l o s e  process  and was, therefore, IDoked upon more as a 
des ign  cha l lenge  than  as an immediately a p p l i c a b l e  s o l u t i o n  t o  t h e  wor ld ' s  
food problems. A flow diagram f o r  t h e  process  is shown i n  F igu re1 .3and  
t h e  chemical r e a c t i o n s  i n  F igure  1.4. 

The sequence u s e s  glycidaldehyde, an in te rmedia te  i n  t h e  i n d u s t r i a l  
conversion of petroleum t o  g l y c e r o l ,  as s t a r t i n g  material. The g l y c i d a l -  
dehyde is d i s t i l l e d  i n t o  aqueous s o l u t i o n  i n  contact w i t h  an a c i d  r e s i n  
t o  conver t  it t o  a mixture  of glyceraldehyde and dihydroxyacetone, both 
3-carbon sugars. An enzyme, t r i o k i n a s e ,  then phosphorylates  these small 
sugars  ( tr ioses) so that  they can be condensed u s i n g  a l d o l a s e  t o  f r u c t o s e  
diphosphate  (FDP) (a  phosphorylated 6-carbon s u g a r ) .  The FDP is  then hy- 
drolyzed t o  f r u c t o s e  (a component of i n v e r t  s u g a r )  which could,  i f  d e s i r e d ,  
be tapped off as a product .  Since f r u c t o s e  is 1.7 times as sweet as suga r ,  
i t  is a v a l u a b l e  food chemical. 

~~ ~~ 

9t 
A p l a n t  producing 100 tons of starch p e r  day would provide 1/2 of t h e  
carbchydra te  requirement f o r  500,000 people.  
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The f r u c t o s e  is  t h e n  converted p a r t i a l l y  t o  glucose us ing  glucose 
isomerase (an enzyme which h a s  been used on an i n d u s t r i a l  s c a l e  by t h e  
Japanese t o  carry out  t h e  r eve r se  reaction i n  order  t o  sweeten s y r u y ) .  
The glucose is  then converted t o  starch i n  a three s t e p  process  i.'.enti- 
c a l  with t h a t  used i n  the  cellules? r o u t e .  

In  t h e  t o t a l  process ,  the l a r g e  s c a l e  i n i t i a l  product ion of e i g h t  
enzymes a long w i t h  p rov i s ion  f o r  t h e i r  re7 len ishment  is r e q u i r e d .  In 
general ,  microbial  sou rces  are t o  be used--three of t h e  sevka w i l l  be 
prepared from yeast, three from E .  c o l i ,  one froin Streptomyces a lbus ,  
and one from a B a c i l l u s  s u b t i l i s  mutant.  I t  may be p o s s i b l e  even tua l ly  
t o  use  one source f o r  a l l  these enz;mes, biit only known sources  and es- 
t ab l i shed  p u r i f i c a t i o n  procedures have been considered.  The qaan t  i t  ies 
of s t a r t i n g  materials, i n  terms of d ry  c e l l  w e i g h t ,  range from 4 8  l b s  
( t o  i s o l a t e  t r i o s e  phosphate isomerase) t o  70 tons  ( t o  i s o l a t e  t h e  t r i o -  
k i n a s e ) .  

I t  is  planned t o  run t h e  p rocess  as f a r  a s  glucose-6-phosphate w i t h  
s t irred tank reactors us ing  t h e  enzymes on s o l i d  suppor t s  so t h a t  t h e y  
can be f i l t e r e d  o u t .  Four  of t h e  s ix  enzymes i n  t h i s  p o r t i o n  of t h e  
sequence have been immobilized on va r ious  p a r t i c l e  backings by o t h e r s .  
I t  is assumed t h a t  a t tempts  t o  apply these techniques t o  t h e  remaining 
two would be s u c c e s s f u l .  

The production cost of glucose from t h i s  process  would be l O . l d  p e r  
pound exc lus ive  of t he  raw material, and c a r r y i n g  t h i s  t o  s t a r c h  i n  t h e  
same f a c i l i t y  would add anc ther  56. The t o t a l  c o s t  of 15.1$ p e r  l b  wuald 
then be i n  t h e  compe t i t i ve  range i f  it were not f o r  t he  c o s t  of t h e  g l y -  
c idaldehyde,  which is est imated a t  176 / lb .  Since t h e  p recu r so r  of g l ) - -  
c idaldehyde (propylene) is  q u i t e  cheap (COrreSpOndinb t o  1.5& p e r  l b  of 
ca rbohydra t e )  a breakthrough i n  t h i s  i n d u s t r i a l  process  coulr! xake t h e  
process  p r a c t i c a l .  

As they now s t and ,  however, these f i g u r e s  are much h ighe r  than those  
f o r  e i t h e r  a g r i c u i t c r a l l y  produced s t a r c h ,  or c e l l u l o s e  produced s t a r c h ,  
so t he  prcduct could hardly be expected t o  be economically compe t i t i ve  a t  
t h e  p re sen t  state of technology. 
a p p l i c a t i o n s .  

I t s  u se  would be restricted t o  "emergency" 

1 . 4  CO F ixa t ion  Process -2 

The C02 f i x a t i o n  process  is by i t s  very n a t u r e  a n  o rde r  of magnitude 
more complex than t h e  f o s s i l  f u e l  process .  There are 16 s t e p s  i n  t h e  
r o u t e  from C02 to  starch (as drawn i n  Figure 1.51, c a t a l y z e d  by 13 d i f f e r -  
ent enzymes, but t h e  a d d i t i o n a l  number of s t e o s  i s  t h e  least problem. 

The pathway is c y c l i c .  I n  p l a n t s ,  a s i n g l e  C02 is  a t t ached  t o  a 
5-carbon r e c i p i e n t  t o  g ive  a 6-carbon compound. However, t h i s  does no t  
work u n l e s s  t h e  5-carbon r e c i p i e n t  can be regenerated.  The p l a n t  does 
t h i s  by r e s t r u c t u r i n g  5/6 of these 6-carbon products  i n t o  5-carbon r ec ip -  
i e n t s .  This means t h e  process cannot be c a r r i e d  ou t  i n a  s t r a igh t fo rward  
way, p u t t i n g  i n  r e a c t a n t s  a t  t h e  beginning, and g e t t i n g  out  products  a t  
t h e  end. I t  impl 'es rather, a c o n t r o l l e d  s e p a r a t i o n  of 1/6 of t h e  pro- 
d u c t  formed a t  some p o i n t .  
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Regeneration processes  are a lso e s c a l a t e d ;  i n  t he  formation of one 
glucose,  18 4TP are required,  rather than  2 as i n  t h e  f o s s i l  f u e l  se- 
quence or 0 as in the  c e l l u l o s e  process. ATP is s t i l l  needed i n  t h e  
glucose-to-starch sequence, and a whole new problem arises due t o  the 
oxida t ion  s ta te  of t h e  s t a r t i n g  material. Reducing power needs t o  be 
suppl ied i n  t h e  form of NADPH. an  u n s t a b l e  biochemical which is oxidized 
i n  t h e  process  t o  n i c o t i n e  adenine d iphosphat t  <NADP+), and must, of 
course,  be re-reduced, s i n c e  NADPH costs ;f250/gram a t  p r e s e n t .  This  
re-reduction implies t h e  u s e  of an  e x t e r n a l  material r a t h e r  than recv- 
clable in te rmedia tes .  Tk- p o s s i b i l i t y  of a s i n g  alcohol dehydrogenase 
t o  catalyze its reduct ion  by e t h y l  a l c o h o l  was explored but  t he  enzyme 
m e d i a t e d  u s e  of H2 t o  reduce fe r rodoxin  (a chemical s e r v i n g  t h i s  func- 
t i o n  in t h e  n a t u r a l  photosynthe t ic  p r o c e s s )  w a s  p r e f e r r e d .  There is no 
experimental  precedent on which t o  base t h i s ,  however. 

Enzyme production is also a source  of c o n s i d e r a b l e  concern.  Three 
of t h e  necessary enzyme i have so f a r  been prepared only i n  crude form. 
Only f o u r  of t h e  12 enzymes on t h e  sequence from CD2 t o  "glucose" have 
been immobilized on solid supports--two of them w i t h  less t h a n  spectac- 
u l a r  success ( t h e  a c t i v i t y  falls  by a factor of 1000;. Q u a n t i t i e s  re- 
qui red  also appear  t o  be high.  There w o u l d  be obvious advantage i n  ob- 
t a i n i n g  a l l  t h e  enzymes from one source,  such as spinach,  but even oper- 
a t i n g  a t  t he  m a x i m u m  e f f i c i e n c y  of t h e  green p l a n t  i t s e l f ,  500 t o n s  of 
spinach would be requi red .  If  p u r i f i e d  enzymes are needed, the amounts 
i n c r e a s e  t o  40,000 ions or so of source material. 

When these d i f f i c u l t i e s  are q u a n t i f i e d ,  t h e  increments added t o  t h e  
cost of product starch are extremely high. The make-up q u a n t i t i e s  of 
NADPH and ATP a l o n e  are excess ive  even at very l o w  a t t r i b u t i o n  rates. 
In view of t h i s ,  no attercpt was m a d e  to des ign  a 100 ton/doy f a c t o r y  i n  
d e t a i l ,  bu t  a pre l iminary  cost estimate of 776 p e r  pound h2s  been made 
on t h e  basis of t h e  f low diagram i n  Figure 1.6. 
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1.5 C o s t  Data Camparison 

Glyc idaldehyde 
Glucose 

A summary of t h e  cost data compiled f o r  each  of the  three processes  
is shown i n  Table 1.1. I t  is clear that i n  ihe c e l l u l o s e  process ,  ATP 
regene ra t ion  i n  t h e  product ion of starch is a heavy f a c t o r .  Although i t  
becaanes larger i n  t h e  f o s s i l  f u e l  process, it is outweighed by the  r a w  
material cost, which then becames t h e  major cost c o n t r i b u t o r .  In  t h e  
C02 f i x a t i o n  process,  aga in  ATP r egene ra t ion  is c o s t l y ,  and due t o  t h e  
number of enzymes involved, their product ion is a large i t e m  also. 

t ha t  could be obtained by consuming v a r i o u s  a g r i c u l t u r a l  p roduc t s .  (The 
va lues  assume the  product is e a t e n  as is, but are CorreLted f o r  non-nu- 
t r i t i o n a l  c o n t e n t . )  They are U.S. p r i c e s  f o r  the  y e a r  1970, and are 
sub jec t ed  t o  c o n s i d e r a b l e  v a r i a t i o n  a t  other t i m e s  and p l aces .  The table 
is included f o r  t h e  purpose of a l lowing  a rough comparison w i t h s y n t h e t i c  
starci. costs. 

Table 1.2 shows t h e  price of t h e  e q u i v a l e n t  of a pcund of s t a r c h  

Glucose 
S t a r c h  

Table 1.1 

MANUFAC'IVRING COST FACTORS IN 4 PER POUND OF PRODUCT 

Enzyme 
Product ion 

ATP 
Regene rat  ion 

Raw Material 

T o t a l  

T o t a l  for 
Process  

Cellulose Process 

C e l l u l o s e  Glucose I Glucose S t a r c h  

3 .O 1.0 

0 . 4  1.4 

0 3.4 

- 1.1 - 
4.54 5 * @  

10.3# 

F o s s i l  F u e l  P rocess  

I 
2.3 1 .o 

1.8 1.4 

6 .O 2.6 

- 17 .O - 
27.1$ 5 o w  

32 .l$ 

CO F i x a t i o n  
2 

C02  S t a r c h  

3" 

lo* 

60 " 

4 - 
77$ 

x 
Y 
Extrapolated fram the corresponding costs i n  t h e  other t w o  processes. 
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Table 1 .2  

corn 

Wheat 

Rice 

Sorghum 

Potatoes 

2 -64 

2 .€q 

6.74 

2.34 

13 .f$ 
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Chapter  2 

THE WORLD FOOD SITUATION 

2.1 In t roduct ion  

T h i s  c h a p t e r  w i l l  p r e sen t  a d i scuss ion  of t h e  world food s i t u a t i o n  
leading  t o  a j u s t i f i c a t i o n  fo r  n o n a g r i c u l t u r a l  food product ion .  F i r s t  
of a l l ,  popula t ion  t r ends  w i l l  be examined. Then present  and p ro jec t ed  
food s u p p l i e s  w i l l  be studied a iong  w i t h  t h e  n u t r i t i o n a l  requirements  of 
i nd iv idua l s .  F i n a l l y ,  ecommic rtnd social impacts of t h e  world food s i t -  
u a t i o n  w i l l  be d iscussed .  

2.2 World Popula t ion  Growth Trends: Pas t ,  Present ,  and Fu tu re  - 
2.2.1 Magnitude of World Populat ion G r o w t h  During Last Two Cen tu r i e s  

In t h e  past two c e n t u r i e s ,  t h e  world has experienced a rate 
of populat ion growth unique i n  t h e  history of mankind. Three-fourths  of 
the  t o t a l  i n c r e a s e  of t h e  human s p e c i e s  occurrcd i n  t h e  last 200 y e a r s .  
The magnitude of t h i s  growth is i l l - i t r a t e d  v i v i d l y  i n  F igu re  2.1 below. 

I 

1985 

1975 

1960 

1930 

1830 

Figure  2 .l. WNG-RANGE TREND OF WORLD POPULATION GROWTH. Source : John 
D. Durand, "The Modern Expansion of World Populat ion" i n  Thomas R .  D e t -  
wylcr ( ed . ?  Man's Impact on Environment, M c G r a w - H i l l ,  N . S . ,  1971, p. 41.  
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In 1830 t h e r e  were one b i l l i o n  people on t h e  ea r th .  By 1930 
there were t w o  b i l l i o n ,  and by 1960 t h e r e  were three b i l l i o n .  P r e s e n t l y ,  
world populat ion is es t imated  t o  be close t o  3.7 b i l l i o n .  If p r e s e n t  
t r e n d s  cont inue,  t h e  f o u r t h  b i l l i o n  i s  l i k e l y  t o  be a t t a i n e d  by 1975, t h e  
f i f t h  by 1985, and t h e  seventh  by 2 0 0 0 .  

These s t a t i s t i c s  r e p r e s e n t  an exponent ia l  or geometric rate 
of i n c r e a s e .  U n t i l  t w o  hundred y e a r s  ago, t h e  rate was t w o  percent  every 
thousand yerrs.  The p r e s e n t  rate is over  t w o  percent  each year. I t  took 
many thousands of years t o  produce t h e  f i r s t  b i l l i o n  people;  t h e  next 
b i l l i o n  t o o k  a century ;  a t h i r d  came af te r  t h i r t y  yea r s ;  t he  f o u r t h  w i l l  
be produced i n  j u s t  f i f t e e n  years. A t  p resent  growth rates, t h e  f i f t h  
b i l l i o n  would be added i n  a decade and each new a d d i t i o n  of one b i l l i o n  
would come i n  e v e r  s h o r t e r  i n t e r v a l s .  

2 . 2 . 2  Prospect  f o r  Continuing Populat ion Expansion: 1970-2000 

What a r e  t h e  prospec ts  f o r  cont inued populat ion growth t o  
t h e  end of t h e  century?  Demographers g e n e r a l l y  a g r e e  t h a t  t he  p r e s e n t  
expansion of world populat ion w i l l  c o n t i n u e  f o r  some t i m e  t o  come, prob- 
ably f o r  more than a hundred y e a r s .  This  is true even w i t h  o p t i m i s t i c  
assumptions about c o n t r o l l i n g  f e r t i l i t y  rates. However, t h e  magnitude 
of c h i s  growth is  st i l l  a matter of d e b a t e .  The answer depends on what 
happens t o  the  b i r t h  and d e a t h  rates i n  t he  developing c o u n t r i e s  i n  t h e  
next  t h i r t y  t o  f o r t y  y e a r s .  

F igure  2.2 summarizes the most r e c e n t  set of United Nations 
populat ion p r o j e c t i o n s  f o r  t h e  y e a r s  1965-2000 which were publ ished i n  

1 1 I‘ 
i 

CONSTANT FERTILITY WITH 
DECLINING MORTALITY 

7 -  

INCREASE AT 2”a P A. 
IF  ERTlLlTY AND 

J 
-I 

7.5 

7 

6.5 

6.1 

5 . 4  

4.5 

F i g u r e  2 . 2 .  SIX ESTIMATES 
OF WORLD POPULATION, 1965- 
2 0 0 0 .  Sources : World Pop- 
u l a t i o n  Prospec ts  as A s -  
sessed  i n  1963. Populat ion 
S t u d i e s  No. 41, Department 
of S o c i a l  and Economic Af- 
f a i r s ,  United Nat ions,  New 
Tork, 1966. Unpublished 
estimate by D .  J .  Bogue, 
1967. 

1 
1970 1980 1990 2000 
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t h e  year  1966. 
pher D .  J.  Bogue about t h e  same t ime.  According t o  these  p r o j e c t i o n s ,  
populat ion w i l l  grow from its p resen t  s i z e  of 3.6 b i l l i o n  t o  a range 
w i t h i n  a low of 4.5 b i l l i o n  and a high of 7.5 b i l l i o n  by t h e  year  2000.  
The spread between the lowest and h ighes t  e s t i m a t e  is very wide indeed-- 
some 3 b i l l i o n  people, almost t h e  p re sen t  s i z e  of t h e  world popu la t ion .  

Because of cons iderable  concensus among demographers t h a t  
t h e  assumption of f e r t i l i t y  d e c l i n e  i n  t h e  "medium" v a r i a n t  is unduly 
o p t i m i s t i c ,  t h i s  s tudy w i l l  u s e  t h e  p r o j e c t i o n s  of t h e  United Nations 
"high" v a r i a n t  f o r  e s t ima t ing  t h e  dimensions of t h e  food problem dur ing  
t h e  next t h i r t y  yea r s .  

v a r i a n t ,  worid populat ion would almost double from today ' s  3.6 b i l l i o n  
t o  7 b i l l i o n  by the t u r n  of the  cen tu ry .  A t  t h a t  t i m e ,  t h e  now develop- 
ing  c o u n t r i e s  would number about 5.4 b i l l i o n  persons;  t h e  economically 
advanced na t ions ,  about 1.6 b i l l i o n  people .  Moreover, t he  developing 
c o u n t r i e s  would inc rease  by some 3 b i l l i o n  people i n  t h e  t h i r t y  year  
per iod a s  opposed t o  one-half b i l l i o n  by t h e  developed na t ions .  Because 
t h e  growth of t h e  populat ion would be s i x  times g r e a t e r  i n  t h e  developing 
c o u n t r i e s ,  by t h e  end of t h e  century ,  about 77 percent of t h e  wor ld ' s  
populat ion would l i v e  i n  t h e  now developing c o i i n t r i e s .  In b r i e f ,  d u r i n g  
t h e  next t h r e e  decades,  most of the  huge popula t ion  growth would occur  
i n  those p a r t s  of t h e  world t h a t  already a r e  overcrowded, poores t ,  and 
l e a s t  a b l e  t o  feed  more people.  

I t  a l s o  inc ludes  a s e p a r a t e  p r o j e c t i o n  made by demogra- 

Table 2.1 below summarizes t h i s  p r o j e c t i o n .  Under t h i s  

Table 2.1 

WORLD POPULATION E% MAJOR AREAS 1960 To 2000 ACCORDING TO THE "HIGH" 
VARIANT PROJECTION OF THE UNITED NATIONS (Populat ion i n  M i l l i o n s )  

I I 
Area 1960 1970 1980 1990 2000 

World To ta l  2,998 3,659 4,551 5,690 6,994 

More Developed Areas* 976 1,102 1,245 1,402 1,574 
Less Developed Areas** 2,022 2,557 3,306 4,288 5,420 

~ ~~ ~ * 
Includes Europe, t h e  U.S.S.R., Northern America, Japan, Temperate 
South America, A u s t r a l i a  and New Zealand. 

** 
Includes East  Asia less Japan, South Asia, Af r i ca ,  Lat in  America 
l e s s  Temperate South America and Oceania l e s s  A u s t r a l i a  and New 
Zealand. 

Source : U n i t e d  Nations, World Populat ion P rospec t s  a s  Assessed i n  
1963 (United Nations,  New York, 1966), p. 135. - 
1970 f i g u r e s  a r e  from 1971 World Populat ion Data Sheet of t h e  Pop- 
u l a t i o n  Reference Bureau. 
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2.2.3 P r o j e c t i o n s  A f t e r  2000 A . D .  

What are t h e  prospec ts  f o r  popula t ion  growth beyond t h e  year 
2000? There e:.e t h r e e  p r i n c i p a l  models of populat ion t r e n d s ,  ,111 of 
which p r o j e c t  an end t o  growth. 
I r i s h  Curve, t h e  second, t h e  "Population Crash Curve, and t h e  t h i r d ,  
t h e  "Gradual T r a n s i t i o n  t o  Zero Populatic-n Growth." While a l l  p r e d i c t  
t h a t  t h e  p r e s e n t  expansion w i l l  e v e n t u a l l y  run i ts  c o u r s e  sometime d u r i n g  
t h e  twenty- f i r s t  cen tury ,  they d i f f e r  fundamentally as t o  how t h e  f i n a l  
e q u i l i b r i u m  between b i r t h s  and d e a t h s  w i l l  be achieved.  
Curve" and t h e  "Population Crash Curves" are Malthusian i n  out look w i t h  
a balance between f e r t i l i t y  and m o r t a l i t y  brought about by t h e  t r a d i t i o n a l  
brutal forms of popula t ion  c o n t r o l - d i s e a s e ,  famine, war and dea th .  Only 
t h e  t h i r d  model, t h e  "Gradual T r a n s i t i o n  Curve, assumes t h a t  an e q u i l i b -  
rium l e v e l  of popula t ion  c a n  be reached i n  a less inhuman way--namely, t h e  
voluntary  reduct ion  of f a m i l y  s i z e  by rational means. A summary of t h e i r  
predict ions appears  below. 

The f i r s t  might be labeled t h e  "Modified 

Both t h e  " I r i s h  

2.2.3.1 Modified I r i s h  Curve 

F igure  2.3 shows a c u r v e  based on an analogy t o  t h e  r e s u l t s  
of t h e  I r i s h  p o t a t o  famine of t h e  1840's. I t  p r e d i c t s  t h a t  popula t ion  
w i l l  grow at  an expanding rate u n t . 1  about  1990 when a number of serious 
disasters cause temporarv d e c l i n e s  i n  popula t ion .  This  is fol lowed by a 
s u b s t a n t i a l  downward adjustment  i n  popula t ion  which w i l l  e v e n t u a l l y  sta- 
b i l ize  around 2150 a t  l e v e l s  below those  achieved i n  1970. 

P0gubtton in billions 
I4 r - I i I 
QbNO.1 

- -- 4 - 
2 
0 I 1 I 
1970 2000 2050 2100 2150 

- 

#PRO 

Figure  2.3. THE "MODIFIED I R I S H  CURVE". "A number of 
serious disasters could cause temporary d e c l i n e s  i n  
popula t ion  and be followed by a consensus t o  keep 
popula t ion  down." Source:  'h ian 's  Populat ion Predic-  
ament , "  Populat ion B u l l e t i n ,  a publication of t h e  
Populat ion Reference Bureau, V o l .  27, No. 2, A p r i l  
1971, p. 37. 
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2.2.3.2 Populat ion Crash Model 

F igure  2.4 i l l u s t r a t e s  the "Populat ion Crash  Curve." This  
type of a populat ion curve  is similar t o  t h e  one which b i o l o g i s t s  u s e  t o  
describe popula t ions  of l i v i n g  organisms. When a popula t ion  of organisms 
grows i n  a f i n i t e  environment, sooner or la ter  it w i l l  encounter a re- 
source  limit--a phenomenon descr ibed  by e c o l o g i s t s  as reaching t h e  "car-  
ry ing  capac i ty"  of t h e  environment, 
i t s  c a r r y i n g  capac i ty ,  growth is brought t o  an abrupt  end through a dra- 
matic inc rease  i n  t h e  dea th  rate. 
d i c t e d  t o  occur du r ing  the  21s t  cen tury .  

As soon as u nopula t ion  overshoots  

I n  t h i s  model such a "crash" is pre- 

36- - I I - 
34 - POSSl~lLlTY No, 2 - 
32 - 
30 - - 
28 - 
26 - 
24- - 
22 - - 
20 - - 
18 - 
16 - 
14 - 

- 
- - 

- - - - - - - - 
2 -  
i I I I 

Cooubhan in Wliont 

Figure  2.4.  THE "POPULATION CRASH CURVE". "Continued 
populat ion growth a t  t h e  c u r r e n t  2 percent  rate could 
lead  t o  a calamitous popula t ion  crash sometime i n  t h e  
t w e n t y - f i r s t  cen tu ry .  'I Source : "Man's Populat ion Pre- 
dicament, 'I Populat ion B u l l e t i n ,  a pub l i ca t ion  of t h e  
Populat ion Reference Bureau, Vol. 27, N o .  2, A p r i l  
1971, p. 34. 

2.2.3.3 Zero Populs t ion Growth Model 

F igure  2.5 i l l u s t r a t e s  t h e  less c a t a s t r o p h i c  f u t u r e  pre-  
d i c t e d  by two v a r i a n t s  of t h i s  model. Each var iant  shows a p r e d i c t i o n  
f o r  t he  world as a whole, and for  the developing c o u n t r i e s .  (The d i f -  
f e r e n c e  between t h e  v a r i a n t s  lies in t h e  p red ic t ed  d a t e  when fami ly  
p lanning  becomes e f f e c t i v e .  1 

rate of two c h i l d r e n  p e r  f a m i l y  is reached by t h e  developed c o u n t r i e s  
According t o  this model, i f  reduct ion  t o  the  replacement 
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A l t e r n a t i v e s  of Population Growth f o r  t h e  
Developing Countr ies  aiid t h e  World 

/ G . 7  B i  11 i on 

R i l l i o n  
2100 

B i l l i o n  
2100 

197019~0 2000 2020 2040 2060 2080 2100 

World CII - Developed Count r ies  

"Population w i l l  not  s t o p  growing when t h e  two- 
c h i l d  family is reached.' '  I t  w i l l  cont inue  t o  
grow f o r  about 60 t o  70 years before  i t  s t a b i l -  
i z e s  either a t  t h e  high of 15 .7  b i l l i o n  o r  t h e  
low of 11.2 b i l l i o n .  Source: Tornas F r e j k a ,  
Populat ion Council  ( ' A 1  ternat i v e s  of World Popu- 
l a t i o n  Growth," monograph i n  p rocess  of publ ica-  
t i o n ) .  C i t e d  by Robert S. MCNamara, "A Burden 
on Development,' The New York Times Supplement, 
Sec t ion  12, A p r i l  30, 1972, p. 16 .  

Figure  2 . 5 .  POSSIBILITY NO. 3 :  "GRADUAL 
APPROACH TO ZERO POPULATION GROWTH." 

i n  2020 and the  developing c o u n t r i e s  i n  2040, world populat ion w i l l  
s t a b i l i z e  a t  15.7  b i l l i o n  people, of whom 1 3 . 9  ( o r  89%) b i l l i o n  w i l l  
l i v e  i n  t h e  developing c o u n t r i e s .  If t h i s  goal  is  achieved 2 decades 
earlier, t h e  world populat ion would s t a b i l i z e  a t  11.2 b i l l i o n ,  of whom 
9.6 b i l l i o n  ( o r  sS&> w i l l  l i v e  i n  t h e  developing c o u n t r i e s .  Because 
l i v i n g  s tandards  of t h e  masses have not shown t h e  a b i l i t y  t o  improve 
s u f f i c i e n t l y  t o  create t h e  c l ima te  f o r  success fu l  family planning pro- 
grams, h igher  estimates appear more l i k e l y .  
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2.2.4 Summary 

Based on t h e  d a t a  of p a s t  populat ion curves ,  t rends  i n  
economic development and f a m i l y  planning,  w e  have used,  f o r  t h e  purposes 
of t h i s  s tudy,  the "high" v a r i a n t  of t he  UN p r o j e c t i o n  t o  the y e a r  2000, 
and t h e  h igher  estimate of t h e  ZPC model. According t o  these p r e d i c t i o n s ,  
the populat ion of t h e  world w i l l  grow from its p resen t  t o t a l  of 3.7 b i l -  
l i o n  people,  w i t h  70% i n  t h e  deve loping  c o u n t r i e s ,  t o  7.0 b i l l i o n  i n  3000 
wi th  78$, i n  t h e  developing c o u n t r i e s ,  and reach  a l e v e l i n g  off t o t a l ,  l a t e  
i n  t h e  21s t  cen tury ,  of 15.7 b i l l i o n  w i t h  8 9  i n  t he  developing p a r t s  of 
the world. T h i s  then,  is t h e  number of people  whose n u t r i t i o n a l  needs 
must be m e t  du r ing  t h e  next  100 p l u s  years. 

2.3 Present  and Pro jec ted  World Food Needs and Suppl ies  

2.3.1 In t roduc t ion  

Given the  demographic p r o j e c t i o n s  prev ious ly  d iscussed ,  can 
t h e  world match popula t ion  growth wi th  p ropor t iona te ly  increased  food 
supp l i e s?  In t h e  section t o  fo l low,  w e  w i l l  atoempt t o  appra i se  f u t u r e  
world needs and s u p p l i e s  of food i n  o rde r  t o  determine whether i n  fact  
w e  f a c e  growing food shor t ages  i n  the next  three decades.  To provide  
background f o r  our  analyses, w e  w i l l  f i r s t  review world food t r e n d s  since 
the  1930's. Then w e  w i l l  look a t  p r o j e c t i o n s  of food requirements  and 
s u p p l i e s  t i  ough t h e  year 2000 based on the  fo l lowing  v a r i a b l e s :  (1) the  
U . N .  demographic p r o j e c t i o n s  t o  the  year 2000, (2) the a v a i l a b i l i t y  of 
new lands which can be brought i n t o  c u l t i v a t i o n ,  (3) t h e  a v a i l a b i l i t y  of 
new technology t o  improve y i e l d s  from t h e  land a l r eady  under  c u l t i v a t i o n ,  
( 4 )  poss ib l e  new sources  of food, and (5) t h e  impact of va r ious  a l t e r n a -  
t i v e  sources  of food s u p p l i e s  on p r i v a t e  costs and social c o s t s  ( i . e . ,  
damage t o  t h e  environment 1. 

2.3.2 World Food Trends: P r i o r  t o  1970 

2.3.2.1 History of Product ion 

S ince  1960 . t he  p e r  c a p i t a  food i n  developing C o u n t r i e s  has 
been d iminish ing .  Between 1960 and 1965 popula t ion  i n  t h e  developing 
c o u n t r i e s  was growing by 11.5 percent  whi le  the food supply had increased  
by only 6.9 percen t  Ill. Although t h e  world wide  food output  expanded 
by 1% between 1930 and 1968 [21, the  expansion occurred p r i n c i p a l l y  i n  
t he  developed c o u n t r i e s  of North America, Western Europe, Japan, and t h e  
Sovie t  Union .  I n  1962, f o r  example, t he  developing c o u n t r i e s  had an av- 
erage d a i l y  calorie i n t a k e  of 2200, compared w i t h  3000 f o r  t h e  developed 
c o u n t r i e s  r33. While food i n t a k e  i n  t he  advanced c o u n t r i e s  s i g n i f i c a n t l y  
exceeded requirements ,  i n  t h e  bulk of the  poor countries c a l o r i e s  consumed 
f e l l  s h o r t  of minimum needs by  a t  least 10 percent  and probably by much 
more [43. The only reason widespread famine d i d  not  occur was t h e  s a l e  
or g i f t  of s u r p l u s  foods by t h e  developed na t ions  in  North America and 
Western Europe. 
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The average person i n  t h e  developing countr ies  not only 
was not  g e t t i n g  enough t o  eat i n  terms of calories, but h i s  n u t r i t i o n a l  
needs were a l s o  i n s u f f i c i e n t  t o  provide minimum safeguards  t o  h e a l t h .  
The 1962 f i g u r e s  of d a i l y  p e r  c a p i t a  p r o t e i n  i n t a k e  were 85 grams f o r  
developed c o u n t r i e s ,  and 57 grams f o r  developing count r ies  as a f r o u p  
[51. A s  a r e s u l t ,  t o d a y  t h r e e  hundred m i l l i o n  c h i l d r e n  i n  developing 
countries s u f f e r  l t g ros s ly  re ta rded  p h y s i c a l  growth" [61. A larger num- 
b e r  i n  t h e s e  c o u n t r i e s  are mental ly  r e t a r d e d  because of p r o t e i n  d e f i -  
c iency .  This means perhaps as many as half  t o  two-thirds  of a l l  c h i l -  
d ren  i n  t h e s e  c o u n t r i e s  are a l ready  blocked from e v e r  achiev ing  f u l l  
i n t e l l e c t u a l  p o t e n t i a l .  
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burce: Food and Agricultunl Organization. State of Food and Agrinrllurr @ I  
(Rome: The Food and Agricultural Organization), p. ga 

Figure  2.6. ESTIMATED VALUES OF FOOD SUPPLIES PER CAPITA 
BY WORLD REGIONS, PREWAR TO 1958-60 (PRICE-WEIGHTED IN- 
DICES WORLD' AVERAGE FOR ALL FOOD, 1948-52 = 100). Cited  
i n  t h e  American Assembly, The Populat ion Dilemma, P h i l i d  
M .  Hauser, ed . ,  2nd ed.,  Prea t ice-Hal l ,  IDC., 1969, p.  118. 
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2.3.2.2 Attempts t o  Increase Product ion:  P r i o r  t o  1970 

P r i o r  t o  1965 most of the  growth i n  a g r i c u l t u r a l  product ion 
came from b r ing ing  more land i n t o  cu l t i va t ion - - l and  which was o f t e n  of 
marginal  q u a l i t y .  For  a v a r i e t y  of reasons,  these areas of t h e  world 
had y e t  t o  p a r t i c i p a t e  i n  t h e  a g r i c u l t u r a l  r evo lu t ion  t h a t  had a l r eady  
brought such l a r g e  inc reases  i n  output  per  man and p e r  acre i n  North 
America and Western Europe. 

A f t e r  1965 there came a f u r t h e r  breakthrough i n  a g r i c u l -  
t u r a l  p roduc t iv i ty ,  the  so-ca l led  Green Revolut ion.  A c e n t r a l  f e a t u r e  
of t h e  green r evo lu t ion  has been t h e  development of c e r t a i n  new seeds ,  
p a r t i c u l a r l y  i n  wheat  and rice, that produce very l a r g e  inc reases  i n  
c r o p  y i e l d  and xhich ,  moreover, are e s p e c i a l l y  s u i t e d  t o  c o n d i t i o n s  i n  
t r o p i c a l  n a t i o n s .  Heretofore ,  most a g r i c u l t u r a l  technology, l i k e  most 
i n d u s t r i a l  technology, had been developed w i t h  r e spec t  t o  t h e  envi ron-  
ment of developed nat ions-- in  t he  case of farming, t n e  climate and so i l  
cond i t ions  associated w i t h  t h e  temperate  zone. The new seeds,  however, 
were developed w i t h  p a r t i c u l a r  r e fe rence  t o  t r o p i c a l  and s u b t r o p i c a l  
weather and e s p e c i a l l y  t o  t h e  g r e a t  a v a i l a b i l i t y  of s o l a r  energy i n  
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Figure  2.7. DRAMATIC CHANGES IN YIELDS PER ACRE MADE 
POSSIBLE BY THE NEW SEEDS. 
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In t h e  case of Mexico (wheat) and Taiwan ( r ice) ,  t h e  i n t r o -  
duc t ion  of new seed began some t i m e  ago and hence t h e  upward movement is 
v e r y  pronounced; i n  the case of other c o u n t r i e s ,  w e  see only t h e  begin- 
ning of the  process .  But even i n  t he  early s t a g e s  of a p p l i c a t i o n ,  t h e  
new a g r i c u l t u r a l  technology can have a s u b s t a n t i a l  e f fec t .  World food 
product ion rose 14 percent  i n  t h e  per iod  1967-1969. But n o t e :  i n  India  
and Pakis tan ,  t h e  i n c r e a s e  was 27 percent !  

2.3.3 World Food P r o j e c t i o n s :  1970-2000 

We now r e t u r n  t o  t h e  o r i g i n a l  q u e s t i o n :  can t h e  world ade- 
qua te ly  feed a populat ion p r o j e c t e d  t o  grow t o  5.0 b i l l i o n  people by 
1985 and 6.9 b i l l i o n  by 2000? Two a u t h o r i t a t i v e  s t u d i e s  which at tempt  
to  answer these q u e s t i o n s  w i l l  be analyzed and compared i n  t h e  s e c t i o n  
t o  f o l l o w :  

(1) A study by Resources for  t h e  Future ,  Inc., prepared by  i t s  

(2) 

s t a f f  members, Joseph L. F i s h e r  and Neal P o t t e r ,  in1969, and 

The r 'AO's " I n d i c a t i v e  World Plan f o r  A g r i c u l t u r a l  Development" 
a l so  prepared i n  1969. 

2.3.3.1 Resources f o r  the  Future  Study 

In cons ider ing  t h e  adequacy of food s u p p l i e s  by  t h e  year 
2000, F i s h e r  and P o t t e r  171 begin by comparing the w o r l d ' s  caloric re- 
q u i r e n e n t s  at three l e v e l s :  (1) the  e x t e n s i o n  of r e c e n t  consumption 
t r ends ,  ( 2 )  t h e  world a t  t h e  U . S .  per c a p i t a  consumption l e v e l  of 1965, 
and (3) t h e  world a t  t h e  p e r  capi ta l  l e v e l  of Western Europe i n  1965. 
By combining the  p r o j e c t e d  changes i n  per c a p i t a  consumption w i t h  t he  
U.N. "high" p r o j e c t i o n  (Table 2.2) [SI, they computed the  number of 
cslories t h a t  would be consumed under each of the  above t h r e e  assump- 
t i o n s .  T h i s  i s  summarized i n  Table 2.3. 

Actual  world consumption i n  1965 was es t imated  a t  7,800 
b i l l i o n  calories a day.  Attainment of l e v e l  (1) a t  t h e  end of t h e  cen- 
tu ry  would r e q u i r e  19,800 b i l l i o n  calories a day; of level (21,  22,100 
b i l l i o n ;  and of l e v e l  (31, 21,100 b i l l i o n .  

the year 2000 summarized i n  Table  2.3, world food output  would have t o  
be from 2 1/2 t o  3 times t h e  1965 figure. This  would r e q u i r e  an annual  
i n c r e a s e  of about 3 percent  of t h e  1965 figure. 

According t o  F i s h e r  and P o t t e r ,  an i n c r e a s e  i n  food output  
2 1/2 to  3 times t h e  1965 f i g u r e  is n o t  beyond t h e  range of p o s s i b i l i t y .  
The most l i k e l y  means f o r  a t t a i n i n g  t h i s  food ' ' target", i n  t h e i r  view, is 
through i n c r e a s e s  i n  c r o p  y i e l d  p e r  acre, a l though t h e  expansion of c u l -  
t i v a t e d  a r e a  also o f f e r s  some promise i n  A f r i c a  and Lat in  America. If 
t h e  developed c o u n t r i e s  were t o  a t t a i n  p e r  acre y i e l d s  a l r e a d y  achieved 
i n  the developed c o u n t r i e s ,  they would s tand  a good chance of meeting 
t h e i r  basic calorie requirements by 2000. However, they would need t o  
i n c r e a s e  a g r i c u l t u r a l  p r o d u c t i v i t y  beyond t h i s  i f  they were t o  have 
g r a i n s  l e f t  over  f a r  animal feed t o  i n c r e a s e  t h e i r  p r o t e i n  consumption. 

To achieve any of t h e  l e v e l s  of calor ie  consumption i n  
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Table 2.2 

POPULPTION TRENDS: HISTORICAL 1920-65, AND PROJECTIONS 
FOR 1980 AND 2000, BY WORLD AREAS (MILLIONS) 

r 
1920 1938 1950 1965 1980 2000 

World"" 1860 2170 2517 3295 4551 6994 
Northern America 116 142 166 214 2 75 376 
L a t i n  America 90 125 * 163 246 383 6 86 
Western nurope 233 * 260" 2 86 324 350" 390" 
East Europe and USSR 250" 300" 2 85 35 2 440" 570* 
China, Communist Asia 490.- 520" 580" 730 1010" 1400" 
Non-Communist Asia 530" 670" 800" 1100 1600" 2700" 
Africa 143 186" 222 311 463 864 
Oceania 8.5 11.0" 12.7 17.5 23 35 . 

Table 2.3 [9] 

PROJECTIONS OF CALORIE CONSUMPTION IN THE YEAR 2000 COMPAFXD TO 
PRW.4R ANT) 1965 ACTUAL CONSUMPTION (BILLIONS OF CALORIES PhR DAY) 

~~ ~ ~ ~~ ~ ~~~~~~~ 

Actual Calorie consumption in  year 2000 i f :  

Prewar 1965 Trend of World is a t  World is a t  
1952-56 to  U.S. 1965 West Europe 
1963-65 p e r  c a p i t a  1965 p e r  

continues consumption c a p i t a  l e v e l  
(1) l e v e l  (2) (3 1 

World 5200 7800 19,800 22,100 21,100 
Northern America 460 680 1,190 1,190 1,130 
Lat in  America 280 640 2,350 2,170 2,060 
Western Europe 750 980 1,440 1,230 1,170 
Eaot Europe and USSR 800" 1100" 2,600" 1,800 1,72C 

Pion-Canmunist Asia 1400" 2200" 7,000" 8,500 8,100 
Africa 400" 710" 2,200" 2,700 2,600 
Oceania 36 60 110 110 100 

* V e r y  rough estimate by t h e  au thors ,  F i s c h e r  and P o t t e r .  
Sources : Prewar and 1965 A c t , u a l :  Populat ion d a t a  of Table 2.2 m u l t i p l i e d  
by i n d i c a t e d  consumption l e v e l s  from FAO, The S t a t e  of Food and A g r i c u l t u r e ,  
1968, pp. 176-177, U.S. Dept. of Agricu l ture ;  Economic Research Serv ice ,  The 
World Food Budget 1970, pp. 100-103; and FAO, Production learbook 1958, p.  239. 
Columns (l), (21, and (3): Populat ion p r o j e c t i o n s  of Table 2.2 m u l t i p l i e d  
by l e v e l s  of consumption a8 indicated. 

C ommun is t A s  i a 1100" 1400" 2,900" 4,400 4,200 

- 

25 



F i s h e r  and P o t t e r  t a k e  i n t o  account t h e  recent  breakthrough 
i n  wheat and rice product ion i n  Asian c o u n t r i e s ,  which  is in t roducing  t h e  
developing c o u n t r i e s  t o  t h e  " a g r i c u l t u r a l  r e v o l u t i o n  ." However, t h e y  
poin t  out  that improved y i e l d s  o u t s i d e  Asia depend upon t h e  development 
and d i s t r i b u t i o n  of advanced technology throughout t h e  developing world. 
Unlike medical and i n d u s t r i a l  technology, a g r i c u l t u r a l  technology does 
not t r a v e l  w e l l .  Local condi t ior .s ,  e s p e c i a l l y  i n  t r o p i c a l  areas, r e q u i r e  
modif icat ions of w h a t  has proved s u c c e s s f u l  e l sewhere  and o f t e n  e n t a i l  a 
long and p a i n f u l  learn ing  process. Moreover, the  a g r i c u l t u r a l  technology 
t h a t  w e  i n  t h e  U . S .  take for granted  is supported by an  enormous i n f r a -  
s t ruc tu re  of rebearch, credit, marketing and r e p a i r  facil i t ies,  as w e l l  
as by a congenia l  i n s t i t u t i o n a l  s t r u c t u r e  commonly absent  i n  t h e  develop- 
ing  c o u n t r i e s .  Problems of c a p i t a l  investment i n  a g r i c u l t u r e ,  land t e r u r e  
and d i s t r i b u t i o n ,  as w e l l  as r e s i s t a n c e  of t r a d i t i o n a l  societies t o  change, 
s t i l l  looan as obstacles. F o r  these  reasons,  F i s h e r  and P o t t e r ' s  prognosis  
is only guardedly optimistic.  In any case, success i n  achiev ing  such lev-  
els, and indeed the  very e f f o r t  t o  reach them, requires a m o r e  than  propor- 
t i o n a l  i n c r e a s e  i n  t h e  use cf t h e  a g r i c u l t u r a l  p e s t i c i d e s  and f e r t i l i z e r s  
whose u s e  is c r e a t i n g  sane of t h e  env i rmmenta l  problems i n  more advanced 
countries. 

2.3.3 -2 FAO's I n d i c a t i v e  World Plan f o r  Agricul t -Jral  Development 

The basic economic a n a l y s i s  of t h e  F.40 s tudy rests on t w o  
i n t e r a c t i n g  parts, t he  demand for  and supply of food. The demand f o r  
food i n  t h e  developing Count r ies  is projected t o  i n c r e a s e  a t  an a n m a 1  
rate of 3.9 percent .  A b o u t  71 percent  of t h i s  i n c r e a s e  w i l l  r e s u l t  f rum 
an incrcase  i n  t he  number of people t o  be fed ( t h e  "populat ion effect") 
and about 29 percent  w i l l  be due t o  higher i n d i v i d u a l  purchasing power 
( the  "income effect"). 

'To m e e t  t h e  pro jec ted  annual  i n c r e a s e  i n  demand of 3.9 
percent  f o r  food by 1985, food product ion w i l l  have t o  expand t o  2 1/2 
t i m e s  over  the base y e a r  1962. This  would r e p r e s e n t  an i n c r e a s e  i n  t h e  
value of a g r i c u l t u r a l  product ion from .'55 b i l l i o n  i n  1962 t o  .?122 b i l l i o n  
by 1985. By comparison, food productior! d u r i n g  t h e  10-year per iod  1955- 
57 to  1965-67 increased only 2.7 percent  per year, and d u r i n g  t h e  first 
6 months of t h e  1960's, 2.4 percent .  Thus, an annual  i n c r e a s e  of 3.9 
percent  would r e q u i r e  a 60 percent  i n c r e a s e  i n  t h e  rate of growth of t h e  
food supply over  that achieved d u r i n g  t h e  f i r s t  h a l f  of t h e  1960's (3.9 
percent  compared t o  2.4 percent  1. 

f a n l i n g  changes fram e x t e n s i v e  t o  i n t e n s i v e  methods. Before 1965, much 
of t he  growth of a g r i c u l t u r a l  product ion i n  t h e  developing c o u n t r i e s  came 
from br inging  new land i n t o  c u l t i v a t i o n .  According t o  t t e  IWP, new land 
is no longer  t h e  answer because many c o u n t r i e s  have a l r e a d y  used most of 
their arable land.  India ,  fo r  example, is p r e s e n t l y  cropping 402 millior 
acres ou t  of a p o t e n t i a l  41G m i l l i o n .  However, even where t h e  po te r? t i a l  
c u l t i v a t e d  area is s e v e r a l  t!.mes the  area now cul t iva ted- -as  i n  Lat in  
America and Africa--the b e n e f i t / c o s t  ra t io  appears  t o  be heavi ly  i n  f a v o r  
of more ex tens ive  u s e  of lands  a l r e a d y  c u l t i v a t e d .  The reasons w i l l  be 
discussed elsewhere.  

Is such an i n c r e a s e  feasible? The FAO's answer 1s yes,  i f  
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In a d d i t i o n  t o  m o r e  i n t e n s i v e  a g r i c u l t u r e  ( i n c r e a s e s  i n  
y i e l d  p e r  acre), the IWP inc ludes  three basic p o l i c i e s :  (1) f u r t h e r  
improvements of t h e  high y i e l d i n g  v a r i e t i e s  of cereals, ( 2 )  develop- 
ment  of high-yielding v a r i e t i e s  of o t h e r  c rops ,  and (3) improving t h e  
p r o t e i n  con ten t  and gene ra l  d i e t a r y  ba lance .  Implementation of these 
p o l i c i e s  would t a k e  p l a c e  i n  t w o  stages. In t h e  first stage, new ce- 
real v a r i e t i e s  would y i e l d  enougn t o  provide caloric s u f f i c i e n c y  f o r  
human be ings .  New v a r i e t i e s  w a i l d  no t  only produce more food but  grad- 
u a l l y  free land f o r  other c rops .  

In  the  second stag?, a g r i c u l t u r e  would s h i f t  toward mul- 
t i p l e  cropping and mixed crops .  Lands released from cereal product ion 
w o u l d  now be p lan ted  t o  pulses ,  oilseeds, f r u i t s  and vegetab les ,  as w e l l  
as fodders ,  r a w  materials, and pastulc:. F i n a l l y ,  land would be used to  
expand t h e  product ion of beef ,  vea l ,  pou l t ry  and eggs,  i n  o r d e r  t o  improve 
p r o t e i n  s u f f i c i e n c y .  The h i s t o r y  of p rogres s  i n  t h i s  p l an  t o  date casts 
some doubt on whether t h e  p red ic t ed  need fo r  a 4$- i n c r e a s e  i n  food pro- 
duc t ion  can be m e t .  

2.3.4 The World Food S i t u a t i o n  

Three f a c t o r s  which c o n t r o l  t h e  i n c r e a s e  i n  food product ion  
by a g r i c u l t u r a l  means are t h e  m o u n t  of land under c u l t i v a t i o n ,  irr iga- 
t i on ,  and t h e  a p p l i c a t i o n  of improved technology. 

2.3.4.1 Land and Soils 

The phys ica l  l i m i t a t i o n  of land area is the m o s t  e a s i l y  
v i s u a l i z e d  c o n s t r a i n t  on convent iona l  food product ion.  How much of t h a t  
land area is p o t e n t i a l l y  usab le  f o r  agriculture depends on topography, 
so i l  characteristics, temperature ,  day length ,  water supply,  and t h e  
a v a i l a b i l i t y  of development c a p i t a l .  A d e t a i l e d  t a b u l a t i o n  of land 
areas by use  c l a s s i f i c a t i o n  is presented  in t h e  annual  FA0 Product ion 
Tearbook. The outlook f o r  increased  a g r i c u l t u r a l  product ion from br ing-  
i n g  a d d i t i o n a l  land area i n t o  u s e  is p laced  in i ts  proper  p e r s p e c t i v e  
by the  r e fe rence  of Robert McNamara t o  "the scarcest factor--land' '  i n  
the Agr i cu l tu re  ana Rura l  Development s e c t i o n  of h i s  address  t o  t h e  
1971 Annual Meeting, World Bank/IFM/IDA. 

Estimates of t h e  wor ld ' s  p o t e n t i a l l y  arable land have 
r ecen t ly  been at tempted i n  a more q u a n t i t a t i v e  and d e t a i l e d  manner than  
has h i ther to  been poss ib l e ,  as summarized i n  Table 2.4 .  These estimates, 
however, must be tempered w i t h  an unders tanding  that much of t h e  land 
which might be brought under  c u l t i v e t i o n  cannot be expected t o  be as 
product ive  as land p r e s e n t l y  i n  use .  Fu r the r ,  some marginal  land now 
be ing  cropped must r e v e r t  t o  less i n t e n s i v e  use .  AlThough t h e  poten-  
t i a l l y  a r a b l e  land is more than  t h r e e  t i m e s  t h e  area a c t u a l l y  harves ted  
i n  any given y e a r ,  more than ha l f  lies i n  t he  t r o p i c s .  
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I n  t h e  t r o p i c s ,  even t h e  basic d a t a  on s o i l  p r o p e r t i e s  aqd 
c l imat ic  c o n d i t i n n s  are s c a n t y  or  lack ing .  Crops must be grown on s o i l s  
which are severely leached of n u t r i e n t s  and w i t h  h igh  i n f e s t a t i o n s  of 
p e s t s  whose depreda t ions  are never  i n t e r r u p t e d  by w i n t e r  . T r o p i c a l  soi  1s 
range from highly  leached ones of t h e  r a i n  f o r e s t ,  tnrough a l k a l i - s a t u r -  
ated s o i l s  of the desert, r i c h  v o l c a n i c  soils of Java,  a l l u v i a l  s o i l s  of 
the N i l e  d e l t a ,  t o  impoverished s o i l s  of t h e  a n c i e n t  uplands.  On a f e w  
of these s o i l s ,  c u l t u r a l  methods similar t o  those employed i n  temperate  
zones have bern s u c c e s s f u l  i n  g i v i n g  annual  y i e l d s  f a r  i n  excess  0 1  those 
of temperate regions.  In  other areas, these same c u l t u r a l  methods have 
f a i l e d  completely and o f t e n  have r e s u l t e d  e s s e n t i a l l y  i n  t h e  d e s t m c t i o n  
of t h e  so i l s .  

According t o  t h e  FA0 there are large areas of p o t e n t i a l l y  
arable land i n  temperate parts of North America and A u s t r a l i a  but t h e  
p o t e n t i a l  f o r  i n c r e a s i n g  t h e  n e t  c u l t i v a t e d  area is very small i n  Europe 
and Asia and r e l a t i v e l y  small i n  t h e  Sovie t  Union. 

I n  A s i a ,  i f  t h e  p o t e n t i a l l y  arable land area is s u b t r a c t e d  
i n  which water is so shor t  t h a t  one four-month growing season is impos- 
sible, there is e s s e n t i a l l y  no excess of p o t e n t i a l l y  arable land over  
that  a c t u a l l y  c u l t i v a t e d .  

2.3.4.2 Water -- 
Water is a n o t h e r  key t o  increased  a g r i c u l t u r a l  p roduct ion .  

Better c o n t r o l  of water would p o s s i b l y  be t h e  greatest s i n g l e  factor i n  
i n c r e a s i n g  food output .  Cont ro l  impl ies  d r a i n a g e  as w e l l  as i r r i g a t i o n .  
The t w o  must be considered together, a c a r d i n a l  r u l e  o f t e n  overlooked by 
p lanners  u n f a m i l i a r  wi th  i n t e n s i v e  a g r i c u l t u r e .  I r r i g a t e d  area d r a i n a g e  
is a requirement for cont inued a g r i c u l t u r a l  product ion i n  order t o  pre- 
vent  a build-up of s a l i n j t y .  Drainage i n  humid areas is  necessary  t o  
improve a e r a t i o n  of t h e  root zone. 

Attempts t c r  assess t h e  p o s s i b l e  b e n e f i t s  of f u r t h e r  conven- 
t i o n a l  i r r i g a t i o n  i n  t h e  world are l a r g e l y  s p e c u l a t i v e .  S ince  World War 
I 1  hundreds of m i l l i o n s  of do l l a r s  have been inves ted  i n  i r r i g a t i o n  p r o j -  
ects. Some of these hav.;r been h ighly  d i s a p p o i n t i n g ,  i f  not o u t r i g h t  f a i l -  
u r e s ,  because lands or water were u n s u i t a b l e .  A t  othe:. times water made 
a v a i l a b l e  by a big dam or other  p r o j e c t  w a s  t h e  only f a c t o r  i n  a g r i c u l -  
t u r a l  development and there was no a t tempt  t o  see t h a t  t h e  water was made 
a v a i l a b l e  a t  grass - roots  l e v e l s  through c a n a l s  and d i tches  l inked  t o  t h e  
main p r o j e c t .  Each i r r i g a t i o n  p r o j e c t ,  t o  have a chance of success ,  must 
be based on a f a i r l y  i n t e n s i v e  s tudy  of local land and water  and should 
involve  c a r e f u l  planning for  provid ing  necessary  i n p u t s  t o  product ion 
bes ides  water .  The cost of i r r i g a t i o n  and water management is high, es- 
p e c i a l l y  on a l a r g e  scale, The l a r g e s t  p r o j e c t  i n  recent years has been 
the  Inaus basin scheme i n  West P a k i s t a n .  I t  began i n  1960 and inc ludes  
t h e  Mangla Dam, one of t h e  l a r g e s t  earth dams i n  t h e  world. Including 
la teral  d i s t r i b u t i o n  works and other  investments ,  costs i n  I n d i a  may w e l l  
exceed 2250 p e r  acre f o r  i r r i g a t i o n  development. C o s t  d a t a  from modern 
p r o j e c t s  in o t h e r  p a r t s  of t h e  world i n d i c a t e  t h a t  complete development 
costs of less than $400 p e r  acre are u n l i k e l y .  - 
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Global estimates of land  p o t e n t i a l  through water  u se  are 
d i f f i c u l t ,  bu t  Table 2.5 g i v e s  some idea f o r  p a r t s  of Asia, Af r i ca ,  and 
South America. 

Table 2.5 

ESTIMATE OF IRRIGATION POTENTIAL IN PARTS OF 
ASIA, AFRICA, AND SOUTH AMERICA 

Arable 
Major r i v e r  area i n  
bas ins  and i r r i g a b l e  

annual  runoff Arable  climate Potent  i a l  
( m i l l i o n  a c r e -  a r e a  zones I r r i g a t i o n  

Reg 1 on f e e t  peryear)  (106 scres) (106 a c r e s )  (106 acres) 

Ind ia  
(810 m i l -  
l i o n  a c r e s )  

I ndus , 40 3 
Brahmaputra, 
Ganges, 
Godaveri, 
K i s tna :  1 ,233  

(266) 187 

86 43  

80 

Pak i s t an  

l i o n  acres) 
(234 m i l -  

I ndus , 
Brahmaput ra, 
Ganges : 1,127 

T i g r i s ,  
Euphrates : 50 

Southwest 
As ia  
(1 ,704 m i l -  
l i o n  acres) 

Con t inen ta l  
Southeas t  
A s i a  
(511 m i l -  
l i o n  a c r e s )  

I rrawaddy , 
Mekong , 
Salween: 690 

(102 ) 25 ... 

B r a z i l  
(2,102 m i l -  
l i o n  acres) 

Trop ica l  
South 
America 
less Brazil 
(945 m i l -  
l i o n  a c r e s )  

r i d d l e  
South 
America 
(372 m i l -  
l i o n  a c r e s )  

Southern 
South 
America 
(913 m i l -  
l i o n  a c r e s )  

Tropic a 1 
A f r i c a  
(2,350 mil- 
l i o n  a c r e s )  

Amazon, 
San Francisco, 
P a r a n i  : 2,679 

966 10 

14 

10 

10 312 O r i n o c o ,  
Magdalena : 549 

P a r a n i :  378 125 24 10 

Pa ran i ,  
Uruguay, Bueno, 
V t l d e p ,  
B i  0-Bi  0, 

Negro; 574 

266 246 125 

Congo, Niger,  967 
Zambesi : 1,520 

250 150 

7,673 3,225 1,101 640 To ta l  

Source:  P r e s i d e n t ' s  Committee, World Food Problem, Vol. 2, p .  447. 
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2.3.4.3 Technology and C a p i t a l  

Where adequate water  is  a v a i l a b l e ,  t h e  optimum food produc- 
t i o n  comes through the  development of improved farming s y s t e m s  involving 
more f e r t i l i z a t i o n ,  b e t t e r  seeds ,  b e t t e r  machinery, and improved c u i t u r a l  
p r a c t i c e s ,  including water management. This is t h e  "package of p r a c t i c e s "  
approach of t h e  so-cal led Green Revolut ion.  While i t  would be d i f f i c u l t  
t o  overest imate  t h e  importance of t h e  "Green Revolut ion, ' '  i t  must a l s o  be 
noted t h a t  by i t s e l f  i t  w i l l  not b r i n g  about an a g r i c u l t u r a l  revolu+ion 
everywhere .  lhere is a l s o  a t i m e  f a c t o r  i n  t h e  mobi l iza t ion  of resources  
tc, meet t h e  approaching avalanche of populat ion;  and i n  t h e  long run, the  
fundamental fact  of t h e  land-man r a t i o  must not be overlooked.  

2.3.4.4 Better Seeds and ImDroved P lan t  Breeding 

The pas t  success  of new c e r e a l  var ie t ies  h a s  sometimes been 
s p e c t a c u l a r .  For example, use of t h e  "high-yielding' '  wheat v a r i e t i e s  and 
acceptance of "miracle" rice i n  India  have t h i s  y e a r  r e su l t ed  i n  an 8,000,000 
ton wheat surplus and a t  least s e l f - s u f f i c i e n c y  i n  r i c e .  Toda- Mexico can 
grow a l l  the  corn i t  needs on less land than before ,  e v e n  though i t s  popu- 
l a t i o n  has almost doubled s i n c e  1943, and s e v e r a l  c o u n t r i e s  of t h e  r i c e -  
bowl a rea  of Southeast  Asia now i n d i c a t e  p lans  f o r  rice e x p o r t .  

These new v a r i e t i e s  are not improved v a r i e t i e s  i n  t h e  t r a -  
d i t i o n a l  sense of 10 percent  o r  20 percent  b e t t e r  than t h e  old v a r i e t i e s .  
They a r e  twice as good. They are a l s o  l a rge ly  independent of season,  t h a t  
is, t h e y  can be planted a t  a n y  s u i t a b l e  time of t h e  yea r .  This makes mul- 
t i p l e  cropping f e a s i b l e  i n  a way tha t  was not  p o s s i b l e  be fo re .  The r e s u l t  
is t h a t  i nd iv idua l  farmers are not rep lac ing  a low-yielding v a r i e t y  w i t h  
a high-yielding one but are r ep lac ing  one c rop  of a low-yielding v a r i e t y  
w i t h  two crops  ( o r  more i n  some c a s e s )  of a h igh-y ie ld ing  v a r i e t y .  

a number 

(1 1 

However, lest one be c a r r i e d  away by t h e  prospec t  of p l en ty ,  
of c o n s t r a i n t s  must be mentioned. 

Yot a l l  land is s u i t a b l e  f o r  "high-yielding" varieties. For 
example, perhaps only 14 t o  20 percent  of t h e  t r o p i c a l  r i c e  
growing a r e a  has adequately c o n t r o l l e d  i r r i g a t i o n  and d r a i n -  
age, product ive s o i l s ,  and reasonable  a v a i l a b i l i t y  of inputs  
(improved v a r i e t i e s ,  n i t rogen ,  p e s t i c i d e s ,  power).  The new 
v a r i e t i e s  have done l i t t l e  t o  inc rease  y i e l d s  on t h e  v a s t  a r -  
ea s  of problem s o i l s  upon which a s i z a b l e  propor t ion  of t h e  
r i ce -ea t  ing  people depend. 

Continued improvement of y i e l d s  through p lan t  breeding and the 
development of new varieties is a slow p r c e s s  which mus t  be 
followed by adapta t ion  t o  local cond i t ions  and, f i n a l l y ,  seed 
m u l t i p l i c a t i o n  and a d o p t i m  by t h e  farmer. 

The widespread in t roduc t ion  of very c l o s e l y  r e l a t e d  germ plasm 
of a given crop  Over a s u b s t a n t i a l  por t ion  of t h e  t o t a l  c u l t i -  
vated acreage p resen t s  a very r e a l  hazard i n  terms of t h e  po- 
t e n t  i a l  f o r  c a t a s t r o p h i c  d i s e a s e  o r  i n s e c t  i n f e s t a t i o n s .  The 
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disease problem of t h e  p o t a t o  c r o p  i n  I r e l a n d  d u r i n g  t h e  past  
century amply i l l u s t r a t e s  t h i s  p o i n t .  

( 4 )  They- is  a theoretical l i m i t  t o  y i e l d i n g  a b i l i t y .  

Thus, a l though r e s u l t s  have been promising, better seeds  
and improved p l a n t  breeding  d o  not  o f f e r  c a p a c i t y  f o r  i n f i n i t e  i n c r e a s e .  

2.3.4.5 F e r t i l i z e r s ,  P e s t i c i d e s ,  and Machinery 

On land now under  c u l t i v a t i o n ,  estimates of f e r t i l i z e r  
needed t o  double a g r i c u l t u r a l  product ion i n  t h e  developing c o u n t r i e s  
r e q u i r e  an i n c r e a s e  from the  s i x  m i l l i o n  metric t o n s  used i n  1966 t o  
67 m i l l i o n  metric t o n s .  In  a d d i t i o n ,  t he  120,000 metric t o n s  of i n -  
s e c t i c i d e s ,  f u n g i c i d e s ,  herbicides,  etc . c u r r e n t l y  used would need t o  
i n c r e a s e  t o  700 metric t o n s .  The ecological problems r e l a t e d  t o  such 
an expansion would c l e n r l y  be massive.  The capi ta l  investment requi red  
would also be considerable--an estimated f17 b i l l i o n  f o r  f e r t i l i z e r s  
and t-l.8 b i l l i o n  f o r  p e s t  c o n t r o l l i n g  chemicals. 

Costs f o r  implementing machinery usage st t h e  l e v e l  c u r -  
r e n t l y  employed i n  t h e  United S t a t e s  and Western Europe i n  Asia, A f r i c a  
and Lat in  America are estimated at $2.5 b i l l i o n .  A t  p r e s e n t  these a r e a s  
employ only a f r a c t i o n  of t h e  0.5 horsepower p e r  acre considered neces- 
s a r y  f o r  an e f f i c i e n t  a g r i c u l t u r e .  

2.4 N u t r i t i o n a l  Requirements 

2.4.1 Kinds of Food Requirements 

The c o n s t i t u e n t s  i n  foods, n u t r i e n t s ,  can be d iv ided  i n t o  
f i v e  major c a t e g o r i e s  def ined  as p r o t e i n s ,  f a t s ,  carbohydra tes ,  v i tamins ,  
and minera ls .  The body, i n  order t o  o p e r a t e  e f f i c i e n t l y  from t h e  s tand-  
p o i n t  of meeting energy requirements ,  growth and g e n e r a l  h e a l t h ,  r e q u i r e s  
the e s s e n t i a l  n u t r i e n t s  i n  adequate amounts and ba lance  i n  order t o  o p t i -  
mize phys ica l  and m e n t a l  h e a l t h  throughout t h e  l i f e  cycle. The fo l lowing  
d i s c u s s i o n  o u t l i n e s  b r i e f l y  the n a t u r e  of these n u t r i e n t s .  

2.1.1.1 P r o t e i n  

Approximately 50 percent  of t h e  dry  weight of t h e  human 
body is  p r o t e i n .  The p r o t e i n s  i n  the body are n o t  f i x e d  unchanging sub- 
s t a n c e s  depos i ted  f o r  a l i f e t i m e ,  biit i n s t e a d  are i n  a c o n s t a n t  s ta te  of 
exchange. This state of exchange is common t o  a l l  l i v i n g  t h i n g s .  Because 
of t h i s  cons tan t  breaking down and b u i l d i n g  up, p r o t e i n s  are necessary i n  
the  d i e t  f o r  both growth and replacement.  

P r o t e i n  is not  t h e  name of a s i n g l e  compound but  of a cate- 
gory of ni t rogeneous polymers. P r o t e i n s  are produced by  l i v i n g  ce l l s  and 
are cons t ruc ted  of b u i l d i n g  blocks known as amino a c i d s .  There are twenty 
cf these, of which e i g h t  are " e s s e n t i a l , "  i .e.,  human metabolism is unable  
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t o  s y n t h e s i z e  these e i g h t  and must o b t a i n  them from an e x t e r n a l  s o u r c e .  
The other  twelve amino acids can be synthes ized  w i t h i n  t h e  body from one 
o r  t h e  other of t h e  e i g h t  e s s e n t i a l  acids as w e l l  as t h e  o t h e r  n i t r o g e n  
sources  present  i n  normal foods . 

a u x i l i a r y  n i t r o g e n  sources  is  very complex and involves  m u l t i p l e  path- 
ways t o  p r o t e i n  s y n t h e s i s .  There i s  a p r e s e n t  i n s u f f i c i e n t  information 
about  essential amino a c i d s  and t h e i r  r e l a t i o n  t o  t o t a l  n i t r o g e n  needs 

Cnf o r t u n a t e l y ,  t h e  i n t e r r e l a t i o n  of t h e  amino acids and 

[lo, 113. 

To b u i l d  the p r o t e i n s  necessary f o r  body growth and main- 
tenance, a l l  of t h e  e s s e n t i a l  amino a c i d s  have t o  be on hand a t  t h e  same 
time i n  s u f f i c i e n t  q u a n t i t i e s .  If one is miss ing  or i s  present  i n  t o o  
small a q u a n t i t y ,  t h e  d e f i c i e n c y  would l i m i t  t h e  u s e  of t h e  remaining 
amino acids. A high biologic v a l u e  p r o t e i n  c o n t a i n s  enough of t he  es- 
s e n t i a l  amino acids t o  maintain body t i s s u e  and t o  promote a normal 
growth rate, such complete p r o t e i n s  are u s u a l l y  f rom animal s o u r c e s .  

growth and maintenance of t he  body they  are an e s s e n t i a l  p a r t  of any 
d i e t  whether  it be n a t u r a l  or a r t i f i c i a l .  Many diseases occur  around 
the  world as a r e s u l t  of p r o t e i n  d e f i c i e n c y . *  Minimum p r o t e i n  r e q u i r e -  
ments have been established by t h e  Nat ional  Research Council  (1968) 1121 
and are shown i n  Table  2.6.  

Because of t h e  important  role p r o t e i n s  have i n  promoting 

2.4.1 .2 Carbohvdrates 

Carbohydrates are molecules composed of carbon, hydrogen 
and oxygen. Some carbohydrate  molecules are r e l a t i v e l y  small whereas 
others are larger and more complex c o n s i s t i n g  of a few or many of t h e  
smaller molecules l tnked  together i n  c h a i n s  which may be s t r a i g h t ,  
branched, r inged,  or combinations. 

u n i t  and are c a l l e d  monosaccharides, t h e  commonest of which i s  g lucose .  
Carbohydrates m a d e  up on long c h a i n s  of monosaccharides are known as 
polysaccharides ,  among them are the starches. 

such, but does r e q u i r e  calories f o r  energy. The number of calories 
needed v a r i e s  primarily w i t h  the  s i z e  and age of t h e  i n d i v i d u a l .  The 
number requi red  by an average s i z e  a d u l t  is i n  t h e  v i c i n i t y  of 2800K 
calories. (See Table  2.6 f o r  e x a c t  figures recommended by t h e  Nat iona l  
Research Counci l .  1 T r a d i t i o n a l l y  these calories are suppl ied  i n  t h e  
form of carbohydrates  because of t h e i r  g e n e r a l  abundance and l o w  p r i c e  
compared t o  p r o t e i n  and f a t  calories.  The body does  not  store carbo-  
hydrates ,  as such t o  any degree,  bu t  conver t s  t h e  carbohydrates  t o  f a t s  
f o r  energy storage. If  a s u f f i c i e n t  amount is not  taken i n t o  t h e  body 
t o  supply energy needs, p r o t  ? i n  is used t o  make up t h e  d e f i c i t .  

The s imples t  class of carbohydra tes  c o n s i s t  of a s i n g l e  

The body has no minimum requirement f G r  ca rbohydra tes  as 

* 
Kwashiorhor is  a major i n t e r n a t i o n a l  p u b l i c  h e a l t h  problem. 
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An important func t ion  of carbohydra tes  i n  t he  d i e t  is t h a t  
of producing cond i t ions  which are necessary f o r  t h e  complete ox ida t ion  
of f a t .  Without carbohydrates an accumulation of t h e  products  of i n -  
complete f a t  ox ida t ion  which a r e  known as ketone bodies  occurs  and u l -  
t imate ly  leads t o  a d e l e t e r i o u s  cond i t ion  known as k e t o s i s  C131. 

Because of t he  sweetness of carbohydra tes  i n  t h e  form of 
sugars ,  foods are made more p a l a t a b l e  by t h e i r  a d d i t i o n  or n a t u r a l  con- 
t e n t .  This  may be an advantage o r  a disadvantage!  For  example, i f  a 
gene ra l ly  unacceptable  but  nour i sh ing  food is made accep tab le  by sweet- 
ening,  t hen ,  t h e  advantage i s  c lear .  On t h e  o t h e r  hand, i f  a sweet but 
non-nourishing food is  a v a i l a b l e ,  i t  may become p a r t  of the  d i e t  a t  t h e  
expense of more nour i sh ing  i t e m s .  

Carbohydrate molecules vary i n  size and s o l u b i l i t b -  hence 
the i r  osmotic p re s su re  or w a t e r - a t t r a c t i n g  power v a r i e s .  When g lucose  
is ea t en ,  t h e  osmotic p re s su re  of t he  s o l u t i o n  i n  t h e  stomach is increased  
and water passes  from the  t i s s u e s  i n t o  the  stomach t o  d i l u t e  t h e  s o l u t i o n .  
This  can cause  d i s t e n t i o n  of t h e  stomach and reduce the  d e s i r e  t o  eat .  

2.4.1.3 F a t s  - 
F a t s  are composed of g l y c e r a l  (a three carbon a l c o h o l )  and 

f a t t y  a c i d s .  The f a t t y  acids a r e  hydrocarbons c o n s i s t i n g  of cha ins  of 
carbon atoms of va r ious  l eng ths  terminated a t  one end by a carboxyl  group 
which  g i v e s  them t h e i r  ac id  n a t u r e .  The na tu re  and cons i s t ency  of a f a t  
depends on the l e n g t h  of the  carbon cha in  of i t s  c o n s t i t u e n t  f a t t y  a c i d s  
and whether  t he  cha in  l i n k s  are f u l l y  or p a r t i a l l y  f i l l e d  w i t h  hydrogen 
atoms. In gene ra l  f a t s  con ta in ing  long-chain f a t t y  a c i d s  tend  t o  be 
s o l i d  at room temperature  whereas f a t s  m a d e  up of shorter c h a i n s  are 
l i k e l y  t o  be l i q u i d s ,  c a l l e d  oils, a t  room temperature .  Furthermore,  
those i n  which t h e  carbon cha in  i s  not  completely f i l l e d  w i t h  hydrogen 
(unsa tu ra t ed )  are l i k e l y  t o  be more l i q u i d  than  those  which are s a t u r -  
ated C141. A s i g n i f i c a n c e  of unsa tura ted  dietary f a t s  is t h e i r  associ- 
a t i o n  w i t h  lower l e v e l s  of blood c h o l e s t e r o l .  Cho les t e ro l ,  a complex 
f a t - l i ke  substance occurr ing  i n  a l l  animal t i s s u e  is an important  frac- 
t i o n  of t h e  blood l i p o p r o t e i n  and is as soc ia t ed  w i t h  heart d i s e a s e .  

promote e f f i c i e n c y  i n  t h e  u t i l i z a t i o n  of p r o t e i n  and carbohydra tes  and 
f a c i l i t a t e  t he  u t i l i z a t i o n  of f a t - s o l u b l e  v i tamins .  They are important  
sources  of v i tamins  A, D, E, and K, and provide l i n o l e i c  a c i d  known t o  
be t h e  e s s e n t i a l  f a t t y  ac id  i n  the  d i e t .  

by t h e  customs of t h e  people  being considered and p a r t l y  by t h e  economic 
cond i t ions .  In gene ra l ,  f a t  consumption increases i n  propor t ion  t o  weal th .  

F a t s  i n  t h e  diet  make meals p a l a t a b l e  and s a t i s f y i n g .  They 

The amount of f a t  i n  any p a r t i c u l a r  d i e t  is  a f f e c t e d  p a r t l y  

2.4.1.4 V i t a m i n s  and Minerals 

V i t a m i n s  a r e  organic  compounds which act a s  body r e g u l a t o r s .  
They a r e  needed i n  a d i e t  in small amounts and are necessary f o r  normal 
growth and t h e  maintenance of h e a l t h .  For the  most p a r t ,  v i tamins  cannot  
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be synthes ized  o r  manufactured by t he  human body but must be suppl ied  i n  
t h e  d i e t .  

Vitamins are c l a s s i f i e d  on the  basis cf their  s o l u b i l i t y .  
Vitamin C aE3 the  v i tamins  of t he  B complex a r e  water s o l u b l e .  Vitamins 
A, D, E ,  and K i n  the i r  n a t u r a l  forms are s o l u b l e  i n  f a t s .  Recommended 
d a i l y  vi tamin allowances have been e s t a b l i s h e d  by +.he National Research 
Council  and are shown i n  Table 2.6. The recommended Lilowances are de- 
s igned f o r  t he  maintenance of good n u t r i t i o n  of p r a c t i c a l l y  a l l  hea l thy  
people i n  t h e  U.S.A. Ind iv idua l  allowances must take i n t o  cons ide ra t ion  
the age, general heal th ,  and he igh t  and weight of t h e  person as w e l l  as 
t h e  loca t ion  and climate of t h e  region i n  which he resides. 

f i c i e n c i e s  C161. M o s t  are s t r i k i n g  and d e b i l i t a t i n g .  A d e f i c i e n c y  i n  
vi tamin A i n j u r e s  t h e  e p i t h e l i a l  t i s s u e s  throughout t h e  body, impairs 
v i s i o n ,  lowers r e s i s t a n c e  t o  r e s p i r a t o r y  and other i n f e c t i o n s  and can 
s e r i o u s l y  i a p a i r  t o o t h  development i n  growing c h i l d r e n .  

The B complex i s  composed of a number of v i tamins  which 
have l i t t l e  i n  common except  t ha t  they  are water s o l u a b l e .  The group 
is comprised of v i tamins  B1, B2, B , B12, n iac in ,  panto thenic  acid, 
b i o t i n ,  c h o l i n e  and f o l i c  a c i d .  
d i s o r d e r s  and d i s e a s e s  a s soc ia t ed  w i t h  d e f i c i e n c i e s  of each, inc lud ing  
beriberi, dermatitis, pe l l ag ra ,  c o n j u n c t i v i t i s ,  anemia, etc. 

V i t a m i n  C or ascorbic acid as it is f r equen t ly  called is  
a vi tamin which is needed in t h e  l a r g e s t  amount by man. I t  occurs  na- 
t u r a l l y  i n  a number of f r u i t s  and vegetab les .  I t s  de f i c i ency  leads t o  
loss i n  weight,  a p p e t i t e ,  and gene ra l  weakness. Growth s t u n t i n g  i n  t h e  
young occurs  if t h e  de f i c i ency  is s e v e r e  as w e l l  as a c o n d i t i o n  known 
as scurvy which is manifested by d e b i l i t y ,  s k i n  degenera t ion ,  spongy 
gums, hemorrhages i n  body t i s s u e s  and sometimes death. I t  is not  clear 
hmi asco rb ic  acid func t ions  i n  metabolism, however, i t  is recognized t o  
play a v i t a l  role i n  main ta in ing  the we l fa re  of t h e  ce l l s  and t i s s u e s  
throughout the body. 

de f i c i ency  disease, which p r imar i ly  occurs  i n  i n f a n t s ,  c h i l d r e n  and young 
adul ts .  I t  is manifested by f l abby  t o n e l e s s  muscles, a d i s t ended  abdomen 
and seve re  bone deformations.  The D v i tamins  belong t o  a class of l i g h t -  
s e n s i t i v e  organic  compounds known as sterols which are w i d e l y  d i s t r i b u t e d  
i n  animal and p l a n t  t i s s u e s .  Human s k i n  c o n t a i n s  a s t e r o l  called cholec-  
a l c i f e r o l  which is transformed i n t o  v i tamin  Dg when it is  exposed t o  u l -  
t r a v i o l e t  l i g h t .  Well nourished a d u l t s  who lead  normal l i v e s  and r e c e i v e  
s u f f i c i e n t  sunshine  gene ra l ly  require no  a d d i t i o n a l  v i t a n i n  D. For in -  
f ants, c h i l d r e n ,  adolescents ,  pregnant  wmen and nu r s ing  mothers, t h e  
Nat iona l  Research Council  recommends 400 u n i t s  p e r  day .  

Two other f a t  s o l u b l e  v i tamins  are E and K. The r e l a t i o n -  
s h i p  of each of Lhese v i tamins  t o  n u t r i t i o n  has  not  y e t  been clearly es- 
t ab i i shed  but  a number of s i g n i f i c a n t  symptoms and diseases occur  when 
e i t h e r  is absent  from t h e  d i e t s  of test animals .  

in vitamin E f a i l e d  t o  grow proper ly .  

There a r e  a number of diseases associated w i t h  v i tamin  de- 

&ere are a number of s p e c i f i c  physical  

Vitamin D is r e spons ib l e  for  the  prevent ion  of r i c k e t s ,  a 

Young test animals ,  a f t e r  s e v e r a l  months ori diets d e f i c i e n t  
Other symptoms also occurred,  such 
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a s  : weakness and degenera t ion  of s k e l e t a l  muscles, h e a r t  and b r a i n  
l e s i o n s ,  and l i v e r  damage. No minimum requirements  of vi tamin E have 
been determined f o r  humans b u t  recommended allowances hbve been estab- 
l i s h e d  by the Nat iona l  Research Council  and can  be seen i n  Table 2.6. 

Vitamin K is e s s e n t i a l  f o r  normal f u n c t i o n  of t h e  l i v e r  
and f o r  t h e  formation of prothrombin, a p r o t e i n  necessary f o r  t he  c lo t -  
t i n g  or coagula t ion  of blood. Because it is found i n  s u f f i c i e n t  quan- 
t i t i es  i n  a number of common foods,  no recommended allowance has  been 
set .  Under c e r t a i n  c o n d i t i o n s  where i n t e r n a l  hemorrhaging, i n j u r i e s ,  
or  s u r g i c a l  o p e r a t i o n s  have been performed, supplemental  v i tamin  K may 
be adminis te red .  

A l i  l i v i n g  t h i n g s  c o n t a i n  a v a r i e t y  of minera ls .  Some 
occur  i n  l a r g e r  propor t  ions than others.  For  example, approximately 
2 percent  by weight of t h e  a d u l t  body is composed of calcium, whereas 
only about  0.00004 percent  is iod ine .  In order t o  main ta in  t h e  l i f e  
processes  i t  is necessary  t h a t  a number of minera ls  be suppl ied  i n  the 
d i e t .  Deficiency sy'idromes of minera ls  i n c l u d e  symptoms that range 
fram s e r i o u s  bone and teeth d i s o r d e r s  when calcium and phosphorous a r e  
d e f i c i e n t  t o  goiters when i o d i n e  is d e f i c i e n t .  Recommended al lowances 
have been established for some of t h e  minera ls  and can be found i n  Ta- 
b l e  2.6. 

2.4.2 Present  D i e t  Composition 

The energy requirement of t h e  body v a r i e s  w i t h  age, l e v e l  
of a c t i v i t y ,  body weight,  sex,  and climate. Both FA0 and t h e  Food and 
N u t r i t i o n  Board of t h e  U.S. Nat iona l  Research Counci l  have adopted an 
approach based on a r e f e r e n c e  man and woman [17,181. The Food and Y l t -  

t r i t i o n  Board propose a r e f e r e n c e  man and woman 22 y e a r s  o ld  an4 l rviw;  
a t  2OoC w i t h  w e i g h t s  of 70 and 58 kg, r e s p e c t i v e l y .  They assune d z i l y  
allowances of 2800 and 2000 kcals f o r  t h e  man and woman based on a de- 
ta i led  energy consumption regime. Since  t h e  f a c t o r s  i n f l u e n c i n g  caloric 
requirement are s e n s i t i v e  t o  l o c a t i o n ,  t he  recommended v a l u e s  w i l l  change 
from count ry  t o  count ry .  Table 2.7 i n d i c a t e s  t h e  assumed v a l u e s  i n  sev- 
eral  r e p r e s e n t a t i v e  c o u n t r i e s  1191. 

is p o s s i b l e  t o  set u p  a requi red  d a i l y  carbohydrate  requirement .  A work- 
i n g  average inc luding  t h e  male and female requirement,  t h e  v a r i a t i o n  from 
country t o  country and from age t o  age w i l l  be t aken  a t  2800 k c a l o r i e s  of 
energy and 65 grams of p r o t e i n .  Using a caloric d e n s i t y  of 4 kcal/gm f o r  
p r o t e i n  and carbohydrates  and 9 kcal/gm f o r  f a t s ,  t h e  energy rey:i irevent 
to  be suppl ied  from carbohydrates ,  p r o t e i n  and fa t s  is 2540 k calories, 
as i n d i c a t e d  i n  F igure  2.8. 

The p r e s e n t  food c a n p o s i t i o n  p a t t e r n  i n  t h e  United S t a t e s  is 
such that 40 percent  of t h e  caloric i n t a k e  is i n  t h e  form of fats.  This  
is  not  r e p r e s e n t a t i v e  of t h e  world f a t  i n t a k e  as seen from Table 2 .8 .  
Assuming a fa t -carbohydra te  caloric i n t a k e  ra t io  of 25-75, t h e  n e t  ca l -  
oric i n t a k e  from carbohydrates  would be 1905 k calories or about 475 
grams of carbohydrates .  

On the basis of t h e  abwe set of recommended allowances, it 
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In order t o  assess the  significance of these figures, a 
compilation of the  nutr i t ional  value has been made i n  Table 2 . 9  f o r  
selected carbohydrate oriented foods. Protein i s  evaluated on a gross 
basis only. I t  w i l l  be examined in d e t a i l  later. 

2.4.3 Analysis of Nutritional Status 

The resu l t s  of t h e  previous discussion indicates tha t  about 
one pound of carbohydrate is needed each day t o  sa t i s fy  our energy 
requirements. They indicate fur ther  tha t  most of t h e  foods used i n  
t h e  world as a carbohydrate source a l so  furnish a substant ia l  percentage 
of the protein requirement and a smaller, but  not negligible, amount of 
minerals and vitamins. Only soybeans contain an appreciable amount of 
f a t .  Rice, wheat, corn, m i l l e t ,  and soybeans can be c lass i f ied  as  poly- 
nutr ients  insofar as  they supply substant ia l  percentages of more than 
one nutrient requirement. By contrast ,  cassava is a mononutrient inso- 
f a r  as it is almost exclusively a carbohydrate. Potatoes a l so  lean t o  
a mononutrient s t a tus .  This  means tha t  any  introduction of a r t i f i c i a l  
glucose in to  areas consuming a polynutrient carbohydrate source should 
be done on a supplementation basis.  Otherwise a protein deficiency 
could resu l t .  Any introduction of a r t i f i c i a l  glucose in to  a mononutri- 
ent carbohydrate consuming area can be done on a subst i tut ion basis .  
These l a t t e r  areas include portions of South America, Central Africa, 
and Indonesia. 

In order t o  achieve nut r i t iona l  balance, artif i c i a l  glucose 
should be combined w i t h  other natural  o r  a r t i f i c i a l  nutr ients  unless 
carb ...i drate  deficiency is t h e  primary problem. An example of t h i s  ap- 
proach is Incaparina, a complete polynutrient food designed f o r  C e n t r a l  
American consumptio9. 

selected carbohydrate oriented f oods, a "standard balanced protein" was 
defined. T h i s  was done by averaging t h e  essent ia l  amino acide content 
of meat, eggs, and mi lk  [20]. The raw data and resul tant  mean values of 
the  standard balanced protein are  shown in Table 2.10. The f igures  a re  
expressed i n  milligrams of amino acid pe r  gram of protein. I n  a s imilar  
fashion, the essential amino acid content of several common carbohydrate 
oriented foods is shown i n  Table 2.11. Table 2.12 shows a comparison on 
a percent basis of t h e  foods listed i n  Table 2.11 t o  t h e  "standard bal- 
anced protein . 'I  

The resu l t s  of t h i s  comparison are exceedingly interest ing.  
Corn, wheat, and millet a r e  lacking primarily i n  lysine, but are  rela- 
t i v e l y  "balanced" w i t h  regard t o  t h e  other amino acids.  Rice is somewhat 
weak i n  lysine. Millet is part icular ly  good source of a l l  essent ia l  
amino acids, except l y s i n e .  

more valuable protein consti tuents.  Potatoes a l so  a re  a weak source of 
t he  essent ia l  amino acide. 

In order t o  quantitatively assess t h e  polynutrient s t a t u s  of 

Manioc is a poor source not only of protein, bu t  a l so  of t h e  

Soy f lour  is part icular ly  nutr i t ious.  The mixture of soy 
f lour  w i t h  other types of f lour  is a n  excellent combination. 
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These r e s u l t s  p o i n t  t o  s e v e r a l  d e f i n i t e  conclus ions .  With 
t h e  except ion of cassava  and p o t a t o e s ,  t h e  common cereals a r e  p o t e n t i a l l y  
important sources of high q u a l i t y  p r o t e i n s .  Lysine enrichment,  e i ther  by 
g e n e t i c  modi f ica t ion  or by e x t e r n a l  process  a d d i t i o n  is a very advantageous 
c o u r s e  of a c t i o n  f o r  corn,  w h e a t ,  rice, and m i l l e t  usage i n  order t o  i m -  
prove t h e i r  " b i o l o g i c  va lue  .'I 

2.5 A l t e r n a t i v e  Methods of Xeeting Food Needs 

These 

2.5.1 I n t e n s i v e  A g r i c u l t u r e  
_I_ 

I n t e n s i f i e d  a g r i c u l t u r e  takes t h e  form of f o u r d i s t i n c t  p r a c t i c e s :  

Water A v a i l a b i l i t y  
Varietal Optimizat ion 
Pest Cont ro l  
F e r t i l i z e r  Usage 

3ur are cons idered  a to ta l  approach o r  a package of prac ices. 
They are a p p l i e d  s imultaneously t o  achieve  a h igh  y i e l d .  Each technique 
is heavi ly  i n t e r r e l a t e d  t o  t h e  o t h e r  three. 

I t  is important  to  r e a l i z e  what  factor is n o t  included i n  - 
t h i s  set of p r a c t i c e s .  There is no mention of land.  The Green Revolu- 
t i o n  is a r e v o l u t i o n  of y i e l d  p e r  acre, not  more acres. 

F i g u r e s  2.9, 2.10, and 2.11 show the  impact of t h e  a p p l i c a -  
t i o n  of these f o u r  practices on s e v e r a l  c r o p s  i n  t h e  U.S. The y i e l d s  p e r  
acre i n c r e a s e  by factors of 2 o r  3, and labor i n p u t s  become correspond-  
i n g l y  less. F igure  2.12, which  i n d i c a t e s  t h e  consumption of fert i l izer,  
can be viewed as a measure of i n t e n s i f i c a t i o n  of a g r i c u l t u r e  i n  v a r i o u s  
areas of the world.  Europe is the largest consumer of f e r t i l i z e r  and 
appears  t o  be s a t u r a t i n g  i n  i t s  t o t a l  tonnage. The propor t ion  of t h e  
world consumptior? taken  by t h e  United S t a t e s  has r i s e n  s u b s t a n t i a l l y  
s i n c e  1945. Asia is i n  a very  steep period of i n c r e a s i n g  f e r t i l i z e r  
usage and is expected t o  become a much greater consumer of f e r t i l i z e r  
i n  t h e  near f u t u r e .  Oceania, Africa, and South America r e p r e s e n t  a g r i -  
c u l t u r a l  areas where l i t t l e  i n t e n s i f i c a t i o n  has t a k e n  p l a c e .  

I t  appears  t h a t  there is s t i l l  room f o r  increased  product ion 
of food by i n t e n s i f i c a t i o n  of a g r i c u l t u r e  i n  some areas of t h e  world.  
The a p p l i c a t i o n  of such techniques  raises product ion l e v e l s  by less than  
a factor of 10. Whether such methods could  be c o t a l l y  e f f e c t i v e ,  however, 
i n  meeting demands f o r  food i n  the most economically v i a b l e  way is  uncer-  
t a i n .  L imi ta t ions  on t h i s  approach have been o u t l i n e d  i n  Sec t ion  2.3. 

2.5.2 Contro l led  Environment Approach 

Another p o s s i b i l i t y  f o r  food product ion is t n e  u s e  of con- 
t ro l led  environment greenhouses.  I n t e n s i v e  a g r i c u l t u r a l  t echniques  have 
produced y i e l d s  as high as 100 t o n s / a c r e  of tomatoes and cucumbers. 
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Assuming an average tomato y i e l d  of 50 tons./acre t h e  c a l o r i c  output  
becomes 1211 

50 tons  2000 l b s  85.2 kcals- = 8 . 5  6 kca l s  
ac re 1 ton 1 l b  ac r e  

Th i s  c a l o r i c  ou tput /acre  of tomatoes is  s u b s t a n t i a l l y  h igher  than t h e  
c e r e a l  c rops  which va ry  between 4 and 6 m i l l i o n  k c a l s / a c r e .  

cons t ruc t ion  and ope ra t ion .  Table 2.13 g ives  t h e  b a s i c  c o s t  f i g u r e s  
f o r  an  average i n s t a l l a t i o n  1221. Labor conten t  is v e r y  high.  These 
f i g u r e s  i n d i c a t e  t h i s  method of food product ion is both  c a p i t a l  and 
l abor  i n t e n s i v e  and i s  not  f e a s i b l e  from t h a t  viewpoint i n  s p i t e  of 
t h e  high c a l o r i c  y i e l d .  

However, of more importance is t h e  c o s t  of greenhouse 

2.5.3 Nuplex Concept 1231 

Another food product ion approach which has been suggested 
is t h e  nuplex. A nuplex c o n s i s t s  of an i n t e g r a t e d  nuc lea r  power p l an t ,  
d e s a l i n a t i o n  p l a n t ,  and ag ro - indus t r i a l  complex. Each subcomponent of 
t he  nuplex is t echno log ica l ly  proven a t  t h e  present  t i m e .  The innova- 
t i on  lies i n  t he  i n t e g r a t i o n  both geographica l ly  and e n e r g e t i c a l l y  of 
the  components t o  maximize the  i n t e r r e l a t i o n s h i p  of t h e  sub -un i t s .  For 
example, the a g r i c u l t u r a l  f a c i l i t y  rece ives  f r e s h  water, e l e c t r i c a l  
power, and f e r t i l i z e r  m a d e  ad jacent  t o  t h e  f i e l d s .  

The c a l o r i e  p roduc t iv i ty  i n  a nuplex is summarized i n  Table 
2.14. The pro jec ted  y i e l d  figures a r e  s u b s t a n t i a l l y  o p t i m i s t i c  compared 
t o  t he  average Arizona y i e l d  from i r r i g a t e d  land .  The economic summary 
of t h e  ag ro  aspec t  of a nuplex d i r e c t e d  t o  maximize t h e  c a l o r i c  output  
of t h e  a g r i c u l t u r a l  sub-unit  is shown i n  Table 2.15. 

A p ro jec t ion  of t h e  impact of such complexes on world food 
product ion has  not been made i n  t h i s  r e p o r t .  However, it is c l e a r  t h a t  
o rde r s  of magnitude increase i n  y i e l d s  a r e  not ach ievable  simply by t h e  
i n t e g r a t i o n  of these fac i l i t i es .  

2.6 S y n t h e t i c  Foods 

2.6.1 History 

An a l t e r n a t i v e  t o  a g r i c u l t u r a l  production of food is t o  
u t i l i z e  chemical and/or enzymatic processes  t o  produce materials which 
could become a s i g n i f i c a n t  propor t ion  of t h e  d i e t .  The r a t i o n a l e  is 
t h a t  food is a complex mixture  of compounds, some of which  might be 
amenable t o  e f f i c i e n t  s y n t h e s i s .  Thus, t h e  p o s s i b i l i t y  e x i s t s  of a s -  
sembling "food f a c t o r i e s "  which would convert  i n e x p e n s i v e  s t a r t i n g  
materials i n t o  s a f e  and acceptab le  food components. 

These inc lude  high e f f i c i e n c y  of land u t i l i z a t i o n ,  ease of l oca t ion ,  
The advantages of such a food production s y s t e m  are many. 
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independence from climate or type  of soi l ,  minimal water requirements ,  
l a c k  of a g r i c u l t u r a l  waste and no environmental  p o l l u t i o n  from f e r t i l i z -  
ers or i n s e c t i c i d e s .  This  approach has some precedent .  

2.6.1.1 Fa t  Syn thes i s  

Of a l l  t he  physicochemically der ived  materials cons idered  
fo r  human consumption, t h e  m o s t  p r a c t i c a l  exper ience  has been w i t h  f a t s .  
T h i s  w a s  due t o  t h e  e f f o r t s  of the  Germans d u r i n g  World War 11. 1111943- 
1944, cons ide rab le  q u a n t i t i e s  of a s y n t h e t i c  margarine were produced. A 
waxy hydrocarbon by-product of t h e  Fischer-Tropsch process was oxid ized  
t o  f a t t y  acids w i t h  air ,  ex tens ive ly  p u r i f i e d  and then  coupled w i t h  
g l y c e r o l  t o  form f a t .  A f t e r  a d d i t i o n  of water, salts, b u t t e r  f l a v o r  and 
vi tamins,  the  product w a s  consumed by the  German Armed Forces,  h o s p i t a l  
popula t ions ,  and the gene ra l  publ ic .  No d i g e s t i v e  d i s t u r b a n c e s  or ill 
e f f e c t s  w e r e  r epor t ed .  

human consumption can be quest ioned.  Analys is  revea led  t h e  presence  of 
equa l  amounts of s a t u r a t e d  odd- and even-chain f a t t y  a c i d s  p r imar i ly  
from Cl0 t o  C20. Var iab le  amounts of d ica rboxy l i c  acids w e r e  p r e s e n t .  
A l k y l  s u b s t i t u t e d  f a t t y  a c i d s  i n  same prepara t io t i s  amounted t o  as much 
as 35 percent  of t h e  to ta l  f a t t y  acids. Most ques t ionab le  w a s  the pres- 
ence of a small amount of nonsapn i f i ab le  material p a r t i a l l y  composed of 
po lycyc l i c  hydrocarbons. A s tudy  was performed more r e c e n t l y  t o  d e t e r -  
mine whether advances i n  petrochemical  technology s i n c e  1945 would permit 
the development of a better process .  I t  appeared as though t h e  Ziegler 
Process  o f f e red  cons ide rab le  promise. The pos tu l a t ed  r e a c t i o n  sequence 
w a s  (1) s y n t h e s i s  of e thy lene  from carbon monoxide, (2) polymerizat ion 
of e thy lene  t o  a-olef ins ,  (3) o x i d a t i v e  ozonolys is  t o  monocarboxylic 
acids, and (4 )  condensat ion w i t h  g l y c e r o l  to produce f a t s  which would 
not  con ta in  branched cha ins ,  d i ca rboxy l i c  ac ids ,  or po lycyc l i c  compounds. 
A first a;proximation engineer ing  des ign  w a s  m a d e  f o r  t h e  process .  The 
complexity of t h e  automated system for  p o t e n t i a l  u se  i n  the  aerospace 
s i t u a t i o n  w a s  so great as t o  prec lude  s e r i o u s  cons ide ra t ion  for  f u r t h e r  
development. 

p o s s i b i l i t y  of u s ing  t h e  s imples t  even-chain t r i g l y c e r i d e ,  t r i a c e t i n ,  
as food. Re la t ive ly  s imple schemes can be w r i t t e n  f o r  its s y n t h e s i s .  
The l i t e r a t u r e  concerning any t o x i c i t y  a s soc ia t ed  w i t h  its long term 
inges t ion  is s p a r s e .  Although when fed as 77 percent  of t h e  c a l o r i e s  
fo r  60 days,  i t  i n h i b i t e d  the  growth of rats; good growtn was observed 
when it was f e d  a t  l o w e r  l e v e l s .  

J u s t  how safe t h i s  s y n t h e t i c  f a t  would 3e f o r  prolonged 

For s e v e r a l  reasons,  t he re  has been some i n t e r e s t  i n  t h e  

2.6.1.2 P ro te in  Synthes is  

The physicochemical s y n t h e s i s  of the  p r o t e i n  requirements  
of the body p resen t  d i f f i c u l t i e s  no t  encountered wi th  carbohydra tes  end 
f a t s  i n  that the  s t r u c t u r e s  of t h e  e s s e n t i a l  amino acids are r e l a t i v e l y  
complex and d i f f e r e n t  from one another .  F4i-th-r. a l l  of them must be 
presen t  f o r  adequate  n u t r i t i o n ,  whereas a s i n g l e  molecule,  fo r  exanple ,  
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glucose,  cm s a t i s f y  t h e  body's carbohydrate requirement .  For tuna te ly ,  
there e x i s t  s y n t h e t i c  methods g i v i n g  rise t o  complex mixtures  of amino 
acids w h i c h  may be u s e f u l .  

of methane, ammonia, hydrogen, and water, s i g n i f i c a n t  amounts of A v a r i -  
e t y  of amino a c i d s  are formed. An even wider v a r i e t y  of amino acids are 
found when methane saturated w i t h  aqueous ammonia is exposed to q u a r t z  
or alumina a t  e l e v a t e d  temperatures .  Thermal polgmerizat  ion of mixtures  
of amino products  have been examined fo r  t h e i r  n u t r i t i o n a l  p r o p e r t i e s .  
With thc bacterium, L. plantarum, which has a complex amino a c i d  requi re -  
ment similar t o  man, thermal ly  d e r i v e d  p r o t e i n s  w e r e  about  60 percent  as 
e f f e c t i v e  as peptone i n  suppor t ing  growth. Replacement of half  tile pro- 
t e i n  i n  a rat d i e t  w i t h  thermal p r o t e i n  and extra t h r e o n i n e  d i d  n o t  a l te r  
weight ga in .  

When an electrical d i s c h a r g e  i s  passed through a mixture  

2.6.1.3 Carbohydrates 

Consider ing t h e  d i f f i c u l t i e s  i n  t h e  physicochemical synthe-  
sis of e d i b l e  f a t  and p r o t e i n ,  it is n o t  s u r p r i s i n g  t h a t  t h e  major r e c e n t  
e f f o r t  has  been directed toward carbohydrate .  The p o t e n t i a l  method t h a t  
has received t h e  most a t t e n t i o n  has been the  formose r e a c t i o n .  In t h i s  
reac t ion ,  c e r t a i n  alkalis and other subs tances  c a t a l y z e  the  self conden- 
s a t i o n  of formaldehyde t o  produce a mixture  of monosaccharides. The re- 
s u l t i n g  mixture  has n o t  been w e l l  characterized i n  most <._E t h e  repor ted  
s t u d i e s  d e a l i n g  w i t h  changes i n  t h e  n a t u r e  of t h e  product  w i t h  changes 
i n  c a t a l y s t  or c o n d i t i o n s .  R e l a t i v e l y  r e c e n t  studies u s i n g  gas- l iqu id  
chromatography have shown that t h e  product  is u s u a l l y  very  complex w i t h  
r e l a t i v e l y  s m a l l  amounts of metabol izable  carbohydrate .  E f fo r t s  t o  ob- 
t a i n  simpler mixtures  have not  been very  s u c c e s s f u l .  I t  should be noted 
t h a t  t h e  formose r e a c t i o n  g i v e s  rise to both t h e  D- and L-isomer of any 
given product and therefore it should be expected that even i f  i t  were 
p o s s i b l e  t o  c o n t r o l  t he  r e a c t i o n  t o  produce only hexoses, maximally only 
one-half t he  product  could  be metabol ized.  

The k i n e t i c s  of the  formose r e a c t i o n  have been t h e  s u b j e c t  
of a number of r e c e n t  r e p o r t s .  C a t a l y s t s  serve t w o  major roles. F i r s t ,  
some affect t h e  lag p e r i o a  of i t i t i a l  condensat ion which  produces t h e  t w o -  
carbon compound. Second, some c a t a l y s t s ,  i n c l u d i n g  t h e  products  of t h e  
r e a c t i o n ,  are able t o  a l te r  t h e  rate of subsequent r e a c t i o n s  and cause  
the a u t a a t a l y t i c  effects observed. The detailed mechanism f o r  t h e  reac- 
t i o n s  is not known a l t h m g h  it appears  as thcugh t h e  rate express ion  f o r  
r e a c t i o n  i n  homogeneous s o l u t i o n s  is anal-ogcus t o  Langmui r-Hinshelwood 
r e l a t i o n s  fo r  adsorp t ion  and d e s o r p t i o n  i n  neterogeneous systems. 

The re  are f e w  r e p o r t s  i n  t h e  l i t e r a t u r e  concerning t h e  nu- 
t r i t i v e  q u a l i t i e s  of fornose  sugars .  One would expect  t h e  r e s u l t s  t o  be 
q u i t e  v a r i a b l e  depending upon t h e  c a t a l y s t s  and c o n d i t i o n s  used i n  t h e i r  
p r e p a r a t i o n .  Mixed microorganisms can u t i l i z e  a c o n s i d e r a b l e  propor t ion  
of the mixture  for growth. When f e d  t o  rats as 40 percent  of t h e  d i e t ,  
formose sugars  caused diarrhea and death.  A t  lower l e v e l s ,  t h e  animals  
survived but  sufferec! from diarrhea. As y e t ,  t h e  reason f o r  t h i s  e f f e c t  
is not  known. 
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Other carbohydra te - l ike  materials such a s  g l y c e r o l  have 
been considered a s  p o t e n t i a l  n u t r i e n t s .  I t  is normal.ly p resent  i n  t h e  
d i e t  as a component of l i p i d s  and i n  t h e  f r e e  form. I t  can be t o l e r a t e d  
i n  r e l a t i v e l y  l a r g e  amounts i n t h e  human d i e t  wi thout  obvious detr imental  
e f f e c t .  

2.6.1.4 OveraLl Comments 

A l l  of t h e  preceding r ep resen t  e f f o r t s  t o  use  physicochem- 
ical  processes f o r  food s y n t h e s i s .  Recently,  a t tempts  have begun t o  ex- 
p l o i t  enzymatic processes .  A major advantage of enzymatical ly  mediated 
r e a c t i o n s  is t h e  s t e r e o s p e c i f i c i t y  confer red  on t h e  products .  Thus, i n  
the case of carbohydrates ,  a l l  of t h e  products  could  be i n  t h e  D-form 
and apprec iab ly  more might be s u i t a b l e  €or human consumption. P o t e n t i a l  
p rocesses  f o r  carbohydrate  product ion  u t i l i z i n g  enzymes w i l l  be d i scussed  
i n  d e t a i l  i n  fo l lowing  s e c t i o n s  of t h i s  r e p o r t .  These processes ,  i n  gen- 
eral, a r e  similar t o  those  which occur  i n  l i v i n g  organisms but  involve  t h e  
use  of i s o l a t e d  enzymes. Under some circumstances,  these enzymes would 
be immobilized and s t a b i l i z e d  so as t o  permit t h e i r  use  i n  convent iona l  
r e a c t o r s  as catalysts.  T'te s p e c i a l t y  of enzyme engineer ing  is expanding 
r ap id ly  and t h e  new t e c  logy being developed shows high promise f o r  
a p p l i c a t i o n  t o  t h e  problem of food s y n t h e s i s .  These r a w  m a t e r i a l s  f o r  
the process  would depend u p o ~  t h e  l o c a t i o n  of the  f a c t o r y ,  a v a i l a b l e  
s t a r t i n g  materials, and type  of product d e s i r e d .  The most desirable r a w  
material would be one r e q u i r i n g  t h e  least process ing  t o  conver t  it i n t o  
a food component. However, it is p o s s i b l e  t o  concep tua l i ze  pathways 
l ead ing  t o  food from materials as s imple  as carbon d iox ide  and water. 
This  l a t te r  process  could m i m i c  t h e  photosynthe t ic  product ion of carbo-  
hydra te  o r  a l t e r n a t i v e l y ,  u t i l i z e  chemical r e a c t i o n s  q u i t e  d i s s i m i l a r  
from those occurr ing  i n  na tu re .  Various of t h e s e  schemes involve  a 
complex sequence of i nd iv idua l  r e a c t i o n s  and have never  been s e r i o u s l y  
considered as p r a c t i c a l  methods fo r  the  l a rge - sca l e  product ion of food.  

2.6.2 Economic, Soc ia l ,  and Pol i t ical  Impl ica t ions  of Syn the t i c  
Carbohydrates 

Nonagr icu l tura l  product ion of food is an at tempt  t o  i n c r e a s e  
t h e  a v a i l a b i l i t y  of food which is only one a s p e c t  of a many fbce ted  world 
food problem. Thus an a p p r a i s a l  of t h e  economic, p o l i t i c a l ,  o r  social 
impl i ca t ions  of t h e  product ion of s y n t h e t i c  carbohydra tes  r e q u i r e s  a 
cons ide ra t ion  of t h e  broad con tex t  i n  which t h a t  impact w i l l  be made. 

In previous s e c t i o n s  of t h i s  chap te r ,  a n  increased  demand 
f o r  food is p ro jec t ed .  However, fo r  t h i s  latent demand t o  became e f f e c -  
t i v e  demand, n a t i m a l  economic development is necessary .  For  there is 
ex tens ive  s t a t i s t i ca l  evidence t o  document t h e  f a c t  t h a t ,  i n  low income 
c o u n t r i e s ,  a l a r g e  f r a c t i o n  of any increase i n  incornes goes i n t o  food 
consumption. Indeed, we can reasonably estimate t h a t  t o t a l  food demand 
i n  t h e  developing world w i l l  grow a t  a rate approximately equa l  t o  t h e  
r a t e  of populat ion growth p l u s  one-half t o  three-four 'hs of t h e  growth 
r a t e  of p e r  c a p i t a  income. Therefore ,  d e c i s i o n s  of pub l i c  po l icy  i n  
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both t h e  developed and developing worlds,  which w i l l  determine whether 
and t h e  ex ten t  t o  which s y n t h e t i c  carbohydrates  w i l l  be produced, will 
probably rest on important cons ide ra t ions  a f f e c t i n g  the  expansion of 
balanced n a t i o n a l  economic development (an essential precondi t ion  f o r  
dea l ing  e f f e c t i v e l y  w i t h  t h e  world food problem) as w e l l  a s  on t h e  
a v a i l a b i l i t y  of food. 

While i t  is  not  poss ib l e  t o  a n t i c i p a t e  the  p r e c i s e  impact 
of t h e  s y n t h e t i c  production of carbohydrates  on economic development of 
t he  na t ions  of t h e  world, i t  would obviously have a n  impact upon world 
t r a d e  i n  foods t h a t  p re sen t ly  supply t h e  world w i t h  i ts  carbohydra tes .  
Such t r a d e  has been and may cont inue  t o  be an important f a c t o r  i n  t h e  
economic growth of t h e  developicg world, a pro jec ted  major u s e r  of s y n -  
thetic carbohydrate  product ion.  An important c o n s t r a i n t  t o  t h e  growt'l 
of income i n  t h e  developing world is  t h e  capac i ty  t o  import .  The ca- 
pac i ty  t o  import is restricted by t h e  amount of fo re ign  exchange he ld  
by t h e  import ing na t ion  which i n  developing c o u n t r i e s  is pr imar i ly  l i m -  
i t e d  by t h e  va lue  of i t s  export; .  F o r  many developing c o u n t r i c s  a g r i -  
c u l t u r a l  products c o n s t i t u t e  from 50 t o  90 percent  of t he i r  e x p o r t s .  
Thus t h e  expor t a t ion  of a g r i c u l t u r a l  p roducts  i s  a prime f a c t o r  i n  t h e  
prospect  f o r  economic developmental  success .  

and hence the economic growth of t h e  developing nht ions?  The answer may 
be found i n  t h e  present  s t r u c t u r e  of i n t e r n a t i o n a l  t r a d e .  Developing 
na t ions  a t  present  have s e r i o u s  d i f f i c u l t i e s  i n  f i n d i n g  export  m a r k e t s .  
These d i f f i c q l t i e s  w i l l  only be i n t e n s i f i e d  by s y n t h e t i c  carbohydrate  
product ion unless  such na t ions  a r e  t h e  prime producers ,  since a high 
percentage of t h e i r  p re sen t  expor t s  c o n s i s t  of foods t r a n s l a t a b l e  i n t o  
carbohydra tes .  If these e x i s t i n g  market3 dry  up, t he  impact upon t h e  
economic growth of food-trade dependent n a t i o n s  is more l i k e l y  than not 
t o  be negat ive .  Unless  a l t e r n a t i v e  sources  of fo re ign  exchange a r e  
found, t h e  e f f e c t  of such a negat ive  impact on economic development is 
an  absence of growth i f  not  a reduct ion  i n  e f f e c t i v e  food demand f o r  
t h e  a f f e c t e d  t la t ions .  

W i l l  s y n t h e t i c  carbohydrates  reduce t h e  a g r i c u l t u r a l  expor t s ,  

On t h e  more p o s i t i v e  s i d e ,  t h e  proposal  ou t l i ned  i n  sljcceed- 
ing chap te r s  nay be t h e  answer t o  t h e  problem of food d i s t r i b u t i o n  f o r  
some states. I t  is w e l l  e s t a b l i s h e d  by many previcus  s t u d i e s  t h a t  a 
c e n t r a l  problem of food a v a i l a b i l i t y  is d i s t r i b u t i o n ,  not  product ion.  
An a t t r a c t i v e  f e a t u r e  of the  product ion method ou t l ined  h e r e i n  is its 
a b i l i t y  t o  be loca ted  a t  the h e a r t  of t h e  area of need. Thus a country 
could f o r  tne first t i m e  f r e e  food product ion from t h e  h i s t o r i c a l  l i m i -  
t a t i o n s  t o  which it  has been s u b j e c t .  

A second f a c t o r  f avor ing  s y n t h e t i c  product ion is t h e  social 
and economic e f f e c t  of t ransforming a g r i c u l t u r a l  workers I n t o  p l a n t  e m -  
p loyees.  Man) noted a u t h o r i t i e s  on economic development have i n s i s t e d  
t h a t  . jus t  such a t ransformat ion  is e s s e n t i a l  t o  sound economic develop- 
ment.  Thus i t  could be argued that t h e  proposal  t h a t  fo l lows  o f f e r s  t o  
t h e  developing na t ions  a n  aid t o  t h e i r  development. But t h e  v a l u e  of 
these poss ib l e  advantages can only be assessed  w i t h  r e fe rence  t o  p a r t i c -  
u l a r  c o u n t r i e s .  
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I n  a broader sense,  it cannot  be denied t h a t  t h e  a d d i t i o n  of 
a new method D f  food product ion is a b e n e f i t  t o  mankind. I t  he lps  t o  
a s s u r e  t ha t  t h e  problem of food a v a i l a b i l i t y  w i l l  be m e t .  F u r t h e r ,  i t  
could free t h e  means of product ion and e n e r g i e s  of mankind i n  a g e n e r a l  
sense  f o r  c o n c e n t r a t i o n  on y e t  unsolved problems. On these matters one 
can only specula te ,  bu t  t h e  challenge f o r  a r e s t r u c t u r i n g  of i n t e r n a -  
t i o n a l  t rade and f i n a n c i a l  and monetary r e l a t i o n s  promises t o  remain. 
I t  may be t h a t  t h e  recognized p o t e n t i a l  problems for developing n a t i o n s  
could be resolved i n  t h e  r e s t r u c t u r i n g  process. Such a r e s u l t  w o u l d  
avoid t h e  p o s s i b l e  disadvantages f o r  some so t h a t  t h e  many may p r o f i t  
from the new technology. 

2.7 Summary 

A thorough study of populat ion,  food needs,  and food s u p p l i e s  i n  
t h e  p a s t ,  p r e s e n t ,  and f u t u r e  w a s  m a d e .  During t h e  c o u r s e  of t h i s  s tudy,  
w e  occas iona l ly  encountered deep pessimisn (widespread famine and s t a r v a -  
t i o n  w i l l  i n e v i t a b l y  occur) and h igh  optimism ( t h e  food problem is eco- 
nomic and development of economies w i l l  r e s u l t  i n  food s u p p l i e s  r i s i n g  
t o  reach needs, by u s e  of p r e s e n t l y  unused land,  new seeds, and f e r t i l i z -  
ers). The u n c e r t a i n t i e s  i n  the  p r o j e c t i o n s  prevented u s  from reaching  
e i t h e r  of these conclus ions .  Our conclus ions  are t h a t  there is a real 
p o s s i b i l i t y  of s e r i o u s  o v e r a l l  food s h o r t a g e  i n  t h e  wcrld by the  t u r n  
of t h e  century  and t h a t  n o n a g r i c u l t u r a l  food product ion w i l l  be a needed 
and desirable augmentation t o  a g r i c u l t u r e .  W e  see s y n t h e t i c  food p l a r t s  
s e r v i n g  t h e  general world-wide need through achiev ing  an economically 
v i a b l e  p o s i t i o n  and s e r v i n g  local  food d e f i c i e n t  70nes on an  emergency 
basis even though they may not  be compet i t ive  i n  t h e  market  p l a c e .  

I n v c s t i g a t i o n s  of t he  world-wide d i s t r i b u t i o n  of food were made i n  
order t o  estimate the  most v i a b l e  s i z e s  f o r  sy..thetic carbohydrate p l a n t s .  
Once again,  u n c e r t a i n t i e s  i n  t h e  p r o j e c t i o n s  made t h i s  t a s k  d i f f i c u l t  . 
However, t h e  a e s i r a b i l i t y  of reasonably small p l a n t s  i n  local areas be- 
came apparent .  Therefore,  it w a s  decided t o  s tudy  t h e  f e a s i b i l i t y  of a 
carbohydrate  p l a n t  capable of producing 100 t o n s  of carbchpdra te  p e r  day .  
Such a plant would p r w i d e  approximately 50 percent  of t h e  carbohydrate  
requirement f o r  ha l f  a m i l l i o n  people.  This  is cons idered  compatible 
w i t h  local area usage. I t  is a l so  large enough t o  be e f f i c i e n t  from a 
process  s tandpoin t .  Chapters 3, 4, and 5 c o n t a i n  s p e c i f i c  information 
on carbohydrate  s y n t h e s i s  assuming such a p l a n t  s i z e .  E s t i m a t e s  of costs 
f o r  larger or smaller p l a n t s  can  b-. obtained by t h e  u s u a l  p l a n t - s c a l i n g  
r e l a t i o n s  found i n  chemical engineer ing  textbooks on p l a n t  d e s i g n .  Chap- 
t e r  3 is a s h o r t  summary of the  t h r e e  processes. Chapter  4 goes i n i o  t h e  
chemical pa thmy3  i n  de ta i l .  Chapter  5 is concerned w i t h  t h e  des ign  of 
t h e  p l a n t s  themselves.  
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Chapter  3 

I 

C e l l u l o s e  F o s s i l  Fuel  C02 Fixa r ion  

E tart  ing  Ce l lu lose  Petroleum Carbon Dioxide 
Materials (C6H1206 )X (C3Hs ) (cog 1 

L O W  L O W  High Chemical Energy 
Requ i remen t s 

Complexity of 
Process  Simple Mod e r a  t e Very Complex 

ESSENTIAIS OF THE PRODUCTION OF SYNTHETIC CARBOmDRATES 

1 

3.1 In t roduct ion  

This  c h a p t e r  i s  a gene ra l  d i scuss ion  of t h e  three pathways t o  syn- 
thet ic  carbohydrate which were chosen t o  be examined i n  d e t a i l  i n  t h i s  
s tudy .  Chapter  4 w i l l  d i s c u s s  t h e s e  pathways i n  de t a i l .  T r a d i t i o n a l l y ,  
food is provided f o r  a l l  f o m s  of l i f e  by green p l a n t s ,  which use  s u n l i g h t  
as a source  of energy and carbon d iox ide  (C02) as a source  of carbon. 
photosynthe t ic  organisms s a v e  as food Sources f o r  animals ,  the  energy and 
biologically important  e lements  they  con ta in  are incorpora ted  i n t o  t h e  
ce l l s  and t i s s u e s  of t h e  animals. When one animal consumes another ,  t h e  
biochemical compounds and energy s t o r e d  i n  the  f i rs t  animal a r e  p a r t i a l l y  
t r a n s f e r r e d  t o  t he  second animal.  Photosynthes is  is c a r r i e d  on i n  about  
equa l  q u a n t i t y  by t h e  u n i c e l l u l a r  a l g a e  i n  the oceans and t h e  seed p l a n t s  
on land .  According to  one estimate, the  to ta l  annual  f i x a t i o n  of carbon 
j n  t he  Oceans amounts t o  approximately 1.2 x 1O1O t o n s ,  whereas t h a t  on 
land is about 1.6 X 101o t o n s  Cl]. 

ment of processes  f o r  t h e  product ion of carbohydra te  from n o n a g r i c u l t u r a l  
materials. Processes  us ing  c e l l u l o s e  and petrochemicals ,  m a t e r i a l s  which  
have i n  f a c t  been produced by p l a n t s ,  bu t  a r e  u n s u i t a b l e  f o r  consumption, 
have been developed. In add i t ion ,  a process  has  been i n v e s t i g a t e d  f o r  t h e  
conversion of inorganic  carbon d iox ide  i n t o  starch by a series of complex 
r e a c t i o n s  similar t o  t h e  ones c a r r i e d  out by green p l a n t s  dur ing  photosyn- 
thesis. A number of a d d i t i o n a l  processes  f o r  the s y n t h e t i c  product ion of 
carbohydrates  were cons idered  which are d iscussed  b r i e f l y  a t  t h e  end of 
Chapter  4 .  

The c e l l u l o s e ,  f o s s i l  f ue l ,  and C02 f ixa t ion  processes  a l l  have t h e  
p o t e n t i a l  of producing the same end product ,  t h e  suga r  g lucose .  The b a s i c  
f e a t u r e s  of t h e s e  processes  are ou t l ined  i n  Table 3.1. T h i s  g lucose  can 
be used d i r e c t l y  as a food calorie source  o r  polymerized t o  starch.  The 

A s  

The goa l  of t h i s  engineer ing  systems des ign  p r o j e c t  is t h e  develop-  

Table 3.1 
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fo l lowing  s e c t i o n s  of t h i s  c h a p t e r  b r i e f l y  describe t h e  three processes  
f o r  t h e  product ion of g l u c r s e  and s t a r c h .  

3.2 C e l l u l o s e  Conversion to Glu, ,- ose -- 
C e l l u l o s e  is a l i n e a r  p,lymer of g lucose  u n i t s ,  and as such provides  

t h e  most direct  source  f o r  t h e  product ion of g lucose .  C e l l u l o s e  is t h e  
major c o n s t i t u e n t  of a l l  vege ta t ion ,  compris ing from one-third t o  one- 
ha l f  of a l l  v e g e t a b l e  matter i n  t h e  world.  Thus, it is t h e  world's most 
renewable resource .  I t  is a l so  w i d e l y  d i s p e r s e d  and p e n t i f u l  i n  both  
underdeveloped and developed c o u n t r i e s .  Large q u a n t i t i e s  of c e l l u l o s e  
are used €or t h e  product ion of manufactured products  such as t e x t i l e s ,  
paper,  and b u i l d i n g  materials. I n  a d d i t i o n ,  enormous q u a n t i t i e s  of cel- 
l u l o s e  are consumed by l i v e s t o c k  and s e r v e  tis their p r i n c i p a l  source  of 
energy. However, most v e g e t a t i o n  is unwed  b l  man or animals and under- 
goes n a t u r a l  decay through t h e  i n t e r a c t i o n  of microorganisms. I t  is t h i s  
unused c e l l u l o s e  t h a t  w e  t h i n k  shows e x c e l l e n t  p o t e n t i a l  as a food source  
through i ts  conversion t o  g lucose  and/or starch.  

3.2.1 Raw Materials 

There is a wide range of a v a i l a b l e  sources  f o r  vege tab le  
c e l l u l o s e ,  i n c l u d i n g  wood, c o t t o n ,  grasses, straws, a g r i c u l t u r a l  r e s i d u e s  
( i  .e., cereal straws, c o r n s t a l k s ,  s u g a r  cane bagasse) ,  waste paper,  weeds, 
and many others.  The p u r i t y  of t h e  c e l l u l o s e  i n  these v a r i o u s  v e g e t a b l e  
sources  range from a l o w  of about 40 percent ,  as i n  some woods, t o  a h i g h  
of 95 percent ,  as found i n  c o t t o n .  The remaining n o n c e l l u l o s i c  p o r t i o n  
of vege tab le  matter is mainly hemice l lu lose  (polymers made of sugar  u n i t s  
other  than g l u c o s e )  and l i g n i n  (very complex nonsugar molecules) .  In  t h e  
p l a n t  t h e  hemice l lu lose  and l i g n i n  cuinpounds are found mixed w i t h  the  
ce l l -u lose .  Many techniques are a v a i l a b l e  f o r  s e p a r a t i n g  c e l l u l o s e  from 
these ,) ther p l a n t  components and subsequent ly  depolymerizing it  t o  g lu-  
cose. 

3.2.2 Nature of t h e  Process  

W e  know t h a t  a number of animals, i n s e c t s ,  and microorganisms 
are able t o  d i g e s t  c e l l u l o s e  t o  vary ing  degrees .  This  d i g e s t i o n  is ac- 
complished by a group of enzymes loosely termed t h e  " c e l l u l a s e  complex." 
One r a p i d  c e l l u l o s e  decomposer i s  t h e  fungus,  Trichoderma v i r i d e .  This  
microorganism produces a stable e x t r a c e l l u l a r  c e l l u l a s e  canplex capable  
of conver t ing  c e l l u l o s e  q u a n t i t a t i v e l y  t o  g lucose .  I t  has  been found 
tha t  i t s  c e l l u l a s e  complex c o n t a i n s  a t  least threc! d i s t i n c t  enzymes, each  
p lay ing  an e s s e n t i a l  role i n  t h e  o v e r a l l  process of conver t ing  c e l l u l o s e  
t o  glucose.  Since t h e  fungus Trichoderma v i r i d e  secretes i ts  c e l l u l a s e  
enzymes i n t o  t h e  medium i n  which it is growing, they are easily separa ted  
from t h e  c e l l s  by f i l t r a t i o n .  
is then used d i r e c t l y  t o  conver t  c e l l u l o s e  whicb has  been p a r t i a l l y  p u r i -  
f i ed  to remove l i g n i n  and hemice l lu loses  t o  glucose. 

This  c e l l  f i l t r a t e  c o n t a i n i n g  t h e  enzymes 
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3.2.3 Complexity - 
T h i s  i s  a re la t ively simple process compared t o  t h e  f o s s i l  

fue l  o r  t h e  carbon dioxide f ixat ion processss since the s t a r t i ng  material, 
green plant callulose,  is already i n  the foim of a carbohydrate. T h i s  
process, theref ore, :ust involves the breakdown of t h i s  glucose polymer 
which cannot be used as a food by man because of the chemical nature of 
the glucose t o  glucose bonds i n  the  polymer t o  its basic u n i t .  T h i s  pro- 
cess is capable of ef f ic ien t ly  converting cel lulose in to  a useful food 
energy source a t  a reasonable cos t .  

3.3 Fossil  Fuel Pathway - 
A second approach would use a pathway midway i n  complexity between 

the cellulose route and C02 fixation pathway. Petroleum is used as a 
source of simple compounds which can be al tered i n  a ser ies  of 7 steps 
t o  form glucose. The energy requirements are  minimal, since the petro- 
leum would actually yield more energy on d i r ec t  combustion than would 
carbohydrate. In essence, t h i s  would capi ta l ize  on past rather than 
present energy converting a c t i v i t i e s  of the biosphere. 

3.3.1 R a w  Materials 

Petroleum, t h e  s t a r t i ng  material, has been calculated t o  be 
i n  ample supply f o r  t h i s  purpose. For exaJiple, a 100 t o n  per day carbo- 
hydrate factory would use on ly  about 110,000 barrels  of o i l  per year-- 
about one ten-millionth of the supply of crude o i l  estimated to remain 
i n  the year 2000." If other fossil f u e l  sources, such as coal (converted 
t o  hydrocarbon through gassif icat ion)  or  shale o i l  can be tapped, t h e  
potential  resource is even greater.  The remaining supplies of crude o i l ,  
coal, and shale o i l  i n  2000 AD would provide l i f e  support f o r  15 bi l l ion  
people f o r  many years, as  shown i n  Table 3.2. 

)t 

100 tons starch per day represents 

2000 l b  CH-0 n _ C  ~ 

I 110,000 barrels per year 

Total world supply is  2 x 10l2 barrels  of crude o i l .  A t  our current 
ra te  of consumption, 1 x 10l2 barrels  w i l l  be l e f t  in t h e  year 2000. 
I t  is t o  be assumed tha t  petroleum as an energy source w i l l  be replaced 
by nuclear energy, since otherwise we w i l l  run  out anyhow. 
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Table 3 . 2  

KEQUIREMENT AND RESOURCES* OF FOSSIL FUEL 

T o t a l  Resource 

Crude O i l  
2 . 1  x 10l2 barrels 

Coal 
1.7 x lOI3 short tons 

Shale  O i l  
2 x 1015 U .S .  barrels 

~~~~~~~~ ~~ 

Estimated to  Remain 
i n  2000 A.D. 

1 . 0  x 10l2  barrels 

1.6 x I.Ol3 short t o n s  

~~ ~~~ ~ ~ ~ 

Years of L i f e  Support 
f o r  15 b i l l i o n  people  

114 

9,300 

* 
Resources & Man : Committee on Resources & Man, NAS-NRC. 

Petroleum is a complex mixture  of h ighly  e n e r g e t i c  compounds. 
I t  can be r e f i n e d ,  as i n  t h e  process  of making g a s o l i n e ,  t o  propane ( f a -  
miliar as cooking gas) and t o  propylene, a similar compound c o n t a i n i n g  
less hydrogen. These  t w o  materials each c o n t a i n  three carbon atoms, ex- 
ac t ly  h a l f  t h e  number requi red  f o r  glucose.  If  a f e w  modi f ica t ions  are 
made t o  t h e  basic three-carbon u n i t ,  i t  can be converted i n t o  a form 
s u i t a b l e  f o r  condensat ion i n t o  t h e  6-carbon g lucose .  

3 .3 .2  Nature of Process 

The conversion 01 t h e  propane or  propylene i n t o  g lucose  
involves  a series of steps, which are of t w o  types .  The first are chem- 
ical  convers ions  t o  add oxygen t o  the molecule. Two s t e p s  are involved,  
and these are i d e n t i c a l  w i t h  t h o s e  carried o u t  p r e s e n t l y  on an  i n d u s t r i a l  
scale d u r i n g  t h e  conversion of propylene t o  g l y c e r i n .  Ourdes igndoes  not 
inc lude  these, but  starts w i t h  t h e  product  glycidaldehyde.  The sequence 
involve8 f i v e  r e a c t i o n s ,  not now done commercially, which are c a t a l y z e d  
by s p e c i f i c  enzymes. The enzymes are t o  be i s o l a t e d  from microbial 
sources where p d s s i b l e ,  and s t a b i l i z e d  f o r  t h e i r  f u n c t i o n  i n  c a t a l y z i n g  
these s t e p s .  S ince  one of t h e  steps r e q u i r e s  t h e  a d d i t i o n  of phosphate 
under  c i rcumstances which demand an  input  of energy, a compound, ATP, 
found i n  l i v i n g  material, which can supply both phosphate and energy, 
w i l l  be used.  This  compound w i l l ,  however, be regenerated by a combina- 
t i o n  of chemical and enzymatic techniques. 

3 . 3 . 3  CmDlexi tv  

The t o t a l  p rocess  involves  seven s t e p s ,  f o u r  of which are 
enzyme c a t a l y z e d .  Unlike t h e  C02 f i x a t i o n  pathway, no r e c y l c i n g  of in-  
termediates j s  required,  and t h e  energy requirements  are less (by  about 
a f a c t o r  of t e n ) .  The process is s t r a i g h t f o r w a r d  and s imple,  but r e q u i r e s  
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t h e  prepara t ion  and s t a b i l i z a t i o n  of t h e  enzymes, a f a c t o r  which w i l l  
c o n t r i b u t e  h e a v i l y  t o  t h e  c o s t  of t h e  end product .  The s t a r t i n g  ma te r i a l  
(propylene)  is r e l a t i v e l y  cheap, amounting t o  about 1.5f per  pound of 
f i n i s h e d  carbohydrate  a t  c u r r e n t  p r i c e s ,  bu t  t h e  commercially a v a i l a b l e  
intermediate glycidaldehyde is es t imated  a t  about 18d/ lb  of f i n i s h e d  
carbohydrate .  

3.4 Carbon Dioxide F ixa t  ion Process 

The most complex method t o  make s y n t h e t i c  carbohydrates  is by way 
of t h e  carbon d ioxide  f i x a t i o n  process .  

3.4.1 Raw Materials 

The pathway starts wi th  a s imple raw m a t e r i a l ,  carbon d iox ide ,  
one of t h e  u l t ima te  products  from the breakdown of organic  compounds. T h i s  
gas is found i n  t h e  atmosphere i n  low concen t r a t ions ,  bu t  can be more eco- 
nomically obtained as a by-product, such as In cement manufacture o r  power 
genera t ion  from f o s s i l  f u e l .  Because most processes t h a t  produce carbon 
d iox ide  release energy, energy must be used t o  make organic  materials, 
glucose i n  t h i s  case ,  from carbon d iox ide .  The amount of energy  requi red  
i n  t h i s  process  is t h e  g r e a t e s t  of any of t h e  three pathways suggested 
here. 

3.4.2 Nature of Process 

The CO2 f i x a t i o n  pathway is found i n  al, green p l a n t s  and is 
an i n t e g r a l  p a r t  of photosynthes is .  I t  is proposed t o  t a k e  t h i s  s y s t e m  
out of t h e  p l a n t  by s e p a r a t i n g  t h e  enzymes t h a t  c a t a l y z e  i ts  chemical re- 
a c t i o n s  and use them t o c a t a l y z e  t h e  same r e a c t i o n s  i n  a chemical f a c t o r y .  

The cycl: i t s e l f  is composed of t h i r t e e n  s t e p s  ca t a lyzed  by 
t en  d i f f e r e n t  enzymes. The f i r s t  s i x  s t e p s  a t t a c h  carbon d iox ide  t o  an  
acceptor  molecule and even tua l ly  change the  r e s u l t i n g  product t o  a s i x -  
carbon sugar  con ta in ing  phosphate. From here  f o u r  enzymatic s t e p s ,  not  
p a r t  of t he  cyc le  proper ,  conver t  1/6 of t h i s  compound t o  starch.  An- 
o the r  seven s t e p s  t a k e  t h e  o t h e r  5 / 6  and r e c o n s t i t u t e  t h e  acceptor  f o r  
carbon d ioxide .  

3.4.3 Complexity 

T h i s  r ecyc l ing  of a major p a r t  c t h e  con ten t s  of t he  cyc le  
means t h a t  t h i s  pathway is f a r  more complex than e i ther  of t h e  o t h e r  
two a l ready  d iscussed .  Green p l a n t s  have t o  use  i t  because they must 
start wi th  an  extremely dimple one-carbon molecule, carbon d ioxide ,  t h a t  
con ta ins  only carbon and oxygen, and bu i ld  it up i n t o  s t a r c h ,  a complex 
polymer of t h e  B-carbon sugar ,  glucose,  tha t  con ta ins  hydrogen i n  addi -  
t io i .  t o  carbon and oxygen. W e  have found no b e t t e r  process  tomake s t a r c h  
from carbon d ioxide  t h a n  t h a t  used by the l e a f .  If i t  is p o e s i b l e t o u s e  
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raw materials of g r e a t e r  complexity t h a t  have wi th in  themselves more 
chemical energy, s impler  processes  t h a t  r e q u i r e  a lower energy input  
such as those above, are p o s s i b l e ,  

3.5 Glucose t o  Starch 

Two of t h e  t h r e e  processes  j u s t  d i scussed  lead t o  t h e  product ion 
of g lucose .  The c a p a b i l i t y  t o  conver t  t h i s  compound t o  starch is highly 
desirabl?  s i n c e  starch is n more v e r s a t i l e  f o o d s t u f f .  (The t h i r d  process ,  
CO f i x a t i o n  leads  t o  starch d i r e c t l y . )  2 

3.5.1 Nature of Starch 

The term starch refers t o  an indigenous product  i s o l a t e d  from 
food s t a p l e s  such as c o r n ,  wheat,  sorghum, other  cereal c rops ,  and legumes. 
Actua l ly ,  starch is a c r y s t a l l i n e  polymeric subs tance  composed of amylose 
(a  " s t r a i g h t - c h a i n e d "  glucose polymer) and amylopectin (a "branched" g l u -  
cose polymer).  Tile two forms are shown schematically as follows: 

"Amy 1 os e 'I 
( s t r a i g h t  -cha in  g lucose  polymer 

"Amy 1 opec t i n  " 
(branched-chain glucose polymer 1 

I t  d i f f e r s  from c e l l u l o s e  only i n  t h a t  t h e  spa t ia l  o r i e n t a t i o n  of t h e  
l inkages  is oppos i te .  Starch f ram d i f f e ren t  sources c o n t a i n s  varying 
amounts of t h e  above two polymers. Common c o r n s  and cereal g r a i n s  con- 
t a i n  17 t o  28 percent  amylose. Legumes y i e l d  s t a r c h  w i t h  wider amylose 
ranges,  e .g . ,  peas  vary from 34 t o  70 percent  amylose. Common d i e t a r y  
s t a r c h  is  der ived  from corn  wi th  about 27 percent  amylose and 73 percent  
amylopect in .  The n u t r i t i v e  value of t h e  v a r i o u s  starch composi t ions is 
essent ia l ly  t h e  same, but  c e l l u l o s e  has no n u t r i t i v e  v a l u e  as t h e  reversed  
l i n k a g e s  cannot  be d i g e s t e d .  

of amylose. Predominant among such law-amylose, high-amylopectin p l a n t s  
are waxy corn,  waxy sorghum, and waxy, or g l u t i n o u s ,  rice. These s t r a i n s  
may c o n t a i n  as l i t t l e  as 2 percent  amylose. 

Genetic v a r i a t i o n  i n  p l a n t s  can y i e l d  very l o w  percentages 

3.5.2 The Hela t ion  of Glucose t o  S t a r c h  - 
The i n d i v i d u a l  b u i L r n g  blocks of t h e  polymer c h a i n s  a r e  a 

s i n g l e  suga r ,  g lucose .  In n a t u r e  t h e  c o n s t r u c t i o n  of t h e  polymeric 
c h a i n s  can be thought of as the j o i n i n g  of one g lucose  t o  a n o t h e r  w i t h  
l o s s  of water. The c h a i n  cont inues  t o  lengthen by a d d i t i o n  of f u r t h e r  
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Step  1 

2 glucose __ glucose-glucose + water 
(I' reac t a n t  s 'I ("products"  

S tep  2 

glucose-glucose + glucose glucose-clucose-glucose + water 
( "polyr-r  cha in"  ) 

glucose u n i t s .  Chain lengths  commonly exceed thousands of l inked  g lucose  
u n i t s .  

s i t i o n ,  \.e., it is composed of glucose  u n i t s ,  however, the  amylopectin 
polymer appears  t o  f o m  by c l eav ing  a short p o r t  ion f ram t h e  end of an 
amylose polymer and a t t a c h i n g  it t o  t h e  middle of t h e  chain,  t hus  form- 
i ng  a branch po in t .  Each f r e e  end of the  newly formed branched polymer 
can add glucose  u n i t s .  

The branched polymer amylopectin has the  same chemical compo- 

3.5.3 Chemical Routes t o  S t a r c h  

The foregoing  d i scuss ion  has presented  t h e  formal s y n t h e s i s  
of starch,* but a m o r e  c i r c u i t o u s  route is followed by n a t u r a l  iaterials; 
and by t h e  laboratory chemist. Severa l  routes t o  starch s y n t h e s i s  are 
found i n  na ture .  A l l  involve an a c t i v a t i o n  of glucose  e i t h e r  by t h e  ad- 
d i t i o n  of phosphate or of a phosphate con ta in ing  organic  chemical fol lowed 
by polymerizat ion.  I r o n i c a l l y ,  t he  least used route was discovered  f i rs t  
and t h e  m o s t  important route las t .  Each of these routes leads  t o  t h e  
l i n e a r  polymer amylose. One f u r t h e r  s t e p  is necessary to produce amylo- 
pec t in ;  t h i s  l a t te r  process  is not w e l l  understood. When g lucose  is t h e  
s t a r t i n g  material, we have e l e c t e d  t o  use  ATP (a commmly used biochemi- 
cal, needed anyway fo r  both  CO2 %Axation and f o s s i l  fiiei processes )  as a 
source of phosphate, and t o  polymerize t h e  r e s u i t i n g  phosphorylated glu-  
cose  i n  a one-step enzymically ca t a lyzed  r e a c t i o n .  
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* 
Throughout t h e  rest 0.' t h i s  report t h e  term s t a r c h  w i l l  be used i n t e r -  
changeably w i t h  amylose as a matter of con-enience.  
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Chapter  4 

CHEMISTRY OF GLUCOSE AND STARCH PRODUCTION 

This  c h a p t e r  cons ide r s  i n  de t a i l  t h e  chemistry of s y n t h e s i z i n g  car- 
bohydrates .  Sec t ions  4.1, 4.2, and 4.3 d i s c u s s  t he  pathways from c e l l u -  
lose, g lyc id i ldehyde ,  and C02 t o  glucose.  Sec t ion  4 . 4  is a comparison 
of t h e s e  pathways. Sec t ion  4.5 d i s c u s s e s  t h e  conversion of g lucose  t o  
starch. Sec t ion  4.6 d i scusses  t h e  regenera t ion  of ATP, which is one of 
t h e  more s e r i o u s  cha l l enges  i n  these processes .  The f i n a l  section d i s -  
cusses  some of t h e  pathways f o r  carbohydra te  s y n t h e s i s  which were re- 
jected i n  t h e  s tudy f o r  va r ious  reasons .  

4.1 C h e m i s t r y  of C e l l u l o s e  Process-<e l lu lose  t o  Glucose 

The f i r s t  pathway t o  be cons idered  is t h e  product ion  of suga r  from 
c e l l u l o s e  waste material. Th i s  process  has claimed the  a t t e n t i o n  ofchem- 
ists s i n c e  the  e a r l y  19th century  but  it w a s  no t  u n t i l  1898 tha t  a com- 
merical process  u s i n g  s u l f u r i c  a c i d  under p r e s s u r e  was developed. T h i s  
p rocess  gave a y i e l d  of about 6 pe rcen t  suga r  based on d ry  wood 113. 
Subsequently,  a p l a n t  u s i n g  similar process  was b u i l t  a t  Georgetown, 
South Caro l ina ,  and operated from 1913 t o  1923. Various improvements 
i n  t h i s  process  w e r e  m a d e  through research e f f o r t s  i n  the U.S., Germany 
and France from 1923 t o  1945. A t  that t i m e ,  t h e  process  y i e l d e d  45 t o  
55 percent  suga r  based on t h e  weight of d ry  w o o d .  Severa l  a c i d  hydro- 
l y s i s  p l a n t s  w e r e  cons t ruc t ed  i n  Germany d u r i n g  World War 11, one such 
p l a n t  a t  Regensberg, Germany, having the capac i ty  t o  proczss  about 130 
t ons  of i!ood p e r  day. Sugar y i e l d s  of about 60 percent  w e r e  claiaed. 
The sugbrs  produced w e r e  used t o  produce y e a s t  and a l coho l  [23. Later 
p lans  by s e v e r a l  campanies i n  the  U.S. t o  b u i l d  p l a n t r  f o r  c e l l u l o s e  
hydro lys i s  were abandoned because it was f e l t  t h a t  suga r  produced by 
t h e  process  could not  compete w i t h  t h e  l o w  p r i c e  of b l a c k s t r a p  molasses. 

to degrade c e l l u l o s e  r ap id ly  and e f f i c i e n t l y  t o  g lucose .  In t h e  last 10 
years c e l l u l o l y t i c  enzymes of t h e s e  microorganisms have been cons idered  
a s  an a l t e r n a t i v e  t o  a c i d  hydro lys i s .  A t  t he  prespnL t i m e ,  there are no 
commercial processes  or p l a n t s  fo r  enzymatical ly  producing suga r  from 
c e l l u l o s e .  

A large number of rumen and soi l  microorganisms possess  the c a p a c i t y  

4.1.2 Raw Material 

4.1.2.1 S t r u c t u r e  and S rgan iza t ion  of Wood and P lan t  F i b e r s  

P l a n t  t i s s u e  is composed of t h r e e  main canponents :  c e l l u -  
lose, hemice l lu lose ,  and l i g n i n .  Small amounts of r e s i n s ,  gums, p r o t e i n s ,  
f a t s ,  and mineral  compounds are also p resen t .  

4.1.2.2 C e l l u l o s e  

Ce l lu lose ,  as it occurs  i n  p l a n t  cel l  walls, i s  a polymole- 
c u l a r  $-D-(l, 4) glucan averaging about 10,000 glucose  u n i t s .  



I t s  s t r u c t u r e  is shown i n  F igure  4.1. I t  is preserr' i n  t h e  c e l l  w a l l  i n  
t h e  form of elementary f i b r i l s  having a diameter of 35 A, each con ta in ing  
approximately 40 c e l l u l o s e  cha ins .  The elementary f i b r i l s  are aggregated 
t o  large nicrof ibr i ls  of var ious  sizes 131. The percentage  of cellulose 
i n  p l a n t  material v a r i e s  from a l o w  of 40 percent  as found i n  some woods 
to as high as 95 percent  i n  c o t t o n .  

4.1.2.3 Hemicellulose 

The term "hemicel lulose"  is used as a d e s i g n a t i o n  for  t h e  
polysacchar ides  of l o w  molecular  weight which normally o c c u r  i n  p l a n t  
t i s s u e s  together w i t h  c e l l u l o s e ,  and which can  be isolated from the  o r i g -  
i n a l  mcterial by e x t r a c t i o n  either wi th  water, or more f r e q u e n t l y ,  aqueous 
a l k a l i  131. Most of t h e  hemice l lu loses  occurr 'ng  i n  land p l a n t s  are es- 
s e n t i a l l y  linear polymers c a r r y i n g  numerous and var iod  short side c h a i n s .  
The p r i n c i p a l  suga r  r e s i d u e s  i n  hemice l lu loses  are D-xy lose, L-mannose, 
D-g l u c  ose , D-galac t 058, L-arabi nose, 4 -I- - m e t  hy 1 -D-g lucoron ic ac id,  D-ga 1 - 
a c t u r o n i c  ac id ,  D-glucuronic acid, and t o  a lesser e x t e n t  L-rhamnose, L- 
fucose,  and va r ious  O-methylated n e u t r a l  s u g a r s .  The amount of hemicel- 
l u l o s e  i n  p k g t  t i s sues  ranges from 10 t o  30 percen t  131. 

CHZOH CHZOH CH20H 

The f l r s t  set of components, C1 enzymes, 
hydrol) 7e thc highly  o r i e n t e d  c r y s t a l l i n e  
s o l i d  c e l l u l o s e  i n t o  amorphous c h a l n s .  
There is u n c e r t a i n t y  about uhat  r e a c t i o n  
is be ing  c a t a l y z e d  by C1 cm.poncnts i n  
Keneral.  Chic l i n e  of evidence  indicates 
t h a t  C; may j u s t  be breaking  intermolecu- 
l a r  hldrogcn bonds which d e s t r o y s  t h e  
c r y s t a l  l a t t i c e  of t h e  c e l l u l a s e .  Other  
ev idence  shows t h a t  c e l l o b i o s e  is also 
produced by C ,  cnzymcs. 

C, enz>mes c' (6-1 -.4 gluconases)  are 
hydro l} t ic  enzymes of c l c a r l y  t w o  t y p e s :  
(a)  cxo-i-1 -,4 &lucanasc.. which succes-  
s i v e l y  rcmmcs s i n g l e  g lucose  u n i t s  from 
t h e  nonreducing end of t h e  c e l l u l o s e c t L a i n s .  
and ( b )  cniio-E-1 -+.I glucannsc.  which a c t s  
a t  random, t h e  tern.ina. l inkages  g e n e r a l l y  
being less s u s c e p t i b l e  t o  h } d r o l y s i s  than  
i n t e r n a l  l l n k a g e s .  

F i n a l l ) ,  p -g lucos idases  ( c e l l o h l a s e )  are 
highly a c t i v e  on the f , d i n e r  of glucose,  
c e l l o b i o s e .  

OH OH OH 

C e l l u l o s e  c h a i n s  f c r y s t a l l l n e )  

i c l  enzyme 

Cellulase c h a i n s  .(amorphous) 

a )  exo-0-1-4 g l u c a n a s n  I 'x" b) endo-0-1-4 g l u c a n a s e  

O H  OH 

B-glucos idase  
( c e l l o b i a c e )  1 

@ - c e l l o b i o s e  

CH20H 

Ho Q 
OH 

8-D-glucose 

F igure  4.1. REACTIONS OF THE "CELLUIASE COMPLEX." 
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4.1.2.4 Lignin 

Lignin is a complex, th ree-d imens iona l  polymer of phenyl- 
propane r e s idues  formed by dehydrogenation-polymerizat ion of a p recu r so r  
which probably of t h e  c o n i f e r y l  a l coho l  t y p e .  I t  is depos i t ed  i n  an 
amorphous state surrounding t h e  c e l l u l o s e  m i c r o f i b r i l s  i n  the  p l a n t  ce l l  
w a l l  141. Its main f u n c t i o n  is t o  supply s t r e n g t h  and r i g i d i t y  t c  p l a n t  
materials. The l i g n i n  conten t  of p l a n t  t i s s u e s  ranges from 15 t o  30 per- 
c e n t  13 ]. 

4.1.3 Process 

The d i g e s t i o n  of c e l l u l o s e  involves  t w o  major s t e p s ;  p re-  
treatment of t h e  p l a n t  material to remove t h e  hemice l lu lcze  and d i s r u p t  
the  I j g n i n  surrounding the  c e l l u l o s e  fibers, and t h e  enzylnatic d i g e s t i o n  
of thc c e l l u l o s e  t o  g lucose  (F ig .  4.2). 

PIANT TISSUE 

ALKALI - HEMICELLULOSE I 
CELLULOlSE -LI GNIN 

ENZYMES -LIGNIN 
(CELLULASE COMPLEX ) 

GLUCOSE 

Figure  4.2. CELLUMSE DEGRADATION PROCESS. 

4.1.3.1 Pre t rea tment  of Cellulose 

In  order t o  render  t h e  c e l l u l o s e  f i b e r s  i n  p l a n t  t i s s u e s  
more s u s c e p t i b l e  t o  enzymatic hydro l j - s i s  I t  is necessary t o  dec rease  t h e  
r e l a t i v e  c r y s t a l l i n i t y  of t h e  c e l l u l o s e  and t o  d i s r u p t  t h e  phys ica l  struc- 
ture of t h e  l i g n i n  surruunding t h e  c e l l u l o s e  f i b e r s .  To  some extent  t h i s  
can be accomplished by phys ica l  t echniques  such as chopping, g r jnd ing  and 
m i l l i n g .  I t  has been shown t h a t  m i l l i n g  of wood pulp  c e l l u l o s e  i n c r e a s e s  
hydro lys is  rates and y i e l d s  of g lucose  15’1. C h e m i c a l  t rea tment  w i t h  al-  
k a l i  also i n c r e a s e  the  d i g e s t i b i l i t y  of c e l l u l o s e  by mic rob ia l  enzymes. 
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A k a l i  causes  s w e l l i n g  of t he  c e l l u l o s e  which d i s r u p t s  t h e  l i g n i n  shea th ing  
surrounding t h e  c e l l u l o s e  f i b e r s ,  a l lowing better access t o  t h e  c e l l u l o s e .  
The opt imal  c o n d i t i o n s  for  a l k a l i  t rea tment  vary w i t h  t h e  v a r i e t y  of p l a n t  
t i s s u e ,  however, c o n c e n t r a t i o n s  i n  t h e  range of 1 t o  10 percent  soditm hy-  
d r o x i d e  appear  t o  be s u f f i c i e n t  161. An example of t h e  e f f e c t  of NaOH 

WDy , , , , , , , , , , , , 
i 
I 

7 
: mt 

t reatment  on t h e  i n  v i t r o  d i g e s t i b i l i t y  of wheat s t r a w  and poplar  wood by 
microorganisms is shown i n  F igure  4.3. In  a d d i t i o n  t o  d i s r u p t i n g  t h e  l i g -  

n i n  polymer, t h e  a l k a l i  t rea tment  
d i s s o l v e s  the hemice l lu lose  f rac- 
t i o n  of t h e  p l a n t  t i s s u e s  C8l. This 
e f f o c t  a lso a f f o r d s  t h e  c e l l u l o s e  
enzymes better access t o  t h e  c e l l u -  
lose f i b e r s  and provides  the addi-  
t i o n a l  b e n e f i t  of prevent ing  t h e  
hemice l lu loses  from m t e r i n g  the 
enzyme reactor whe- t h e y  could be 
p a r t l y  depolymerized, t h u s  contam- 
i n a t i n g  t h e  g lucose  product w i t h  
other s u g a r s  such as xylose  [91. 

The l i g o i n  i n  t h e  p l a n t  
t i s sues  is not decomposed by t h e  

i 
4 l 
i 

a c t i o n  of t h e  c e l l u l o s e  enzymes. 
I t  f lows  through t h e  reactor and 
is s e p a r a t e d  from the g lucose  sy- 
rup after t h e  c e l l u l o s e  has been 1 

Figure  4.3. EFFECT OF NaOH PRE- 4.1.3.2 Enzyme Reaction 

C e l l u l a s e  from Tricho- TREATMENT ON THE PERCENTAGE OF 
DRY MA"ER DIGESTION I N  VITRO 
KITH RL%EN MICROORGANISMS. derma v i r i d e  s t r a i n  QM 9123 has  

been used t o  c a t a l y z e  the  hydro- 
l y s i s  of c e l l u l o s e  pulp  t o  g lucose  
a t  convers ions  approaching 100 
percent  and y i e l d j n g  g lucose  syrups  

as concent ra ted  as 15 percent  [lO,lll. A c e l l u l o s e  c o n c e n t r a t i o n  i n  the 
reactor of about 10 percent  w i l l  be used.  This  c o n c e n t r a t i o n  w a s  chosen 
s i n c e  it has  been shown that more than  90 percent  of t h e  c e l l u l a s e  p r o t e i n  
w i l l  be adsorbed t o  t h e  c e l l u l o s e  a k i c h  a s s u r e s  tha t  t h e  enzymes are work- 
ing  a t  maximum c a p a c i t y  1121. High amounts of a d s o r p t i o n  a lso h e l p  pre- 
vent  e;zyme from being l o s t  when t h e  g lucose  s y r u p  is remo-.*ecl from t h e  
reactor. One a d d i t i o n a l  precaut ion  t h a t  can  be taken t o  prevent  loss of 
enzymo is t h e  u s e  of a c e l l u l o s e  f i l t e r  or p r e f i l t e r  when glucose is re- 
moved from t h e  reactor, s i n c e  t h e  c e l l u l a s e  enzymes w i l l  adsorb  t o  it  and 
then t h e  whole f i l t e r  pad can be re turned  t o  t h e  reactor f o r  d i g e s t i o n .  

The  T .  v i r i d e  c e l l u l a s e  complex is d multi-enzyme s y s t e m  
c o n t a i n i n g  a t  least three d i f  .'erent components. All  three components 
play e s s e n t i a l  roles i n  the  o v e r a l l  p rocess  of c o n v e r t i n g  c rys t a l l i ne ,  
amorphous, and chemically der ived  c e l l u l o s e s  quant i ' a t ive ly  t o  g lucose ,  
as s h v m  i n  F igure  4.1. 
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4.1.3.3 Fac to r s  Inf luenc ing  t h e  A c t i v i t y  of t h e  C e l l u l a s e  c'omplex 
Enzymes - 

Temperature. Optimum temperature  f o r  t h e  enzyme front T.  - 
v i r i d e  is 5OoC. 

pH. A pH range of 4.5 t o  5.5 appears  t o  be t h e  most e f -  
f e c t i v e  f o r  enzymatic hydro lys i s  of c e l l u l o s e .  

K Values. The Michaelis-Menton cons t an t  (K,,,) of t h e  -m c e l l u l a s e  enzymes wi th  r e spec t  t o  c e l l u l o s e  appears  to be independent 
of t h e  pH and t h e  p a r t i c l e  s i z e  and d i s p l a y s  a va lue  of ca 0.3M [121. - 

Product I n h i b i t i o n .  Ce l lob iose  i n h i b i t s  tile hydro lys i s  
of c e l l u l o s e .  Glucose i n h i b i t i o n  is gene ra l ly  weak f o r  T .  v i r i d e  cel- 
lulases  (i.e.,  a c t i n g  on heat  t r e a t e d  cellulose, a concen t r a t ion  of 30 
percent  g lucose  g i v e s  only 40 percen t  i n h i b i t i o n ) .  The i n h i b i t i o n  by 
c e l l o b i o s e  can be  reduced by keeping cellobiase concen t r a t ions  h igh  i n  
t h e  c e l l u l o s e  hydro lysa tes .  

4.1.4 Enzyme Product ion 

For  s i m p l i c i t y  and econaay,  t h e  enzymes w i l l  be produced 
from t h e  fungus Trichoderma v i r i d e  ( s t r a i n  QM9123) as p a r t  of t h e  con- 
t i a u m s  process  f o r  t h e  s a c c h a r i f i c a t i o n  of c e l l u l o s e .  The c e l l u l o l y t i c  
fung-ds w i l l  be  grown on a s imple  minera l  medium con ta in ing  the  cel lulosic  
material t o  be  used later as t h e  s u b s t r a t e  f o r  t h e  product ion of g lucose .  
Using t h i s  s u b s t r a t e  should a s s u r e  t h a t  t h e  proper  complex of enzymes 
( t h e  "cellulase complex") w i l l  be produced which con ta in  a l l  of t h e  com- 
ponents necessary f o r  a t t a c k i n g  t h e  p a r t i c u l a r  cellulose s u b s t r a t e .  The 
basic m i n e r a l  medium should c o n t a i n  in g r a m s / l i t e r  KH2PO4 2.0, (NH4)2S04 
1.4,  urea 0.3, MgS04-7H20 0.3, CaCl2 0.3 and in mg/liter FeS04.7H20 5.0, 
MnS04.H2O d.5, ZnS04.7H20 1 .4 ,  CaC12 2.0. The cu l tu re  is grown ae rob i -  
C R l l y  a t  25uC and pH 5 .O wi th  a ce~Iurose concen t r a t ion  of 1 percen t  [131. 
The fungal  mycel ia  and r e s i d u a l  cellulose w i l l  be sepa ra t ed  by f i l t r a t i o n  
and the cu l ture  f i l t ra te  c o n t a i n i n g  t h e  enzyme t r a n s f e r r e d  d i r e c t l y  i n t o  
We  cellulose d i g e s t e r .  In t h i s  was c o s t l y  process ing  of t h e  enzymes and 
losses i n  a c t i v i t y  w i l l  be e l i m i n a t e d  [131. Growing under t h e s e  expe r i -  
mental  cond i t ions ,  T. v i r i d e  produced 1.25 mg protein/ml c u l t u r e  f i l t r a t e .  
This  c u l t u r e  f i l t ra te  w a s  able t o  produce 4.95 mg glucose/ml/hr  a t  5OoC 
and pH 4.8 [111. 

4.2 F o s s i l  Fuel  P rocess -Glyc ida ldehyde  t o  Glucose 

4.2.1 I n t roduc t ion 

This f o s s i l  f u e l  p rocess  conve r t s  material der ived  from o i l  
i n t o  e d i b l e  carbohydra te .  In the  process  suggested below, g lucose  is a 
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d i r e c t  product ,  and can be tapped o f f ,  or converted t o  starch. I t  is 
p o s s i b l e  t o  select a l t e r n a t i v e s  i n  vhich  s t a r c h  is  made d i r e c t l y ,  thereby 
reducing t h e  amount of ATP requi red .  

4.2.2 R a w  Mate r i a l  

Glycidaldehyde, t h e  s t a r t i n g  material f o r  t h i s  Frocess, is 
der ived  from propylene (a product of petroleum r e f i n i n g ) .  Details of 
t h i s  conversion were d i f f i c u l t  t o  ob ta in ,  bu t  i t  seems t o  involve  two 
s t e p s :  t rea tment  w i t h  oxygen t o  g ive  acrolein, fol lowed by peroxide t o  
g i v e  glycidaldehyde.* In t h e  i n d u s t r i a l  p rocess ,  t h i s  would therl be 
treated w i t h  hydrogen t o  g ive  g l y c e r o l .  

4.2.3 Process  

F ive  s t e p s  are requi red  to conv rt g lyc ida ldehyde  t g lucose .  
Four of these a r e  ca t a lyzed  by enzymes. The e n t i r e  sequence r e q u i r e s  
t h e  regenera t ion  of 2 ATP from ( 2  .4DP + 2 P i )  f o r  each molecule of g lu -  
cose f onued. There are no ox ida t ive  o r  r educ t ive  s t e p s  involved--hence 
there are no e l e c t r o n  carrier r egene ra t ions  necessary .  A chemical  sche- 
matic i s  shown i n  F igu re  4 . 4  and a l ist  of r e a c t i o n s  i n  F igu re  4.5.  

Step  1. Forna t ion  of DHA and GALL)** from Glycidaldehyde 

The glycidaldehyde is to  be d i s t i l l e d  i n t o  aqueous s o l u t i o n  con ta in -  
i ng  an a c i d  ion exchange r e s i n  i n  suspension.  This  s e r v e s  t h r e e  purposes  : 

Y 

According t o  t h e  Kirk-Othmer Encyclopedia of Chemical Technology, 
619 (19661, the f i r s t  s t e p  is done i n  t h e  fo l lowing  w a y :  a mixture  of 

10, 
1 O : l  to  4 : l  by moles of propylene:  and 02, heated a t  250 to 450°C us ing  
Cu20 as a c a t a l y s t  f o r  0.1 t o  2 sec g i v e s  an 86 pe rcen t  y i e l d .  W e  were 
unable  t o  f i n d  any of t he  details of t h e  second s t e p ,  bu t  its e x i s t e a c e  
i s  all  ided t o  in t h e  above re ference ,  as w e l l  as i n  Chem. Engr. ,  67 
(Sep 5 ,  19601, p. 68. 
dehyde is  a r e c w e r a b l e  i n t e r m e d i a t e  which can be i s o l a t e d  by d i s t i l l a t i o n .  

Conversat ions by phone confirmed t h a t  g l y c i d a l -  

** 
Abbreviat ions Used: GALD - 

GAL!P - 
DHA - 

DHAP - 
FDP - 
TPI - 
P -  

P -  
i 

glyceraldehyde 
glyceraldehyde phosphate 
dihydroxyacetone 
dihydroxyacetone phosphate 
f r u c t o s e  - 1, Gdiphospha te  
t r i o s e  phosphate isomerase 
organic  phosphat J 
inorganic  phosphate 
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Propylene ,7- A c r o l e i n  7- Glycidaldehyde 

O2 H2°2 

H2° 
A c  i d  

I 

L-Glyceraldehyde @ L-Glyceraldehyde 
D -Gly ccra leehyde  
Dihydroxyacetone 

D-Glyceraldehyde-P 
[D i hyd roxy act? t one+ ATP ADP 

I 

Glucose 

F igu re  4.4. FLUW DIAGRAM--GLYC IDAIDEHI'DE 3 GLUCOSE. 

(1) to  prevent  polymerizat ion of t h e  glycidaldehyde by d i l u t i n g  
it down; 

(2) t o  c a t a l y z e  t h e  r i n g  opening by t h e  ac id  from t h e  r e s i n :  

C HO C HO 
I I 

+ H20 -6HOH 
I 

CH20H 

(3) to  allow some i somer iza t ion  t o  DHA: 

CHO CHZOH 
I I 

C K O H = C = O  
I I 

C H ~ O H  CH20H 

The r i n g  opening is expected t o  be f a s t e r  than  t h e  i somer iza t ion .  
In v i e w  of t h i s ,  t h e  mixture  could be tapped off  a t  a p o i n t  where t h e  
DHA concen t r a t ion  is b e l o w  t h a t  of D-GALD. (Doing t h i s  w i l l  a i d  i n  
r e g u l a t i n g  t h e  a l d o l a s e  reaction of s t e p  3.) Iiowever, some isomeriza-  
t i o n  is d e s i r a b l e ,  as it conver t s  the L-GALD t o  u sab le  form. 
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0 CH CH = CH2 + - - CH2 = CH-CHO 

0 3 2 O2 

CH2 = CH-CHO + H202 - CH -CH-CHO + H 2 0  
2 0  / 

C H ~ - C H - C H O  + H20 - CHO CH20H 
‘0’ CHOH I I 1 ~~o~ 

C H20H 

(some) 

c HO @ CHO 
I I 
I I 

CH20H CH20P 

H-C-OH + ATP -H+-OH + ADP 

CH20H @ CH20H 
I c =o 
I 

C H20H 

I 

I 
C HZOP 

+ ATP - C=O + ADP 

C HZOP 
1 
c =o 
I 
CH20H 

C HO 
i 

H-C-OH 
I 

C H20P 

C H20P 
I 
C=O 
I 

HO-C -H 0 I - H-C-OH 
I 

H-C-OH 
I 
CH20P 

C H20P C HZOH 
I I 

c =o 
I 

HO-C-H 
I 
1 

+ 2 m ;  

c=o 
I 

HO -C -H 
I 
I 

- 
Y-C -OH @ H-C-OH 

H-c -OH 
I 

C H20P 

H-C-OH 
I 

C H20H 

CH20H C HO 

1 
HO-C -H 

I 

1 

I 
HO-c -H 

I 

H-C -OH 0 L o  - - H-C-OH 0 H-C-OH 
I 

H-C-OH 
I 

CH20H 

I 
I 

H-C-OH 

CH20H 

Figure 4.5.  CHEMICAL REACTIONS--GLYCIDALDEhYDE 4 GLUCOSE. 
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An ac id  resin rather than a n  ac id  s o l u t i o n  is t o  be used i n  o rder  
t o  keep t h e  concent ra t ion  low, thus  minimizing side r e a c t i o n s .  Use of 
resin a l s o  s i m p l i f i e s  s epa ra t ion  of ac id  acr! pro&iir-t. K ; P F  .--pening is 
r e l a t i v e l y  easy,  as it goes a t  low temperature  521 certk a c i d .  The i so -  
mer iza t ion ,  on t h e  o the r  hand, goes rather s lowly .  Its rate cons tan t  
i n  a c e t i c  acid i s  
was chosen i n  o rde r  t o  avoid s i d e  r e a c t i o n s  such as a l d o l  condensation 
and t h e  polymerizat ion of t he  epoxide.  

M - l  min". Acid r a t h e r  t h a n  basic c a t a l y s i s  

S tep  2 .  Conversion of Tr ioses  t o  Phosphorylated Sugars 

The r e a c t i o n s  t o  be c a r r i e d  out  are: 

C HO CHO 
I I 

I I 
H-C-OH + ATP -H-C-OH + 

CH20H CH20P 

and 

CH20H C H20H 
I i 
C=O + ATP C=O + 
I I 

C H20H CH20P 

ADP 

ADP 

I t  is d e s i r a b l e  that these proceed a t  reasonable  rates, but  t ha t  
L-glyceraldehyde not react i n  t h i s  c a s e .  If  the L-glyceraldehyde is 
phosphorylated,  it becomes more d i f f i c l r l t  t o  s e p a r a t e  and recyc le .  I t  
may a l s o  be bcted upon t o  g ive  a nonmetabolizeable 6-carbon suga r .  To 
avoid t h e s e  complicat ions,  a method us lng  t r i o k i n a s e  was s e l e c t e d  i n  
preference  t o  two a l t e r n a t i v e  procedures .  

employed, bu t  t h i s  has two drawbacks: a y i e l d  of only 24 percent ,  and 
t h e  phosphorylation of t h e  L-isomer.  The second procedure would use  t h e  
a c t i v i t y  of glycerokinase,  but t h i s  a l s o  phosphorylates  t he  L-glyceralde- 
hyde, a t  a rate h igher  t han  tha t  f o r  t h e  D-isomer [153. T h i s  was s e r i o u s  
enough t o  overcome the advantage of t h e  known a b i l i t y  t o  ob ta in  t h i s  en-  
zyme c r y s t a l l i n e  from Escher ich ia  c o l i  o r  i n  high y i e l d  from yeast i n  con- 
t ras t  t o  t h e  s c a r c i t y  of t r i o k i n a s e .  

A p repa ra t ion  of t r i o k i n a s e  f r e e  from glycerokinase  has been descr ibed  
i n  t h e  l i t e r a t u r e  [163. C r y s t a l l i n e  enzyme was n o t ,  however, ob ta ined .  
No r e p o r t s  of a t tempts  t o  c r y s t a l l i z e  t h i s  enzyme could be found. S tud ie s  
on i t s  a c t i v i t y  have u s u a l l y  been done wi th  l i v e r  i n  connect ion w i t h f r u c -  
t o s e  metabolism C171 (Fructose-1-P is s p l i t  by a ldo la so  t o  g ive  DHAP and 
glyceraldehyde, which is then phosphorylated by t r i o k i n a s e  1. An ex tens ive  
s tudy of t h e  levels of t r i o k i n a s e  i n  l i v e r s  of var ious  spec ie s ,  i n d i c a t e s  
a l a r g e  quan t i ty  of raw material would be requi red  [ l S I .  The only micro- 
bial  source  found was Bacterium s u b t i l i s  s t r a i n  S1 [193 and due t o  t h e  
na tu re  of t h e  d a t a  a v a i l a b l e ,  we  w e r e  a b l e  t o  make only crude estimates 
of t h e  weight of c e l l s  requi red .  

In the f i r s t  of these procedures,  a nonenzymic conversion would be 
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Despi te  t h e  drawbacks of no "off t h e  s h e l f "  procedure f o r  p r e p a r a t i n n  
of pure enzyme from a convenient source,  t h e  above pathway appears  t o  be 
t h e  most reasonable  s i n c e  t h i s  enzyme is s p e c i f i c  f o r  D-glyceraldehyde and 
DHA, and does not  phosphorylate  t h e  L-isomer [20 l .  

F u r t h e r  s t u d i e s  should be undertaken t o  i n v e s t i g a t e  t h e  a v a i l a b i l i t y  
of t h i s  enzyme f r o n  yeast or other microbia l  sources ,  and t h e  p o s s i b i l i t y  
of inducing i ts  formation a t  h ighe r  l e v e l s  by c o n t r o l  of growth media. The 
p r o b a b i l i t y  of ? inding  it i n  yeast is h igh  due t o  the f a c t  t h a t  yeast is 
able t o  metabol ize  fructose. 

S tep  3. Isomerizat ion of t h e  Phosphorylated Trioses and Condensation - 
w i t h  Aldolase 

A f t e r  t h e  phosphorylation s t e p ,  a mixture  of D-GALD and DHAP w i l l  be 
s e n t  t o  a reactor c o n t a i n i n g  triose phosphate isomerase. T h i s  enzyme ca t -  
a l y z e s  the in te rconvers ion  of the  t w o  isomers and t h e  equi l ibr ium is 20/1 
i n  f a v o r  of DHAP. Since t h e  subsequent r e a c t i o n  r e q u i r e s  a 5 0 : 5 0  mixture,  
w e  expect t o  c o n t r o l  the t i m i n g  of t h i s  r e a c t i o n  so t h a t  e q u i l i b r i u m  i s  
n o t  reached.  E n t e r i n g  the reactor, then,  is  a mixture  preponderant i n  
D-GALDP, and e x i t i n g  is a mixture  50:SO i n  D-GAL2 and DHAP. 

C HO C HO CH20H 

I I 

I TPI I I 
H-C-OH --H-C-OH + C=O 

I 

CH20-P CH20-P 

These t w o  materials are then condensed 

I 
CH20-P 

u s i n g  aldolase t o  g i v e  FDP: 

CH OH 
1 2  

C HO 
I 

CH20-P 
I c =o 
I 

I I I 
C H 2 0  -P C H20 -P H-C -OH 

I 
H-C -OH 

\ 
C H 2 0  -P 

H-&OH + k=o - HO-C-H 

This  procedure was used In p r e f e r e n c e  t o  coupl ing  t h e  t w o  enzymes 
s i n c e  a s imula t ion  of the coupled r e a c t i o n  indicated a ten-f old i n c r e a s e  
i n  t h e  t i m e  requi red  t o  reach e q u i l i b r i u m  (which i s  g r e a t l y  In  f a v o r  of 
FDP; Keq = 12,000). This t i m e  l a g  is e s p e c i a l l y  important ,  s i n c e  appar- 
e n t l y  a l d o l a s e  is  s u b s t r a t e  i n h i b i t e d  [ Z l l  and w e  in tend  t o  o p e r a t e  a t  
0.1 M c o n c e n t r a t i o n s  because of engineer ing  c o n s i d e r a t i o n s .  (Small mol- 
arities imply h igh  f low rt tes.)  

Both TPI and a l d o l a s e  are a v a i l a b l e  from y e a s t  as w e l l  as from a 
v a r i e t y  of other  sources  [221. Because of t h e  a v a i l a b - l i t y  of yeast and 
t h e  high a c t i v i t i e s  of t h e  mzymes i n  t h i s  organism, yeast seems t h e  b e s t  
source.  

00 



S t e p  4 .  Conversion of FDP t o  Fructose -- 
Th- removal of phosphate groups from FDP could t h e o r e t i c a l l y  be 

accomplished i n  many ways.  Two were s e r i o u s l y  cons idered .  

(1) Removal of both phosphates by a l k a l i n e  phosphatase:  

FDP -Fructose + 2P a l k  .Pase i 

( 2 )  Removal of t h e  1-P from f ruCtose-1,6-diphosphate w i t h  FDPase, 
followed by i somer iza t ion  t o  glucose-6-phosphate, followed by 
treatment w i t h  Glucose-6-Pase: 

G6P FDPase FDP - F6P p hos phohexose i some rase 

1 G6Pase 

glucose 

Of these ,  t h e  f i r s t  is the  most d i r e c t ,  and w e  t h i n k ,  t h e  most prac-  
t i c a l .  Number 2 had t h e  advantage of s p e c i f i c i t y :  conceivably ADP could 
be c a r r i e d  along u n t i l  t he  glucose was produced, making s e p a r a t i o n  easy 
(cmpared  t o  earlier sepa ra t ion  from phosphorylated s u g a r s ) .  However, 
there were some evident  drawbacks. F i r s t ,  i nc reas ing  t h e  number of s t e p s  
is a disadvantage.  Second, f r u c t o s e  as a poss ib l e  t a p  of f  po in t  i s  by- 
passed. (Since f r u c t o s e  is a des i r ed  sweetener, i t s  m a r k e t  va lue  would 
he lp  o f f s e t  some of t he  c o s t  f a c t o r s . )  Third,  t h e  f ruc tose - l , 6 -d iphos -  
phatase is s u b s t r a t e  i n h i b i t e d  1221. T h i s  is t h e  most s e r i o u s  problem 
since it would r equ i r e  opera t ion  of t h e  process  a t  l e v e l s  of about 10- 
M, which i n  t u r n  would r e q u i r e  unacceptable  amounts of f l u i d  t o  be c i r -  
culated. Although t h e  r a b b i t  l i v e r  enzyme e x h i b i t s  t h i s  i n h i b i t i o n  only 
a t  p H  levels lower than 9 1231, the enzyme from Candida u t i l i s ,  which 
would be more a c c e s s i b l e  f o r  our  purposes,  was i n h i b i t e d  a t  low FDP con- 
c e n t r a t i o n s  a t  both pH's [241. 

t h e  problem might be overcome by previous incubat ion  of t h e  enzyme with 
Coenzyme A o r  w i t h  acyl carrier p r o t e i n  1251. This  a c t i v a t e d  prepara t ion  
(from liver) does not  e x h i b i t  s u b s t r a t e  i n h l b i t i o i ?  a t  pH 7 . 5 ,  which i t  
would have done wi thout  CoA treatment. 

W e  have focused on r eac t ion  number 1 above because of i t s  obvious 
b rev i ty  and the  weal th  of d a t a  available on t h e  E. c o l i  enzyme 1261. 

9 

Should FDPase prepared from yeast have t o  be used, it is p o s s i b l e  

S tep  5. Isomerizatfcm 01 Fructose t o  Glucose 

Although f r u c t o s e  i t s e l f  is a va luable  ma te r i a l ,  i t  must be coL.ver- 
ted t o  glucose i f  s t a r c h  is t o  be made. In o rde r  t o  do  t h i s ,  g lucose - 

isomerase, a n  enzyme prepared from Streptomyces a lbus ,  w i l l  be uoea t o  
c a t a l y z e  t h e  r eac t ion  : 
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CHZOH C HO 
I I 
C = O  H-C-OH 
I 

HO-C-H - H 0 - J - H  
I - I 

H-C-OH H-C-OH 
I I 

H-C -OH H-C -OH 
I I 
CHZOH CHZOH 

D-f ructose D-gluc ose 

The e q u i l i b r i u m  mixture  c o n t a i n s  s u b s t a n t i a l  amounts of bo th  f r u c t o s e  
and glucose,  so t h a t  t h e  f r u c t o s e  should be recycled a f t e r  t h e  g l i  cose  i s  
converted i n t o  starch. 

Ne in tend  t o  u s e  a s t i r r e d  tank reactor, i n  view of t h e  q u a n t i t i e s  
t h a t  need t o  be processed, and t o  f i l t e r  out  t h e  enzyme f o r  reuse .  The 
enzyme which c a t a l y z e s  t h i s  r e a c t i o n  has  been immobilized on porous g l a s s  
(covalen t  b inding)  [273 and i n  polyacrylamide g e l  [281. However, t h i s  
t reatment  does not  enhance t h e  s t a b i l i t y  of t h e  p r e p a r a t i o n  except  i n  
column a p p l i c a t i o n .  Therefor-,  i t  would be p r e f e r a b l e  t o  u s e  hea t  t r e a t e d  
whole cells ,  as suggested by Takasaki et a1 1291. By u s i n g  whole cel ls  
which had been treated f o r  10 min  a t  60 t o  SOo, t h e  enzyme a c t i v i t y  could 
be used repea ted ly .  This  also e l i m i n a t e s  t h e  need or  even d e s i r a b i l i t y  
of p u r i f y i n g  t h e  enzyme. 

4.2.4 Enzyme Production 

A l l  of t h e  enzymes f o r  t h i s  p rocess  are present  i n  microbial 
sources. A l l  have been c r y s t a l l i z e d  and are p r e s e n t  i n  c o n s i d e r a b l e  
q u a n t i t y  w i t h  the  except ion  of t r i o k i n a s e .  A summary of c h a r a c t e r i s t i c s  
r e l e v a n t  t o  t h e i r  u s e  i n  t h i s  process  is  given i n  Table 4.1 .  A more de- 
tailed account of the i r  p e r t i n e n t  p r o p e r t i e s  is i n  Appendix 4.1. 

Methods of Prepara t ion  have been scaled up from those appear- 
i n g  i n  the  l i terature ,  and are d e s c r i b e d  i n  Chapter 5. The q u a n t i t i e s  of 
source  material required f o r  s u f f i c i e n t  enzyme i n  each case Is given i n  
Table 4 . 1  and is c a l c u l a t e d  from yields given i n  t h e  l i t e r a t u r e  b y  t h e  
fo l lowing  method.  

d i a t e  materials must be processed a t  t h e  rate of 350 moles/min a t  t he  
6-Carbon s t a g e ,  o r  700 moles/min a t  the 3-Carbon Rtage. Therefore ,  

In  order t o  produce 100 tons carbohydra te  per- day, interme- 

6 
350 (or 700) x 10 polee/min x amount used i n  l i t .  prep.  
u n i t s  of a c t i v i t y  i s o l a t e d  i n  l i terature  p r e p a r a t i o n  q u a n t i t y  needed = 

The a p p r o p r i a t e  conversion f a c t o r s  f o r  grams t o  pounds t o  t o n s  may also 
be included. 
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IC t h i s  process  t h e  enzymes a r e  t o  be immobilized on solid 
suppor ts  t o  allow t h e i r  repeated use .  A l l  except  t r i o k i n a s e  have, i n  
f a c t ,  been placed on s o l i d  suppor t s  w i t h  vary ing  degrees  of success .  
I t  is assumed that improvements i n  technique  w i t h  respect t o  any par- 
t i c u l a r  enzyme are f o r t k a a i n g ,  so that the concept  of enzyme u s e  i n  
t h i s  f a sh ion  w o u l d  no t  be l i m i t e d  by pre l iminary  a t t empt s  a t  immobili- 
za t ion .  Further  details  on t h i s  problem are g iven  i n  Appendix 4.6 .  

4-3 CO, F i x a t i o n  Process-<% to  Glucose 

4.3.1 In t roduc t ion  

A scheeatic of t h e  r educ t ive  pentose  phosphate c y c l e  t o  f i x  
and associated r e a c t i o n s  is s h c w  i n  F igu re  4.6. Table 4.2 g i v e s  a 

summary of the  r e a c t i o n s  based on the product ion of one mole of g lucose  
i n  the form of starch, and also free  energy changes calculated on s t a n -  
dard  c o n d i t i o n s  ( 3 3 " )  [301. 

The reduced pentose  phosphate p o r t i o n  of t h e  carbon d iox ide  
f i x a t i o n  process  is canposed of t h i r t e e n  r e a c t i o n s  ca t a lyzed  by t e n  en- 
zymes. (Three of t he  enzynes, aldolase, t r a n s k e t o l a s e ,  and f ruc tose-1 ,  
6-diphosphatase,  mediate t w o  r e a c t i o n s  each.) S ince  s e v e r a l  are f m n d  
only i n  photosynthe t ic  t i s s u e ,  it seems reasonable  to  o b t a i n  a l l  t e n  
from that source  although t h e  y i e l d s  are l o w .  An added advantage of 
t h i s  is that t h e  enzymes should be presen t  i n  roughly the  r e l a t i v e  
amounts requi red  f o r  the  proposed process ,  since it is t h e  same a s  t h a t  
carried aut by the  photosynthe t ic  t i s s u e .  Spinach has  been used com- 
monly for  p repa ra t ion  procedures .  

the  re.pCtions on t h e  pathway t o  starch. One is used t o  conve r t  bicarbo-  
n a t e  t o  02. Carbon d iox ide  at t h e  PH used i n  t h i s  process ,  approximately 
7.5 ,  is found mainly i n  the  form 01 3icarbonate ion,  w h i l e  it is  incorpor-  
a t e d  i n t o  t h e  cycle i n  its n a t i v e  form. I f  t h i s  a d d i t i o n  of carbon diox-  
i d e  t o  ribulose-1,S-diphosphate occurs  a t  a h igh  rate, conversion of bi-  
carbonate  t o  carbon d iox ide  may not keep pace.  To prevent  t h i s  second 
r e a c t i o n  from be ing  l i m i t i n g ,  t h e  enzyme ca rbon ic  anhydrase should be 
used t o  c a t a l y z e  i t .  This  may be obtained from bovine e r y t h r o c y t e s .  

and phosphorylase are requi red  t o  conver t  fructose-6-phosphate t o  s ta rch .  
These enzymes w i l l  undoubtedly be more econasl ical ly  i s o l a t e d  from yeast 
and E. coli  rather than  from corn,  po ta to ,  Gr sp inach .  

s o l u b l e  suppor t  such as dext ran ,  and that t h e  s y s t e m  be operated a t  ap- 
proximately 3OoC. 

Besides these t e n  enzymes, f o u r  o t h e r s  are requi red  t o  effect 

Three enzymes, g lucose  phosphate isomerase, phosphoglucomutase, 

I t  is proposed that a l l  of t h e  enzymes be s t a b i l i z e d  on a 

4.3.2 Regenerations Required 

T h i s  p rocess  r e q u i r e s  a h i g h e r  energy input  i n  t h e  form of 
ATP and NADPH than  any o t h e r  proposed pathway. As may be noted from 
Table 4.2, 18 moles of A T P  and 12 of NADPH are requi red  f o r  every mole 
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3-epimerase 

ribul-e 
phosphate I 

a l d o l a s e  SEDOHEPTL'U)SE-1,7 

r i b u l o k i n a s e  c, phosphate isamerase 

XSUIDSE-5 RIBOSE4 
1KOSpHATE PHOSPHATE 

diphosphate 
carboxy lase  

phosphoglycerate 
k i n a s e  

PHOSPHORY L-3- 
PHOSPIIOGLYCERATE 

g lycera ldehyde-  
3-phosphate 
dehydrogenase 

CLYCERAIDElKDE- 
3-PHOSPHATE 

Figure 4.6. REDUCTIVE PENTOSE PHOSPHATE CYCLE AND ASSOCIATED REACTIONS. 
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Table 4.2 

REACTIONS OF THE CARBON DIOXXDE FIXATION PROCESS 

Number React ion 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

1 4  

15 

16 

I6(RuDP + C02 + H 2 0 )  z 2  3-PGA + 2H+) 

I 12(3-PGA + ATPZP-3PGA + ADP) 

12 (P-3PGA + NADPH + H" zGALD3P + NADP+ + HPO;) 

5 (GALWP 2 DHAP) 

3(GALD3P + DHAP 2 FDP) 

3(FDP + 50) 2 F 6 P  + H 

2 (F6P + GALD3P 2 E4P + X d P )  

2 ( E 4 P  + DHAP ZSDP) 

2(SDP + H20 z S 7 P  + HPO;) 

2(S7P + GALD3P 2 Xu5P + R5P) 

Z(R5P 2 Ru5P) 

4(Xu5P t Ru5P) 

6(Ru5P + ATP ZRUnP + ADP + H+) 

F6P g G 6 P  

G6P z G 1 P  

G1P = s t a r c h  (C6H5010) + HPoi 

17 ' 
18 

19 

20 

Starch + 12NADP+ + 18ADP + 18HPOZ + 6H+ 

ADP-3 + NH,COOP-2 +ATP-4 + NH2COO- 

CNO- + H ~ P O ~  - + N H ~ C O O P - ~  

-2 ADP-3 + CH3C02P +,ATP-4 + CISCOO- 

CH3COOP-2 + + NADPH-' + H + 

--$ 

(ADP) 
CH3COO- + GALDP + NADP-' + P-2 

I 

.Go 
kcal/mole 

-8.4 

+4.8 

-0.3 

-1.8 

-5.4 

-3.4 

+1.5 

-5.6 

-3.4 

+0.1 

+o .2 

+O .5 

-5.2 

-0.5 

+1.7 

-0.5 (pH7.4) 

-1.8 (pH9.5) 

-0.44 (pH 5 5 

-3 .O 

+1.5 
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of g lucose  produced. ATP is b e s t  regenera ted  by t h e  use  of carbamyl 
phosphate,  which is produced by a v a r i a n t  of t he  pathway proposed i n  
Sec t ion  4.6.1. 
i n  Sec t ion  4.6.2, or by e lementa l  hydrogen, which can be t r a n s f e r r e d  t o  
NADP through f e r r e d o x i n :  

NADPH can be regenera ted  e i t h e r  by e t h a n o l ,  as suggested 

2H+ + 2Fd++ +3 f e r r edox in  hydrogenase 
H2 + 2Fd - 

NADPH + 2 ~ d + ~  + ferredoxin-NADP reductase 2Fd++ + NADP+ + H 

4.3.3 Design of t h e  Process  

There are a t  least t w o  ways t o  produce k lucose  or s ta rch  by 
the carbon d iox ide  f i x a t i o n  process .  One scheme coxtemplates  i nco rpora t -  
i ng  a l l  t h e  r e a c t i o n s  of t h e  r educ t ive  pentose  phosphate cycle, pius those 
that r egene ra t e  ATP and NADPH and produce s t a r c h ,  i n  one reactor. In t h e  
other scheme t h e r e  w o u l d  be f i v e  reactors f o r  t h e  r e a c t i o n s  of t h e  reduc- 
t i v e  pentose  phosphate c y c l e ,  p l u s  s e p a r a t e  r e a c t o r s  f o r  t h e  r egene ra t ion  
of ATP and NADPH and t w o  f o r  t h e  product ion of starch,  a to ta l  of n ine  
a l t o g e t h e r .  Because of t h e  d i f f i c u l t  s e p a r a t i a n s  involved, it does n o t  
seem d e s i r a b l e  t h a t  therb should be a reactor f o r  each enzymatic r e a c t i o n .  

4.3.3.1 S ing le  Reactor Scheme 

The analogy t o  t h e  s i n g l e  reactor scheme is the  c h l o r o p l a s t ,  
which carries out  a l l  t h e  r e a c t i o n s  proposed p l u s  many o t h e r s .  In addi-  
t i o n  t o  conve r t ing  C02 t o  starch by the  pathway shown, it r e g u l a t e s  con- 
c e n t r a t i o n s  of r e a c t a n t s  and products ,  conve r t s  water t o  hydrogen and 
oxygen, phosphorylates  ADP t o  make ATP us ing  energy from s u n l i g h t ,  and 
syn thes i zes  many of t h e  enzymes involved.  In the  s i n g l e  reactor scheme 
proposed here, enzymes would c a t a l y z e  the r e a c t i o n s  conve r t ing  C02 t o  
starch. The e n t e r i n g  materials would be  hydrogen ( t o  r egene ra t e  NADPH 
from NADP+) and carbamyl phosphate ( t o  r egene ra t e  ATP and provide t h e  
CO,). Sta rch ,  MgNH4PO4-6%O magnesium ammonium phosphate and C02 would 
be taken out. These subs tances  are easy t o  s e p a r a t e  since s ta rch  and 
MgNH4Wq-6H20 are s o l i d s ,  whi le  carbon d i o x i d e  is gaseous.  A summary 
of t h e  r e a c t i o n s  i s  given i n  Table 4.3. 

The advantage of t h i s  s e t u p  is t h a t  i t  is mechanical ly  
s imple and avoids  many d i f f i c u l t  s epa ra t ions .  I t  obviously has the 
precedent  of t he  ce l l  i t s e l f .  However, t h e  ques t ion  of l o c a l i z a t i o n  
of cyclic enzymes is s t i l l  open. There is  as y e t  no d e f i n i t e  evidence 
t h a t  t h e  enzymes i n  t h e  c h l o r o p l a s t  are organized 131,323, bu t  t h e  high 
concen t r a t ions  of c y c l i c  enzymes i n  t h e  stroma region may imply t h a t  
t h e i r  movement is r e s t r i c t e d  and t h a t  there is some s t r u c t u r e .  

The m u l t i p l i c i t y  of i n t e rmed ia t e s  l eads  t o  t h e  p o s s i b i l i t y  of lower 
rates due t o  more i n h i b i t o r s  ( t t m g h  t h e r e  may be more activators a l s o ) .  

There are a number of d i sadvantages  t o  a s i n g l e  r e a c t o r .  
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Table 4.3 

NET REAC"IONS--PRODUCTION OF STAWH FROM [CO, + H2] 

+ 18 ADP-3 + 18 €PO: + 6 H' + 12 NADP+ 

12 NADP+ + 12 HZ 3 1 2  KADPH + 12 H" 

0 
11 - 0 0  

11 11 - 
18 NHzCOPO + 18 ADP-3 + 18 50 + 18 ATP-4 

0- 

0 

18 NH2tO- + 18 H 0 + 18 NH + 18 €EO; 
2 3 

+ + 18 5 + 18 H 4 1 8  NHq 

+ - 
18 €PO; + 1 8  POT + 18 H 

- 
18 Mg+' + 18 NH; + 18 PO; + 108 H20 + 18 MgNH4P04 6 H 2 0  

18 HCO; + 18 H" 3 18 CO + 18 H 0 
2 2 

0 0  
I1  11 - 

Total :  18 NH2COF + 12 H2 + 119 H20 + 18 Mg++ + 

0- 

12 C02 + C H 0 + 18 MgNH4P04 6 H20  6 10 5 

I t  w o u l d  also be extremely d i f f i c u l t  t o  des ign  without  a major e x p e r i -  
mental  program, s i n c e  very l i t t l e  is  known a t  p r e s e n t  of the r e a c t i o n  
k i n e t i c s .  
as t h e i r  i n d i v i d u a l  enzymes decay w i t h  t i m e .  S ince  t h e  many enzymes 
involved undoubtedly decay a t  d i f f e r e n t  rates, i n  order t o  keep a l l  a t  
an adequate a c t i v i t y  l e v e l ,  those t h a t  decay qu ick ly  w i l l  have t o  be 
sepa ra t ed  from those t h a t  decay more slowly.  Add i t iona l ly ,  the  q u e s t i o n  
of n o n s p e c i f i c i t y  ( the  case where one enzyme c a t a l y z e s  more than one 
r e a c t i o n )  is s t i l l  unresolved.  There are t w o  enzymes i n  the process, 

There is also a problem i n  c o n t r o l l i n g  each of t h e  r e a c t i o n s  
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t r a n s k e t o l a s e  and aldolase, which c a t a l y z e  format ion  of ex t raneous  products  
from intermedia tes  present  i n  t h e  reactor tha t  are p a r t  of t h e  process. 
These products ,  i f  accumulated, would s e r v e  to  d r a i n  in t e rmed ia t e s  from 
t h e  cycle. Tiley do n o t  accumulate in a normally func t ion ing  cell  C31.321 
and it is unknown how much they w o u l d  accumulate i n  t h e  proposed reactor. 

I t  is as y e t  d i f f i c u l t  t o  carry out  t h e  r e a c t i o n s  of t h e  
r educ t ive  pentose phosphate c y c l e  by us ing  enzymes obtained from broken 
c h l o r o p l a s t s .  The cause  of t h i s  seems t o  be i n  the r egene ra t ive  p a r t  of 
t h e  cycle, but  t h e  p r e c i s e  loca t ion  of t h e  s e n s i t i v e  s t e p  is y e t  t o  be 
d iscovered  1321. This  impl ies  t h e  same d i f f i c u l t y  when t h e  enzymes of 
t h i s  c y c l e  p l u s  those that lead t o  s t a r c h  are placed i n  a s i n g l e  reactor. 
I t  is q u i t e  obvious that f u r t h e r  work remains t o  be accomplished i n  t h i s  
area. 

s o l u b l e  enzymes homogeneously scattered throughout the reactor. If  the  
enzymes i n  t h e  c h l o r o p l a s t  had some organiza t ion ,  w h i l e  those i n  t h e  
s y n t h e t i c  reactor d i d  n o t ,  it would be probable tha t  t he  s y n t h e t i c  re- 
actor would have slower rates, e x c l u s i v e  of changes caused by d i f f e r e n c e s  
i n  enzyme concen t r a t ion .  

ve re ly  hampered by the  large gaps i n  knowledge of the  mechanism and k i -  
n e t i c s  of t h e  enzymes, either s o l u b l e  or immobilized. Though many of t h e  
enzymes have been p u r i f i e d  t o  a high degree,  l i t t l e  is known about their 
i n h i b i t o r s .  Therefore, i t  is extremely d i f f i c u l t  t o  formula te  c o r r e c t  
rate equa t ions  f o r  t h e i r  a c t i o n  on s u b s t r a t e s .  

In add i t ion ,  very l i t t l e  experimental  work has been per -  
formed on the  func t ion ing  of t h i s  process  a l l  i n  one v e s s e l .  

U n t i l  f u r t h e r  work is undertaken on t h e  mechanisms and ki- 
n e t i c s  of these enzymes, it w i l l  be d i f f i c u l t  t o  des ign  a CC2 f i x a t i o n  
process  p l a n t  w i t h  any degree of conf idence .  

The s i n g l e  r e a c t o r  scheme could employ s t a b i l i z e d  but  

Design of t h e  carbon d iox ide  f i x a t i o n  process has been se- 

4.3.3.2 Grouped React ions 

On t h e  other hand, a s y s t e m  of m u l t i p l e  reactors, each re- 
a c t o r  con ta in ing  a series of appropr i a t e ly  coupled r e a c t i o n s ,  is  appeal-  
i ng  f o r  s e v e r a l  reasons :  (1) i n h i b i t i o n  problems would be minimal, ( 2 )  
t h e  desired carbohydra te  products  such as iructose, g lucose  and starch 
could be sepa ra t ed  convenient ly ,  (3) nonspecif  i c i t y  of t h e  enzymes lead-  
ing  t o  undesired s ide-products  would be  prevented,  (4) s e p a r a t i o n  of ADP, 
NADP+, and Pi would be s impl i f i ed ,  (5) enzyme immobil izat ion and replen-  
i s h i n g  would be s i m p l i f i e d ,  ( 6 )  r egu la t ion  and c o n t r o l  of < h e  ope ra t ing  
f a c t o r y  would be s impl i f  i ed ,  acd ( 7 )  t rouble-shoot ing  would be s impl i f  i e d .  

The b a s i s  of t h i s  process  is t o  group reactions In such a 
way t h a t  i n  a p a r t i c u l a r  reactor, conversion of r e a c t a n t s  tc, products  is 
n e a r l y  complete.  .4 s tandard  f r e e  energy change of about -3 kcal/mole f c r  
an enzyme-promoted r e a c t i o n  w i l l  g e n e r a l l y  a s s u r e  98 t o  99 percent  con- 
ve r s ion  t o  product i n  an accep tab le  t i m e  span .  Moat r e a c t i o n s  i n  t h e  CO2 
f i x a t i o n  pathway have acceptab le  s tandard  f r e e  e n e r g i e s  (AGO 1; those  
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that  d o  not  can u s u a l l y  be coupled w i t h  an e n e r g e t i c a l l y  very f a v o r a b l e  
r e a c t i o n  t o  y i e l d  t h e  desired r e s u l t s .  In p a r t i c u l a r ,  t h e  las t  r e a c t i o n  
i n  t he  to ta l  sequence wi th in  the  reactor must have a high nega t ive  243’ 
(see Appendix 4.2 1. 

However, r eac t ion  2 i s  unique i n  two aspects: 

(1) the  So is highly unfftvorable 

3-phosphoglyceric acid + A I T  - phosphoryl-3-phosphoglyceric Rx. 2 
a c i d  + ADP 

( 2 )  t h e  product  of t h e  r eac t ion ,  P-3-PGA, is chemica l ly  very reac- 
t i v e .  

A s  shown i n  Appendix 4.3, it is t h i s  combination of an un- 
f avorab le  f r e e  energy coupled w i t h  a chemically u n s t a b l e  product ,  which 
makes any mult i p l e - r e a c t o r  des ign  unworkable or overly cumbersome. 

way t h a t  the energy requirements  are f u l f i l l e d .  I t  i nc ludes  an associ- 
ated r e a c t i o n  (19) t o  regenera te  ATP.  Siet 5 -3 kcal, and So of t h e  
last r e a c t i o n  of any sequence i s  <-3 kcal. S ince  r e a c t i o n  1 is isolated, 
a known set of i n h i b i t i o n s  is avoi2ed s i n c e  t h e  enzyme is known t o  be in-  
h i b i t e d  by almost a l l  t he  r e a c t a n t s  i n  the  to ta l  process .  Undesirable  
a l d o l a s e  ca t a lyzed  side reactions are also avoided.  

r e a c t i o n s  i n  a s i n g l e  reactor, and t h e  inc lus ion  of r e a c t i o n s  2, 3 ,  and 
19  i n  three of :he reactors lead t o  t o t a l  p o t e n t i a l  i n h i b i t i o n s  compar- 
able t o  t h e  s i n g l e  reactor scheme desc r ibed  i n  t h e  preceding  s e c t i o n .  

The scheme shown i n  Table  4.4 groups r e a c t i o n s  i n  such a 

The drawback i n  t h i s  scheme is t h a t  t h e  l a r g e  number of 

4.3.4 Enzyme Prepara t  ion 

From t h e  l i t e r a t u r e  survey,  i t  is clear  t h a t  much more work 
is  needed on t h e  l a r g e  s c a l e  p r e p a r a t i v e  method of p u r i f i c a t i o n  and i m -  
mob i l i za t ion  of enzymes t h a t  are involved i n  t he  product ion of carbohy- 
d r a t e s .  Highly p u r i f i e d  p repa ra t ions  of some en?ymes (i  .e ., phosphoglg- 
cerate k inase ,  r i b u l o s e  phosphate epimerase,  phosphoribulokinase)  have 
not  been made. Although some other enzymes ( i  .e., glyceraldehyde-3-phos- 
pha te  dehydrogenase, t r anske to l a se ,  triose phosphate isomerase, a ldo la se ,  
f r u c t o s e  d iphosphatase)  have been w e l l  c h a r a c t e r i z e d ,  they have been 
s t u d i e d  m o s t l y  as degrada t ive  enzymes p a r t i c i p a t i n g  i n  t h e  g l y c o l y t i c  
pathway but  n o t  as enzymes of t h e  photosynthe t ic  pathway. Most enzymes 
of t h e  C02 f i x a t i o r !  pathway hat been p u r i f i e d  from y e a s t  or mamnalian 
t i s s u e s  rather t h a n  from green p l a n t s ,  and i n  many c a s e s  there is l i t t l e  
or no d a t a  f o r  r e a c t i o n s  o r  assays performed i n  the d i r e c t i o n  of the  
photosynthe t ic  r educ t ive  pentose phosphate cycle. The use  of p l a n t  
enzymes has t h e  fo l lowing  advantages:  

(1) P lan t s  would c o n t a i n  a l l  t h e  enzymes needed f o r  t h e  photosyn- 
t he t i c  pathway, inc luding  r i b u l o s e  diphosphate  carboxylase  and 
phosphoribulokinase which a r e  unique t o  t h e  r educ t ive  pentose 
phosphate cycle. 
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Table 4.4 

A MULTIPLE REACTOR SCHEME FOR C02 FIXATiON 
~~ ~ 

Reactor Number 

1. One Reaction 

2. Five Reactions 

3 .  Seven Reactions 

4. Eight Reactions 

Reactions Carried Out 
In the Reactor* 

No. 1 

2 (No. 19) 

2 (No. 2 )  

2 (No. 3) 

No. 4 

No. 5 

Total Energy Changes = 

No. 6 

4 (No. 19) 

4 (No. 2) 

4 (No. 3) 

2 (No. 4) 

No. 7 

No. 8 
Total Energy Changes = 

No. 9 

2 (No. 19) 

No. 2 

N o .  3 

No. 10 

No. 11 

No. 12 

No. 13 

Total Energy Changes = 

Net Standard 
F r e e  Energy 

Changes (kcal) 

-8.4 

-6 .O 

+9.6 

-0.6 

-1.8 

-5.4 

-4.2 
- 

-3.4 

-12 .o 
+19.2 

-1.2 

-3.6 

+1.5 

-5.6 

-5.1 
- 

-3.4 

-6 .O 

+4.8 

-0.3 

+0.1 

+0.2 

+0.5 

-5.2 

-9.3 
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W e  have no information on t h e  i n  v i t r o  c o m p a t i b i l i t y  of t h e  
va r ious  enzymes needed, bu t  a t  least the compa t ib i l i t y  of 
these enzymes i n  the i r  n a t u r a l  environment ( i . e . ,  c h l o r o p l a s t s )  
i s  known. This  cons ide ra t ion  is important f o r  t h e  des ign  of a 
process  i n  which t w o  o r  m o r e  r e a c t i o n s  are performed i n  a com- 
mon reactor. 

Spinach f o r  example is ubiqui tous ,  can be r e a d i l y  processed,  
is r e l a t i v e l y  f r e e  of endogenous i n h i b i t i o n s ,  and i t s  photo- 
s y n t h e t i c  a c t i v i t y  is high. 

On the  o t h e r  hand, even a t  t h e  i n  v ivo  va lue  of 200 nanomoles 
Cog f i x e d  per  m g  p r o t e i n  p e r  hour, Over 700 tons  of sp inach  would be re- 
qu i r ed  t o  ob ta in  s t a r t - u p  q u a n t i t i e s  of enzymes f o r  a 100 ton pe r  day 
p l a n t .  I f  l abo ra to ry  s c a l e  p repa ra t ions  are use4 as a b a s i s ,  t h i s  amount 
goes up. For i n s t a n c e  t o  ob ta in  s u f f i c i e n t  a l d o l a s e  for t h e  product ion 
of 100 t ons  g lucose  p e r  day, 84,000 t o n s  would be needed. 

a long  wi th  r e fe rences  t o  t h e i r  p repa ra t ion ,  i n  Table 4.5. Those which 
have been immobilized show a r e fe rence  f o r  t h i s  also; where no r e fe rence  
appears ,  the  enzyme has not  been s tud ied  i n  t h i s  way. 

is given i n  Appendix 4.6. 

The enzymes r equ i r ed  f o r  t h e  proposed process  a r e  shown, 

General  methods f o r  p u r i f i c a t i o n  and immobilizatio,i  of enzymes 

4.3.5 Enzyme Kine t i c s  

Although t h i s  process  was not  c a r r i e d  out  t o  a f i r m  des ign ,  
i t s  f u r t h e r  s tudy  is  s t i l l  a t t r a c t i v e  f o r  s p e c i a l  a p p l i c a t i o n s .  For  
tha t  reason, a l ist  of p r o p e r t i e s  f o r  t h e  enzymes employed i n  t h e  carbon 
d iox ide  f i x a t i o n  process  may be  found i n  t h e  Appendix. Values a r e  f o r  
sp inach  un le s s  otherwise ind ica t ed  and are, u n l e s s  noted, f o r  pH's be- 
tween 7 and 8. 

Since i n  very f e w  cases have complete mechanisms f o r  enzyme 
a c t i o n  been formulated,  extremely s imple rate equa t ions  have been pre- 
s en ted .  If used f o r  modeling of t h e  sys tem,  these equa t ions  w i l l  g,ve 
maximum rates and theref  ore minimum reactor s i z e s ,  s i n c e  i n h i b i t i o n s  both 
by products  and by o t h e r  subs tances  have been l e f t  out. In a d d i t i o n ,  t h e  
equat ions  r e f l e c t  t h e  assumption t h a t  access of t h e  s u b s t r a t e  t o  t h e  e n -  
zyme is random, aga in  a s i t u a t i o n  l ead ing  t o  maximum ratss. 

Besides enzyme k i n e t i c s ,  rate and equ i l ib r ium d a t a  f o r  chem- 
i c a l  reactions tha t  occur  i n  t h i s  process ,  as w e l l  as some s o l u b i l i t y  
d a t a ,  a r e  included i n  Appendix 4.3.  

4.4 Comparison of Three Processes  t o  Glucose 

Of the  va r ious  processes cons idered ,  only three were selected f o r  
f u r t h e r  cons ide ra t ion .  Some were d iscarded  because needed d a t a  were 
l ack ing .  For example, bo th  t h e  r eve r se  o x i d a t i v e  pentose  cycle and t h e  
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formaldehyde p-thway have one s t e p  which is not proven. Consequently,  
w e  could not .n our best judgment recommend des igning  a p l an t  based on 
unce r t a in  chemis t ry .  Others were r e j e c t e d  a s  imprac t i ca l ,  on t h e  b a s i s  
of d a t a  a l ready  known (see Sect ion  4.6).  

be made: 
Of t h e  three pathways w e  d id  study, t h e  fo l lowing  comparisons can 

F o s s i l  Fuel  CO F ixa t ion  
- 2  Cel lu lose  

ATP req. per  glucose formed 0 2 18 

NADPH req. per  glucose formed 0 0 12  

React o r  :* i ze sma 1 lest moderate l a r g e s t  

Number of s t e p s  fewest (2 )  moderate ( 5 )  l a r g e s t  (19) 

Cost of raw material lowest 

Number of enzymes sma l l e s t  (1) moderate ( 5 )  l a r g e s t  (16 

Complexity of r eac t ion  s imples t  moderate most c omp 1 ex 

Energy requirement lowest m o d e  r a t e  h i g h e s t  

h ighes t  (plyc.) low 

I t  is  q u i t e  c l e a r  t h a t  t h e  c e l l u l o s e  process  has a d i s t i n c t  advantage on 
a l l  counts ,  a l though it  is not a s t r i c t l y  n o n a g r i c u l t u r a l  p rocess  ( c e l -  
l u l o s e  is from p l a n t s ) .  The c o s t  of ATP and NADPH r egene ra t ion  and re- 
plenishment,  enzymes, and t h e  many s t e p s  and large r e a c t o r s  i n  t h e  C02 
f i x a t i o n  process  make t h e  f o s s i l  f u e l  p rocess  more f e a s i b l e  than  t h e  C02 
process  i n  s p i t e  of t h e  h igher  r a w  material c o s t s .  

4.5 Sta rch  Synthes is  from Glucose 

4.5.1 In t roduct ion  

Severa l  a l t e r n a t e  rou te s  were a v a i l a b l e  f o r  t h e  conT.'C-rsion 
of glucose t o  s t a r c h .  A schematic which shows t h e  a v a i l a b l e  choices  is 
shown i n  F igure  4 . 7 .  

There a r e  two p o s s i b l e  routes from glucose t o  G-1-P and two 
from G-1-P t o  s t a r c h .  A s e l e c t i o n  on t h e  b a s i s  of a v a r i e t y  of f a c t o r s  
had t o  be made i n  each c a s e .  C r i t e r i a  and f a c t o r s  lead ing  t o  t h e  d e c i -  
s ion  f o r  t h e  pathway below a r e  given i n  Appendix 4.4. 

4.5.2 C h a r a c t e r i s t i c s  of t h e  Se lec ted  Scheme 

A s  now proposed, t he  route  from glucose  t o  s t a r c h  would 
involve a s i n g l e  r e a c t o r  which c o m e r t s  glucoee t o  glucose-6-phosphate, 
followed by a second r e a c t o r  con ta in ing  t h e  two enzymes f o r  t h e  isomer- 
i z a t i o n  of G-6-P t o  G-1-P and t h e  conversion of G-1-P t o  s t a r c h  a s  shown 
i n  Figure 4 . 8 .  
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ADP A3 
t 

Glucose - 6-P 
\ Gluc ose  -1 

cm2 I NH3 
-P 

Glucose-iDP 

Starch  
ADP 

Figure 4.7. POSSIBLE ROUTES- 
GLUCOSE -+ STARCH. 

PGM 

phosphorylase 
- S t a r c h  Glucose 'fs- G-6-P 

Step 1 Step 2 
A T P  ADP 

F igure  4.8. CONFIGURATION FOR GLUCOSE + STARCH. 

The first reac to r ,  con ta in ing  hexokinase (HK), is fed equi-  
molar amounte of ATP and glucose.  I t  i s  important  t h a t  glucose be freed 
of s i z e a b l e  f r u c t o s e  contaminat ion before e n t e r i n g  the  r e a c t o r ,  since 
hexokinase phosphorylatee fructose 1.8 times as r a p i d l y  as glucose,  and 
the  r e s u l t a n t  f ructose-6-phosphate would need t o  be separated and recy-  
cled. The equi l ibr ium cons tan t  f o r  the  phosphorylat ion is 386 148J. If 
t he  components are given adequate time t o  react, conversion t o  products  
should be v i r t u a l l y  complete.  The emerging G-6-P can be separated from 
t h e  ADP by ion exchange. 

There  is another  enzyme, glucokinase which does not u t i l i z e  
fivctose and i f  g lucose- f ruc tose  separation were LL ner i aus  problem, glu-  
cokinase could be s u b s t i t u t e d  f o r  hexokinase. 'i?m mason  it  is not  used 
anyway is tha t  i t  is less r e a d i l y  obta ined .  11 IR a v a i l a b l e  from Aero- 
bac to r  arogenes a t  l e v e l s  which would r e q u i r e  605 tons w e t  weight  of 

- 
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s ta r t ing  material 149'1, whereas hexokinase is a v a i l a b l e  from bakers  
yeas t ,  r e q u i r i n g  27 tons of cakes.  

In the second reactor, phosphoglucomutase and phosphorylase 
o r e  combined t o  c a r r y  ou t  t h e  two steps G-6-P G-1-P -, starch. These 
r e a c t i o n s  are coupled because t h e  e q u i l i b r i u m  c o n s t a n t  ( K e q )  of t h e  
G-6-P +G-l-F i somer iza t ion  is very l o w  (0.05) and r e c y c l i n g  is d i f f i -  
cult because G-1-P and G-6-P are hard to s e p a r a t e  (compared t o  s e p a r a t -  
i n g  s ta rch  and 

This  coupl ing  does cause some s a c r i f i c e ,  however, dLe t o  t h e  
discrepancy i n  pH optima f o r  the  t w o  enzymes and t h e  dependence of bS 
f o r  t h e  polymerizat ion on pH. A t  pH 5.0, the  Keq is 10.8, but  at pH 7.3, 
t h i s  is lDwered t o  about 2. (This  is due t o  the  fac t  t h a t  t he  i o n i z a t i o n  
c o n s t a n t  of t h e  liberated phosphate i s  d i f f e r e n t  from t h a t  of G-1-P 1501 .) 

l o w  a PI. as p o s s i b l e .  However, t h e  pH optimum is 8.5  t o  9.0 E.  co l i  
phosphoglucomutase and is w e l l  d e f i n e d  i n  the  region between pH 7 and 10. 
A t  pH 6 ,  v i r t u a l l y  a l l  a c t i v i t y  i s  gone T S l ? .  However, the y e a s t  enzyme 
seems t o  have ti3 optimum a t  pH 7 . 5  based on crude  p r e p a r a t i a n s .  The phos- 
phory lase  f r o m  E .  coli  has an  optimum of pH 7.2, and t!ie a c t i v i t y  is only 
about  1/3 opt imal  a t  pH 6.  Pctato phosphcrylase has  an Gptimum of pH 6.5. 

Pi from t h e  G-1-P + G-6-P mix) .  

C l e a r l y  it would be advantageous t o  run the  r e a c t i o n  a t  as 

This  combination of factors necess j  tates running the reactor 
a t  a compromise pH of 6.9. 
r e a c t i o n  is 3 1521. Thus t h e  o v e r a l l  Keq f o r  t h e  relictor i s  0.15--ne- 
c e s s i t a t i n g  t h e  r e c y c l i n g  of the products .  In t h i s  recyc l ing ,  the starch 
w i l l  be p r e c i p i t a t e d  ou t ,  t h e  phosphate removed, and t h e  G-1-P .t G-6-P 
mixture s e n t  back t o  t h e  reactor. Both enzyme3 in  t h e  reactor cac t o l -  
erate a 45" running temperature ,  so t ha t  the  p r e c i p i t a t i o n  of s ta rch  i n  
t h e  reactor can be e l i m i n a t e d .  

A t  t h i s  pH, t h e  Xeq f o r  t h e  PhosFhorylase 

4.5.3 Enzyme Product i on  

The three enzymes requi red  f o r  t h i s  process  are a v a i l a b l e  
from microbia l  sources  i n  reasonable  y i e l d s .  Hexokinase would be prepared 
from yeast, and PGM and phosphorylase Prom E .  c o l i .  (Although phocphory- 
lase is o f t e n  prepared from pota toes ,  a l a r g e r  q u a n t i t y  would be requi red ,  
and t h e  idea of u s i n g  500 t o n s  of p o t a t a e s  t o  o b t a i n  an enzyme t o  make 
s ta rch  seemed unappeal ing.)  

requi red  is  given i n  Sec t ion  4.2.4. 

Table 4.6 and detai ls  are given i n  Appendix 4.5.  

The method f o r  c a l c u l a t i n g  q u a n t i t i e s  of s t a r t i n g  materials 

P a r t i c u l a r s  on t h e  enzymes i n  t h i s  process  a r e  summarized i n  

4.5.4 An a d d i t i o n a l  A l t e r n a t i v e  - 
In t h e  c e l l u l o s e  process ,  g lucose  is a mandatory product  and 

t h e  a p p r o p r i a t e  process  would be t h e  one o u t l i n e d  above. Another a l t e r n a -  
t i v e  is a v a i l a b l e ,  however, i n  b o t h  t h e  foss i l  f u e l  and COq f i x a t i o n  
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pror2ss;  i n  fact, t h e  pre l iminary  des ign  f o r  t h e  C02 f i x a t i o n  process 
a c t u a l l y  adopts  i t .  In t h i s  a l t e r n a t i v e ,  f ruc tose- l ,6 -d iphosphate  would 
be reacted w i t h  fructose-1,S-diphosphatase t o  g i v e  F-6-P, which could 
then be isomerized to  G-6-P w i t h  g lucose  phosphate isomerase. From 
there  on, the  process  is i d e n t i c a l  w i t h  t h a t  given above (see F igure  
1.9). The characteristics of t h e  enzymes are included i n  Table 4.6. 

Se lec ted  Raute 

Fruc tose  L---c Glucose 
FDY 

A l t e r n a t i v e  R o u t e  

F igure  4.9. ALTERNATIVE TO THE SELECTED ROUTE TO STARCH. 

The s u p e r i o r i t y  of t h e  selected r o u t e  over  the  a l t e r n a t i v e  
fo r  t h e  f o s s i l  f u e l  p rocess  is not  clear. Fructose-1,6-diphosphatase 
is seve re ly  s u b s t r a t e  i nh ib i t ed ,  which, i f  no t  circumvented, is a seri- 
ous l i m i t a t i o n .  However, t h e  u s e  of one ATP p e r  molecule of glucose  is 
avoided. Fu r the r  i n v e s t i g a t i o n s  of t h i s  a l t e r n a t e  pa th  w e r e  precluded 
by t i m e  l i m i t s  rather than by t h e o r e t i c a l  ones.  

4.6 Adenosine Triphosphate  (ATP) Regeneration 

4.6.1 In t roduct ion  

From both  e c o l o g i c a l  and economic s t andpo in t s ,  it is most 
d e s i r a b l e  t h a t  as many as p o s s i b l e  of the reagen t s  and in t e rmed ia t e  
compounds be regenerated and recycled. Th i s  is e s p e c i a l l y  t r u e  for  ATP 
which provides  the  high energy phosphate bond and costs .46/gm a t  t h e  
p re sen t  t i m e . "  Without its r e u t i l i z a t i o n  t h e  cost of producing 100 tons 
of glucose/day would be t r u l y  as t ronomical .  

In  t he  f o s s i l - f u e l  process  which r e q u i r e s  t w o  ATP molecules 
f o r  each glucose molecule produced,** the  r egene ra t ion  of 564 t o n s  of 

- * 
Another compound, NADPH, which acts as a reducing agent ,  costs $250/gm. 
I t  is n e e d e d  only i n  t h e  C02 f i x a t i o n  process .  Hence it is d i scussed  
i n  Section 4.3. 

O t h e r  p rocess  requirements f o r  ATP: c e l l u l o s e  p rocess  t o  g lucose ,  none; 
C02 f i x a t i o n  t o  glucose,  18; glucose  t o  s t a r c h ,  1 ( a l l  i n  ATP molecules 
p e r  glucose molecule produced or consumed). 

Fit 
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ATP p e r  day would be requi red  f o r  t h e  100 ton/day p l a n t .  
t h i s  would mean $3 b i l l i o n  down t h e  d r a i n  i f  t h e  ADP were let go as waste. 
This  also e x p l a i n s  why ATP f i g u r e d  so prominently i n  t h e  comparison of 
the  warious processes .  

There are t w o  main pathways f o r  t h e  r egene ra t ion  of ATP: t h e  
cyanate  (Battelle) process  1531 and t h e  acetate (Berkeley)  process  1541. 
Because of 

I n  d o l l a r  va lue  

(a) i ts  r e l a t i v e  s i m p l i c i t y ,  

(b) t h e  lower temperature  requi red ,  

(c)  its enzyme not  be ing  as easily i n h i b i t a b l e ,  and 

(d)  the  p o t e n t i a l  f o r  f u r t h e r  innovat ion  (see [cl below), 

the cyanate  process  is chosen. 

tween carbamyl phosphate,  which provides  t h e  high-energy phosphate bond, 
and ADP. Since  t h e  carbamyl phosphate is obtained by r e a c t i n g  potassium 
cyana te  w i t h  potassium dihydrogen phosphate,  "cyanate" i s  des igna ted  t h e  
i d e n t i f i c a t i o n  fo r  t h i s  process .  

A t  t h e  h e a r t  of t h i s  process  is t h e  enzymatic r e a c t i o n  be- 

4.6.2 Chemical Schematic and Reaction Details 

F igure  4.10 is a schematic diagram for  a l l  of t h e  chemical 
r e a c t i o n  involved, w i t h  the mass balance shown i n  F igu re  4.11. 

Figure  4.10, ATP REGENERATION--CYANATE PROCESS 

99 



[ e l  

I a l  

Ibl 

IC I 

Id 3 

Basis  : 100 t ons  glucose/day 
2 ATP/glucose--f ossil  f u e l  process  

mol .wt  . 
\ H3P04 + KOH - KN2P04 + H2° 

(981151.4 (56186.5 (1361210 (18j27.8 
) l b / m i n /  

KH2P04 + KCNO + 2H20 - NH2CW@ + 2KOH 

(1361210 (81 1125 (18155.6 (141 1217.8 (56 ) 173 

NH2COO@ + ADP - ATP + NH3 + c02 
(1411217.8 (4271660 (5071783 (17126.3 (44168 

2NH3 + C02 - NH COONHg 

(17)52.5 (44168 (781120.4 
2 

NH2COONH4 - (NH2)2C0 + H20 

(781120.4 (60192.6 (18127.8 

H2° (NH2)2C0 + KOH - KCNO + NH3 + 
(60192.6 (56)86.5 (81)125 (17)26.3 (18127.8 

Net React ion : ADP + %PO4 - ATP + H20 

(4271660 (981151.4 (507)783 (18)27.8 

564 tons  ATP/day: 

F igure  4.11. MASS BALANCE FOR ATP REGENERATION. 

Although t h e  o v e r a l l  r e a c t i o n  (ADP + P i  A T P  + H201 seems 
r a t h e r  simple w i t h  both ADP and P i  being produced from the ma in  process ,  
t he  va r ious  s t e p s  r ep resen t  a combination of inorgaii ic,  o rganic ,  and 
enzynat ic  r e a c t i o n s  some of which are f a i r l y  complex. For  example t h e  
product ion of urea  is a s e p a r a t e  chemical p l a n t  by i t se l f .  These s t e p s  
w i l l  be discussed  in some d e t a i l  below wi th  t h e  subsec t ions  [a, b, c ,  . . . I  
being keyed t o  t he  r e a c t i o n s  shown i n  Figures 4.10 and 4.11. 
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[a] KH2COO-P + ADP + N% + C02 + ATP -- 
T h i s  is the  main r e a c t i o n  i n  t he  cycle A- which a "high energy" 

phosphate bond is a t t ached  t o  ADP t o  form ATP. The enzyme f o r  t h i s  reac- 
t i o n  is carbamate k inase  (ATP: carbamate phosphotransf erase; or carbamyl 
phosphokinase. While it can be prepared from S. f a e c a l i s ,  w i t h  a mol.wt. 
of 46,000 o r  from E .  coli ,  w i t h  a mol.*. of 70,000, t h e  former is re- 
por ted  to  be a much r i c h e r  source  [551. 

The r e a c t i o n  needs magnesium (Mg ) as an a c t i v a t o r .  A temper- 
a t u r e  of 4 0 O C  and pH of 6.0 is recommended. More detailed k i n e t i c s  and 
enzyme p repa ra t ion  w i l l  b e  given.  The product  accompanying ATP is carba- 
mate which readi ly  decomposes i n t o  N% and COz. 

+2 

T h i s  is t h e  first s t e p  toward u r e a  formation p r i o r  t o  carbamyl 
phosphate regenera t ion .  
duc t  of cyanate  formation ( r e a c t i o n  Cdl) is requi red  t o  supplement eacn 
p a i r  of NH3 + C02 evolved from r e a c t i o n  [a]. 
thermic w i t h  mo = 38.00 kcal/g-mole* and so = -7.26 kcal/g-mole* 156, 
571 and is eahanced by high p res su re .  
carbamate vapor  p re s su re  must be exceeded a t  each of t h e  opposing temper- 
atures so as t o  prevent  the r e d i s s o c i a t i o n  of t h e  carbamate:  

An a d d i t i o n a l  NH3 molecule supp l i ed  as a by-pro- 

The r e a c t i o n  is h ighly  exo- 

In  f a c t ,  t h e  fo l lowing  ammonium 

40 OC 0.1 a t m  
60 1.1 
80 3 .1  

100 8.5 
120 21 
140 46 
160 98 

Ammonium carbamate is a whi te  c r y s t a l l i n e  s o l i d  s o l u b l e  i n  
water. In  aqueous s o l u t i o n  a t  room temperature ,  it slowly r e v e r t s  t o  
ammonium carbonate  which can  be avoided by r a i s i n g  the  tempera ture  t o  
60°-100°C. 
water molecule to form u r e a .  

A t  t h e  lktter temperature  the  carbamate begins  t o  l o s e  a 

CC 1 F2COONH4 2 H 2 O ) X 2 l 2 C Z  

Normally i n  u r e a  s y n t h e s i s  r e a c t i o n s  Ib l  and IC] a r e  combined 
together. W e  s e p a r a t e  them he re  because of t h e  p o s s i b l e  s h o r t - c u t  from 
ammonium carbamate t o  carbamyl phosphate,  as w e  w i l l  d i s c u s s  i n  Sec t ion  
4.6. 
rate u n t i l  t h e  temperature  reaches 15OoC, hal f  of t h e  ammonium carbamate 
is converted t o  urea i n  about 30 minutes wi th  m a x i m u m  area convers icn  (53$). 

This decomposition or dehydra t ion  does no t  assume an apprec iab le  

* 
Of carbamate formed. 
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The U 0  = 7.50 kcal/g-mole (endothermic) and No = -5.70 kcal/g-mole 
of urea  formed f o r  reaction [cl. From t h e  r e a c t i o n  equat ions ,  it is ob- 
v ious  t h a t  t h e  e n t i r e  sequence is favored  by us ing  excess  ammonia i n  a 
dry environment. 

The commercial process  ranges from a s imple  once through r e a c t i o n  t o  a 
t o t a l - r e c y c l e  scheme, as dep ic t ed  i n  F igu res  4.12 and 4.13.  Depending 
on our  needs, t hey  can be adapted r e a d i l y  t o  our o v e r a l l  p rocess .  

The reactor is u s u a l l y  run a t  approximately 190°C and 220 atm. 

Id1 (NH222C0 + KOH + KCNO + N!i3 + H 0 2- - 
I n  t h i s  pa t en ted  process  1583 KOH and u rea  are reac t ed  a t  250' 
i n  a f l u i d i z e d  column of si l ica.  The cyana te  is formed on t h e  - 6OOOC: 

s u r f a c e  of s i l ica  which leaves  t h e  column w i t h  H20 and NH3. 
laden s i l i ca  is sepa ra t ed  by a cyclone s e p a r a t o r  after which it  is f e d  
to  a ball  m i l l  i n  which powderous KCNO is loosened from t h e  si l ica.  The 
t w o  are then sepa ra t ed  by s i e v i n g .  The y i e l d  i s  claimed to  be 90 percent  
complete wi th  a p u r i t y  of 98 percent .  

The cyanate-  

[e] KCNO + K H 2 S 4  s N H 2 C O O @  + 2KOH 

This  r e a c t i o n  occurs  spontaneously a t  room temperature  and pH 
5.5  w i t h  40 percent  conversion [53]. Two sets of thermodynamic c o n s t a n t s  
have been found : 

Soejima et a1 1591 Jones & Lipmann 1603 
(pH unknown) (pH 6 . 0 )  

K * (apparent )  = 1.38 2 0 . 1  K * (avg.)  = 3 . 1  

so = -210 cal/mole AGO = -680 cal/mole 

AHo = 5009 cal/mole 

Go = 16 cal/mole - O C  

eq eq 

No k i n e t i c  c o n s t a n t s  have been found a l though the  r e a c t i o n  has 
been ind ica t ed  t o  be the  rate c o n t r o l l i n g  s t e p  i n  t h e  e n t i r e  sequence 
1531. However, Jones and Lipmann 1601 repor ted  t h a t  a t  the  optimum be- 
tween pH 5 and 6,  equ i l ib r ium is reached " f a i r l y  r ap id ly . "  

The carbamyl phosphate thus formed decomposes spontaneously i n  
aqueous s o l u t i o n  a t  or above pH 7.0  i n t o  cyanate  and inorganic  phosphate 
159,60,611. To avoid t h i s  decomposition, t h e  labora tory- type  arrangement 
as shown i n  F igure  4.14  has been suggested 1531. In  t h i s  scheme the  c a r -  
bamyl phosphate formed i s  given t h e  Immediate oppor tuni ty  t o  react w i t h  

~- 
Y 
Defined a s  K = [carbamyl phosphatel/[cyanatelCphosphosphatel. 

eq 
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Fig. 4.12. ONCE-THROUGH UREA PROCESS. 

Fig. 4.13. "OTAL RECYCLE UREA PROCESS. 
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M2P04 + 
ADP 

ATP, etc.  

i 
KCNO 

1 
I 

% ATP, etc.  

F igure  4.14. ATP REGENERATION-- 
'ABORATORY SCHEME [531. 

ADP enzymatical ly ,  t hus  a l lowing  i i t t l e  chance for  it  t o  decompose non- 
enzymatical ly .  Our f low diagram proposed later reflects t h i s  scheme. 

I n  actus1 opera t ion ,  howevqr, a s u l f o n i c  acid- type ion  exchange 
r e s i n  is used t o  r e p l a c e  t h e  potassium by ammonium so t h a t  the  intermedi-  
ate b y p x d u c t  i n  reaction [el is NH40H i n s t ead  of KOH. 
be much more e a s i l y  sepa ra t ed  and after sepa ra t ion ,  ha l f  of it is used 
to  r egene ra t e  t h e  resin, complet ing t h e  i o n  exchange c y c l e .  The other 
ha l f  is used t o  react wi th  phosphoric acid t o  provide the  phosphate needed. 

te rmedia te  product  by p r e c i p i t a t i o n  in s t ead  of ion exchange. A magnesium 
sal t  is used i n  p l a c e  of the potassium salt, a s  w i l l  be d i scussed  i n  Sec- 
t i o n  5 . 3 .  

The ammonia can 

In t h e  C02 f i x a t i o n  process ,  it is d e s i r e d  t o  s o p a r a t e  t h e  in- 

4.6 .3  Process Schematic - 
The e n t i r e  proposed scheme is shown i n  F igu re  4.15 i n  which 

t h e  t w o  boxes f o r  r e a c t i o n s  Cbl and IC] are conta ined  i n  a l a r g e r  box 
s ided  w i t h  broken l i n e s .  I t  means an e n t i r e  u rea  p l a n t ,  as represented  
by F igu re  4.12 or 4.13,  is f i t t e d  i n .  

4.6 .4  Enzyme Prepara t ion  and C h a r a c t e r i s t i c s  

Carbamyl phosphate k inase  has been prepared on a l abora to ry  
scale 1583. I t  has been immobilized on a l k y l a n i n e  g l a s s  1531. 

(a)  K i n e t i c s  

The equ i l ib r ium cons tan t ,  de f ined  as 

. - (carbamy 1 phosphate ) (ADP 1 K . -  eq (ATP) (carbamate) 
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has been found t o  be 0 .04  a t  10°C and pH 9 . 5 ,  and 0.027 at 25'C and pH 
8.14 1621. Based on simple Michaelis-Menten k i n e t i c s  which y i e l d s  t h e  
fo l lowing  r a t e  equat ion : 

t he  fo l lowing  assumptions can be used 

4 = 7 x 10 moles/min-mole enzyme (max. forward r e a c t i o n  r a t e )  

= 1.5 x 10 moles/min-mole enzyme (max. reverse r e a c t i o n  r a t e  1 

'max, +I 

',ax, -1 

KA 

Kg 

KC 

4 

-4 

-5 

-5 

-6 

= 1 x 10 moles/e (M-M cons t an t  f o r  CP) 

= 5 x 10 moles/e (M-A(: cons tan t  fcr Mg-ADP) 

= 8 x 10 moles/l  (M-M cons t an t  for C )  

I#, = 8 x 10 moles/j  (M-M cons tan t  f o r  Mg-ATP) 

where C P  = carbamyl phosphate, C = carbamate,  Mg-ADP = magnesium ADP 
complex, 
enzyme sites. 

Mg-ATP = magnesium ATP complex, Eo = i n i t i a l  concen t r a t ion  of 

(b) pH Optimum 

The r e a c t i o n  has a broad pH optimum between pH 4 and 9.5, while  
the  reverse r e a c t i o n  (ATP + Carbamate --$ CP + ADP) has a narrower one 
between 8.5 and 10.5. For optimum r a t e  as w e l l  a s  t o  prevent  nonenzy- 
matic decomposition of cp, a pH of 6.0 should be used .  

(c  1 S t a b i l i t y  

Since both ammonia and C02 are produced and subsequent ly  evolved 
from the  r e a c t i o n  mixture,  the  pH is not expected t o  go to either extreme. 
Th i s ,  p lus  the f a c t  t h a t  the pH optimum is very broad, i n d i c a t e s  t h e r e  
should be no dverse e f f e c t  from NH3 on the  r e a c t i o n .  I n  f a c t ,  no such 
e f f e c t  has been  observed o r  reported by any of t h e  i n v e b t i g a t o r s  c i t e d .  
While a r e a c t i o n  temperature  of 40% is recommended, t h e  i n a c t i v a t i o n  
time curve i n  F igure  4.16 should be noted. 

4.6.5 Future Research 

While each s t e p  of t h e  procese descr ibed  seems t o  be well 
established, t h e r e  is a p o t e n t i a l  s h o r t c u t  f o r  the o v e r a l l  c y c l e .  T h a t  
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F igure  4.16. HEAT INACTIVATION OF 
CARBAMYL PHOSPHOKINASE FROM S . 
FAECALIS AT 5OoC [SSl. 

- 

is, i n  t h e  u rea  s y n t h e s i s  i f  w e  do not decompose or dehylrate the  ammon- 
ium carbamate but  let  it react w i t h  phosphoric ac id ,  f o r  i n s t ance ,  we  
might be able t o  ob ta in  carbamyl phosphate d i r ec t ly .  I n  a d d i t i o n  t o  
g r e a t l y  reducing t h e  u r e a  p l a n t ,  we would eliminate bo th  the  cyanat ion  
and cyana te  + phosphate steps. 

em@ t o  t h i s  r eac t ion ,  even thermodyDamiC cons tan t s ,  such as No, are 
hard t o  come by. 
of the tremei!dous sav ing  that w o u l d  r e s u l t  i f  proven p o s i t i v e l y .  

However, w e  have no t  been able t o  f i n d  any l i terature refer- 

We s t r o n g l y  recommend f u r t h e r  research i n t o  t h i s  because 

ID a d d i t i o n  t o  the  three processes  t o  g lucose  conuidered i n  detail ,  
s e v b r a l  o t h e r s  were given pre l iminary  cons ide ra t ion .  The n a t u r e  of these 
pathwayP, and the  r e a ~ o n s  they were not  used as bases for des ign ,  are 
given i n  t h e  s e c t i o n s  t o  fo l low.  

4.7.1 Fohdee 

Formaldehyde can be condensed us ing  a l k a l i s  and o t h e r  cata- 
l y s t s  t o  g ive  mixtures  of suga r s .  This type  of process  was cons idered  
because of t k a  s i m p l i c i t y  of t h e  s t a r t i n g  material and the apparent  ease 
of conversion i f ,  indeed, t h e  r i g h t  c o n d i t i o n s  could be found t o  g ive  
d i g e s t i b l e  s u g a r s .  
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There a re ,  however, problems which caused t h i s  approach t o  
be r e j e c t e d .  

(1) The product is a complex mixture  of carbohydrate ,  only a small  
f r a c t i o n  of which can be metabol ized.  S ix  carbon l i n e a r  sugars  
a r e  not,  i n  fact, obtained a s  a preponderant s p e c i e s  under most 
cond i t ions .  

( 2 )  h t c l u s i v e l y  D-sugars could t h e o r e t i c a l l y  n e v e r  be formed, s i n c e  
the r eac t ion  is i nhe ren t ly  nons te reospec i f  i c .  

4 . 7 . 2  Formaldehyde-Transketolase 

T h i s  pathway was suggested by Bassham 1641 and, a s  shown i n  
F igu re  4.17, a l a r g e  p a r t  of i t  is i d e n t i c a l  t o  t h e  C 0 2  f i x a t i o n  pathway 
cyc le .  The o v e r a l l  r eac t ion  is  

i GHCHO + 6ATP + 5 H 2 0  + G6P + 6ADP + 5P 

T h i s  pathway was considered because of t he  fewer and s i m p l e r  
steps and lower energy requirement (6  vs 18 ATP per  G6P) than Cog f i x a -  
t i o n .  The formaldehyde can be obtained by reduct ion  of C 0 2  o r  from o t h e r  
petroleum by-products. The carboxyla t ion ,  phosphoglycerate k inase ,  t r i o s e  
phosphate dehydrogenase and phosphoribulokinase r e a c t  ions a r e  s l imina ted ,  
while only t r a n s k e t o l a s e  and t r i o k i n a s e  r e a c t i o n s  a r e  gained.  There is 
no need f o r  NADPH. 

I t  was concluded t h a t  t h i s  was not t h e  b e s t  pathway f o r  t h e  
c u r r e n t  p r o j e c t  f o r  t h e  fo l lowing  r easons :  

( a )  The t r a n s k e t o l a s e  r eac t ion  

2 . 2 . 1 . 1  
HCHO + Xu5P - DHA + GALDP 

is an unproven r e a c t i o n .  I n  an  ex tens ive  l i terature sea rch ,  
n o  r epor t  on it  was found. Since t h i s  is t h e  main s t e p  i n  t h e  
entire proposed scheme, t h i s  pathway was abandoned w i t h  the  
recommendation t h a t  it be s t u d i e d  i n  t h e  f u t u r e .  I n  f a c t ,  
based on t h e  d a t a  provided by Baseham and Krause 1653, t h e  
so f o r  t h i s  r eac t ion  has been c a l c u l a t e d  t o  -5.6 kcal/g-mole, 
a f avorab le  one. 

( b )  The C02 reduct ion  tends  t o  go a l l  t h e  way t o  methanol which 
has t o  be oxidized back t o  formaldehyde. The e n e r g e t i c  econo- 
mics of doing t h i s  a r e  ques t ionable , .  However, t h i s  has become 
only a minor reason a s  o t h e r  hydrocarbon sources  were l a t e r  
considered.  
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( c )  According t o  Bassham 1641, formaldehyde might r e a c t  w i t h  F6P, 
S7P, and DHAP 1661 i f  some of t h e  s t e p s  i n  t h e  proposed scheme 
were t o  t a k e  p l ace  in t h e  same r e a c t o r .  Chis would complicate  
the  r eac t ion  c o n t r o l  prublem. Also, i t  was f ea red  t h a t  formal-  
dehyde might poison some of t h e  enzymes [643. However, these 
problems could be a t  least p a r t i a l l y  alleviated i f  separ r  e 
r e a c t o r s  were used f o r  t h e  d i f f e r e n t  r e a c t i o n s  as was l a t e r  
considered.  

4.7.3 Glycerolkinase 

Since t h e  g lyce ro l  used i n  t h e  U.S .  is  produced about 40 per-  
c e n t  from petroleum sources ,  u t i l i z a t i o n  of t h i s  product as a s t a r t i n g  
m a t e r i a l  was explored.  One  pathway involved the steps shown i n  F igure  
4.18. The g lyce ro l  i s  f i r s t  phosphorylated by ATP t o  prepare i t  f o r  
ox ida t ion .  The r e s u l t i n g  triose phosphate would be condensed i n t o  glu-  
cose  by the  same s t e p s  w e  are s t i l l  proposing f o r  t h e  conversion of 
propylene t o  glucose.  T h i s  pathway was thought of s e r i o u s l y  f o r  two 
reasons : 

(1) The s t a r t i n g  material is an  e s t a b l i s h e d  commercial product .  
I n i t i a l l y ,  there was unce r t a in ty  as t o  t h e  p o s s i b i l i t y  of 
tapping off  t h e  D, L-glyceraldehyde dur ing  t h e  product ion of 
g lyce ro l  1673. 

The two enzymes i n  t h e  phosphorylation and oxida t ion  s t e p s  
a r e  w e l l  established and readi ly  available from microbia l  
sources ,  whereas t he  t r i o k i n a s e  i s  r e l a t i v e l y  unstudied 
except  i n  l i v e r .  

However, t h i s  rou te  was discarded  i n  f avor  of t h e  one us ing  
D, L-glyceraldehyde as a s t a r t i n g  material since 

( 3 )  The pa th  i s  two steps ins t ead  of one. Xhen it appeared t h e  
intermediate glycidaldehyde could be hydrolyzed i n  d i l u t e  ac id  
t o  D,L-glyceraldehyde, it seemed s i l l y  t o  conver t  t h i s  t o  g lyc-  
e r o l  f irst ,  and t h e n  go back by two s t e p s  in s t ead  of one t o  
t h e  t r i o s e  phosphate level. 

( 2 )  Since t h e r e  is an oxida t ion  involved, a n  a d d i t i o n a l  regenera-  
t i o n  is requi red .  A s  a ma t t e r  of f a c t ,  t h e  enzyme c a t a l y i e d  
oxida t ion  wi th  NAD' i s  thermodynamically unfavorable  [683, and 
an a d d i t i o n a l  coupl ing enzyme, such a s  n i t ra te  reductase  would 
have t o  be added t o  p u l l  t h e  r eac t ion  in t h e  d e s i r e d  d i r e c t i o n  
1681. This  would, of Course, gene ra t e  a l l  s o r t s  of o t h e r  prob- 
lems, such as poss ib l e  i n h i b i t i o n  o r  t o x i c i t y  due t o  n i t r i t e ,  
e t c . ,  which w e  did not even explore  (since w e  d i d  not  use t h e  
pathway 1 1691. 

110 



t l p c e  .-Or inns8 

D-Fntctom 
C 5 0 H  
I 
C=O 
I 

mn! -B 
1 

H-C-otl 
I 

R-C-011 

IrL-Clycerophasphate 
C30P 

I 
H-C-OH 

I 
CU..OH 

Figure 4.18. CLKEROL KINASE PATHWAY. 

4.7.4 Bacterial Fermentation to Fructose 

An organism, Torulopsis v e r s a t i l i s ,  which condenses t w o  
g lycero l  units to f ~ n a i t 0 ~ 7 0 1 .  In t h i s  sequence, 
the  resu l t ing  mannitol can be oxidized by Acetobacter suboxydans to 
fructose .  The scheme is shown i n  F i g u r e  4.19. 

Acetobacter 
Suboxydans 

~ 

F i g u r e  4 .19 .  MANNITOL PATHWA'i. 
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This  s y s t e m  w a s  considered because of its obvious s i m p l i c i t y  
in l ead ing  d i r e c t l y  t o  a desired product .  I t  was d iscounted  f o r  two rea-  
sons : 

(1) The conversion y i e l d  of g l y c e r o l  t o  mannitol  is on ly  50 percent .  
A t  t h e  present  cost of g l y c e r o l  (22#/ lb) ,  t h i s  would make t h e  
cost of the  process  high a p r i o r i .  

(2)  The rate of conversion under  t he  previous ly  s t u d i e d  c o n d i t i o n s  
is rather low. For  a 100 t on  p e r  day p l a n t ,  a t  the l i s t e d  con- 
ve r s ion  rates, a volume of about 5 m i l l i o n  g a l l o n s  would be 
requi red .  S ince  the  medium requi red  0 .4  percent  amino acids, 
or about 75 tons ,  t h i s  would c o n s t i t u t e  an unacceptab le  s a c r i -  
f i c e  of complex m a t e r i a l s .  Of course ,  i t  is t o  be assumed t h a t  
t he  growth cond i t ions  w e r e  no t  optimized from t h e  s t andpo in t  of 
economical u s e  of medium c o n s t i t u e n t s ,  bu t  s t i l l  t h i s  looked 
unpromising. 

4.7.5 Atmospheric Carbon Dioxide 

The use of atmospheric carbon d iox ide  as a f eed  f o r  the carbon 
d iox ide  f i x a t i o n  pathway =as b r i e f l y  cons idered .  The concept was discarded 
f o r  t he  fo l lowing  reasons .  F i r s t ,  t h e  concen t r a t ion  of carbon d iox ide  i n  
t he  atmosphere is 0.03 percent ,  and t h e r e f o r e  a huge q u a n t i t y  of a i r  would 
have t o  be processed t o  g a t h e r  enough carbon d iox ide  f o r  t h e  process .  If 
t h i s  a i r  w e r e  d i r e c t l y  introduced i n t o  t h e  process ,  t he  abso rbe r  would be 
of i n o r d i n a t e  size. An upgrading of its concen t r a t ion ,  on t h e  o t h e r  nand, 
w o u l d  be very expensive compared t o  i ts  p u r i f i c a t i o n  from a source  of high 
concen t r a t ion ,  such as from ammonia or cement manufacture or from a combus- 
t i o n  process .  

p rocess  is incorpora ted  i n t o  carbamyl phosphate by way of u r e a  manufacture,  
it is  desirable t h a t  t h i s  f eed  be close t o  100 percen t  p u r i t y .  

S ince  a l l  carbon d iox ide  e n t e r i n g  the  carbon d iox ide  f i x a t i o n  

4.7.6 Reversed Oxida t ive  Pentose Phosphate C y c l e  

Bassham's [64] second choice of pathways t o  make starch from 
carbon d iox ide  w a s  t h e  ox ida t ive  pentosephosphate c y c l e  run i n  t h e  reversed  
d i r e c t i o n  (F igure  4.20 and Table 4.7) .  
by twelve enzymes, t r a n s k e t o l a s e  mediat ing both r e a c t i o n s  8 and 10. The 
r educ t ive  pentose phosphate pathway w a s  p r e f e r r e d  for  one major reason : 
t h e  equ i l ib r ium of r e a c t i o n  2 was so f a r  t o  t h e  l e f t  that i t  could n o t  be 
accomplished enzymatical ly  and would have t o  be conducted at h igh  tempera- 
t u r e s  and low pH's. N o t  only had l a c t o n i z a t i o n  of 6-phosphogluconate not  
been exper imenta l ly  demonstrated,  bu t  t h e  i s o l a t i o n  of 6-phosphogluconate 
from o t h e r  phosphorylated compounds f o r  t h i s  r e a c t i o n  promised t o  be very 

There a1e f o u r t e e n  s t e p s  ca t a lyzed  

d i f f i c u l t .  

We used t h e  same 
pentose phosphate cycle,  not 
rather than  18, was requi red  

reasoning t o  reject t h e  reversed ox ida t ive  
wi ths tanding  t h e  f a c t  t ha t  only one A T P ,  
f o r  t he  product ion of one mole of s t a r c h .  
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Table 4.7 

REVERSED OXIDATION PENTOSE PHOSPHATE CYCLE AND ASSOCIATED REACTIONS 

Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

c 

N e t  Reaction: 6C02 + l2NADPH + 1 1 H +  + ATP 2 s t a r c h  + 12NADP+ + ADP - 
+ HPO; + 6 H  0 2 

React i o n  

+ 
6(9u-5-P + C02 + NADPH 2 6-phosphogluconate + NADP ) 

+ +  6(6-phosphogluconate + H 

6(6-phosphogluconolactone + NADPH + H 

5 (G-6-P 2 F-6-P) 

F-6-P + ATP 2 FDP + ADP + H" 

FDP tDHAP + Gald3P 

DHAP 2 Gald3P 

t 6-phosphogluconolactone + HZO) 

+ 4  t-G-6-P + NADP+) 

2(F-6-P + Gald3P =Xu-5-P + d-4-P) 

2(F-6-P + E4P 2 S-7-P + GALD-3-P) 

2(S7P + WID-3-P =Xu-5-P + R-5-PI 

2(R-5-P 2 Ru-5-P) 

4(Xu-5-P t Ru-5-P) 

G-6-P ZG-1-P 

G-1-P 2 s t a r c n  + HPO= 4 

However, since carbamyl phosphate f o r  t h e  r egene ra t ion  of ATP is a major 
p o r t i o n  of t h e  cost of s t a r c h  produced by t h e  r educ t ive  pentose phosphate 
c y c l e ,  and since its requirement drops  t o  1/18 of its previous  va lue  with 
t h e  reversed  o x i d a t i v e  pathway, a second look should perhaps be taken at  
t h i s  process  i f  its use were d e s i r e d  f o r  special applications. For  t h i s  
process  t o  be success fu l ,  however, some method would have to  be found t o  
inexpensively s e p a r a t e  6-phosphoglucmate from t h e  rest of t h e  r e a c t i o n  
mixture ,  and a t  t h i s  t i m e  no such method is r e a d i l y  apparent .  
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Chapter  5 

PROCESS AND PIANT DESIGN 

This  c h a p t e r  c o n t a i n s  detailed informat ion  l e a d i n g  t o  a better 
understanding of p l a n t  requirements  (based on 100 toils/day o u t p u t )  f o r  
t h e  s y n t h e t i c  carbohydrate  processes  under  s t u d y .  S e c t i o n  5.1 c o n t a i n s  
a complete prel iminary p l a n t  d e s i g n  fo r  t h e  ce l lu lose- to-g luccse  process, 
inc luding  economic a n a l y s i s .  Sec t ion  5.2 is concerned w i t h  t h e  foss i l  
f u e l  process .  Sec t ion  5.3 is a d i s c u s s i o n  of t h e  C02 f i x a t i o n  process, 
which i s  carried t o  a lesser degree of completion t c c a u s e  of the  unknowns 
i n  t h e  chemistry.  Sec t ion  5.4 is concerned w i t h  the  glucose- to-s tarch 
process. This  process  is cons idered  i n  detail ,  as it is somewhat common 
t o  t h e  other  t h r e e  and a necessary p o r t i o n  of t h e  commercially a t t r a c t i v e  
c e l l u l o s e - t  0-s tam h process .  

5.1 Cellulose t o  Glucose 

5.1.1 Process Descr ip t ion  

The f l o w  diagram of t h e  process for  c o n v e r t i n g  c e l l u l o s e  t o  
glucose is shown in Figure  5.1. The mainstream i n d i c a t e d  by t h e  heavy 
l i n e  f o l l o w s  t h e  process ing  of t h e  cel lulosic  r a w  material (which i n  t h i s  
des ign  is bagasse) to  t h e  f i a a l  product which is a 10 percent  glucose 
s o l u t i o n .  The basis used f o r  p l a n t  d e s i g n  w a s  100 t o n s  p e r  day of pro- 
d u c t .  

5.1.1.1 Prel iminary Treatment 

Raw bagasse from a s u g a r  m i l l  is s e n t  v i a  conveyor be l t  t o  
a r o t a r y  k n i f e  c u t t e r  where it is reduced t o  1/8"size particles t o  f a c i l -  
i ta te  handl ing.  The mois ture  c o n t e n t  of t h e  bagasse fed t o  t h e  c u t t e r  
w i l l  b e  kept  i n  excess of 10 percent s i n c e  there is a n o t i c e a b l e  i n c r e a s e  
i n  abras iveness  a t  lower moisture c o n t e n t .  Normally, t he  bagasse used 
w i l l  have a mois ture  c o n t e n t  of 20 to  60 percent  and a bulk d e n s i t y  of 
about  6 lbs /cubic  foot. The r o t a r y  k n i f e  cu t te r  w i l l  r e q u i r e  about  100 
horsepower t o  o p e r a t e .  

The 1/8 inch  bagasse w i l l  drop i n t o  a storage hopper t h a t  
w i l l  allow (a)  fo r  any i r r e g u l a r i t y  i n  f l o w  from t h e  storage area t o  t h e  
c u t t e r ,  and (b)  fo r  minor repafr and maintenance of t h e  cutter.  A v i b r a -  
t o r y  meter ing screw feeder w i l l  s t a b i l i z e  t h e  feed rate t o  t h e  a lkal i  re- 
actor and t h e  rest 01 tt.l p l a n t .  

5.1.1.2 A l k a l i  Reactor 

In t h e  a l k a l i  reactor t h e  bagasse is d i l u t e d  t o  a s l u r r y  
of 10 percent  by weight i n  s o l i d s  and contacted w i t h  a 4 percent  sodium 
hydroxide s o l u t i o n  fo r  one hour a t  150'F. The reactor is equipped w i t h  
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steam c o i l s  t o  maintain t h e  tempera ture  and wi th  a pH c o n t r o l  meter t o  
maintain t h e  requi red  a l k a l i n i t y  of the mixture .  

The output  of the  a l k a l i  r e a c t o r  is about  2170 tons/day 
of l i q u i d ,  con ta in ing  approximately 138 tons  equ iva len t  4ry weight of 
c e l l u l o s e  pulp which must be sepa ra t ed  o u t .  I t  f i r s t  goes i n t o  a 
s c r e e n e r :  a h o r i z o n t a l  screen drum, 15 f t  long, 3 f t  i n  d iameter ,  
which i s  s l o w l y  r o t a t e d  by a 3 hp motor. The mixture enters a t  one 
end; the l i q u o r  passes  through t h e  screen;  t h e  pulp  e x i t s  a t  t h e  cither 
end, helped by helical  b a f f l e s .  A small amount of water is used t o  keep 
the  screen clear by means of jets from t h e  ou t s i ae ,  bu t  is neglec ted  in 
t h e  m a t e r i a l  balance.  The pulp  then  goes i n t o  a screw p r e s s ,  which re- 
moves a l l  bu t  about 138 tons  of t he  l i q u o r ,  l eav ing  a pulp  con ta in ing  
about 50 percent  l i q u i d .  

5.1.1.3 Recovery of A lka l ine  

The a l k a l i n e  s o l u t i o n  d ra ined  from t h e  pu lp  con ta ins  t h e  
hemicel lulose,  p e c t i n s ,  f a t s ,  etc ., p l u s  small losses of c e l l u l o s e  and 
l i g n i n .  This  s o l u t i o n  is f e d  t o  a series of f o u r  m u l t i p l e  e f f e c t  evap- 
orators where t h e  s o l u t i o n  is evaporated t o  a dry s o l i d .  The evaporated 
water is recycled through a later washing s t e p ,  bu t  the  s o l i d  sediment 
from the  evapora tor  composed of a l k a l i ,  hemice l lu lose  and o t h e r  c o n s t i t -  
u e n t s  is s e n t  t o  a burner .  I n  t h e  burner ,  t h e  hemice l lu lose  and o t h e r  
organic  material is converted t o  carbon d iox ide  and water, which a r e  
used i n  pH adjustment of later streams or d ischarged  t o  the  atmosphere.  
The sodium carbonate  a s h  remaining a f t e r  combustion is mixed wi th  water 
and t r e a t e d  w i t h  l i m e .  The reaction which occurs  i n  the  mixer is 

NaZC03 + CaO + !i20 +CaC03 + NaOH 

s odium 1 i m e  calcium a l k a l i  
carbonate  ca rbona te  

The a l k a l i  is recyc led  t o  t h e  a l k a l i  storage and the calcium carbonate  
which p r e c i p i t a t e d  i n  t h e  settler is charged t o  t h e  r o t a r y  k i l n .  I n  t h e  
k i l n ,  t h e  calcium carbonate  is heated by d i r e c t  contact w i t h  hot  combus- 
ti03 gases  produced by burning f u e l .  The hot  calcium carbonate  decom- 
poses  t o  carbon d iox ide  and s o l i d  l i m e  as follows: 

CaC03 + C 0 2  + CaO 

The s o l i d  lime c l i n k e r  is pu1.verized and recycled t o  t h e  mixer. The 
l a r g e  q u a n t i t y  of carbon d iox ide  is a v a i l a b l e  f o r  a d j u s t i n g  t h e  pH of 
var ious  streams i n  t h e  process  or d ischarged  t o  t h e  atmosphere.  

5 .1 .1 .4  F u r t h e r  Trea tment  of t h e  Akal i -Treated C e l l u l o s e  

The pa lp ,  on t h e  o t h e r  hand, it3 washed i n  a acreener-washer 
s i m i l a r  t o  t h e  sc reene r ,  bu t  having e x t e r n a l  and i n t e r n a l  water spray 
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nozzles .  About 1500 tons/day of water is needed, l a r g e l y  der ived  from 
t h e  recycled water condensed i n  t h e  a lka l i - r ecove ry  process .  The pulp  
then goes i n t o  a second screw p r e s s ,  as before ,  so t h a t  t h e  r e s i d u a l  
water may be reduced t o  t h e  poin t  where sodium hydroxide and suga r s  
each pass  a t  a rate of less than 1/2 percen t .  

by be ing  used i n  t h e  a l k a l i  reactor. 

a f u r t h e r  reduct ion  t o  150 mesh is achieved.  Th i s  s i z e  reduct ion  makes 
t h e  c e l l u l o s e  more amenable t o  subsequent enzymatic a t t a c k  i n  t h e  c e l l u -  
l o s e  reactor. The f i n e l y  d iv ided  s o l i d s  leav ing  t h e  b a l l  mill are mixed 
w i t h  water and d iv ided  i n t o  two portions. The n.ajor po r t ion  is ad jus t ed  
t o  a pH = 5 wi th  a c i d  and f e d  t o  t h e  c e l l u l o s e  r e a c t o r .  The minor por- 
t i o n  is  adjus ted  t o  a pH = 3 and s e n t  t o  t h e  fe rmenter .  

The wash water from the preceding two s t e p s  is recycled 

The c e l l u l o s e  a f t e r  washing is s e n t  t o  a b a l l  m i l l  where 

5.1.1.5 C e l l u l a s e  Catalyzed Breakdown of Treated C e l l u l o s e  - 
The c e l l u l o s e  s l u r r y  s e n t  t o  t h e  fe rmenter ,  a stirred ves-  

se l ,  i s  mixed w i t h  a c u l t u r e  of t h e  fungus,  Trichoderma v i r i d e  QM 9123, 
n u t r i e n t s ,  and an ant i foamant .  A small bleed stream of unreac ted  c e l l u -  
l o s e  is charged t o  the  fermenter i n  order +o cont inuous ly  seed t h e  fer- 
mentat ion r e a c t i o n .  The n e g l i g i b l e  q u a n t i t y  ol' t h i s  stream is neglec ted  
i n  t h e  material ba lance .  S t e r i l i z e d  a i r  is also blown through t h e  mix- 
t u r e .  The f low rate of c e l l u l a s e  produced is 6 g a l b i n  and must be f il- 
tered by cont inuous vacuum t o  remove funga l  f i b e r s .  The s o l i d  cake which 
is  removed from t h e  f i l t e r  by a k n i f e ,  could be used f o r  animal f e e d .  

t he  c e l l u l o s e  is  contac ted  w i t h  t h e  enzyme s o l u t i o n  ( c e l l u l a s e )  t ha t  has 
been prepared i n  t h e  f e rmen te r .  The reaction proceeds u n t i l  t h e  concen- 
t r a t i o n  of g lucose  is 10 percent  by weight .  The g lucose  s o l u t i o n  l eav ing  
t h e  r e a c t o r  is mixed wi th  3 f l o c c u l e n t  i n  a f l a s h  mixer and allowed t o  
se t t le .  Lignin separates out  a s  a solid,  and t h e  overflow from t h e  set- 
tler is  f i l tered us ing  a p r e s s u r e  l ea f  f i l t e r .  The f i l t r a t e  is t h e  de- 
s i r e d  product ,  10 percent  by weight g lucose  and t h e  f i l t e r  cake  contain- 
in, t he  remaining c e l l u l o s e  and t h e  c e l l u l a s e  enzyme f i x e d  on i t  i s  re- 
cycled t o  t h e  c s l l u l o s e  reactor. 

In the m a i n  r e a c t o r ,  which is a cont inuous stirred tank,  

5.1.2 Details 

5.1.2.1 Raw Mate r i a l  

Vast q u a n t i t i e s  of c e l l u l o s e  are a v a i l a b l e  as waste products 
from iood process ing ,  lumbering, paper-making, g r a i n  ha rves t ing ,  e tc .  A t  
least two s t u d i e s  [l,21 have concluded t h a t  t h e  most l i k e l y  sou rces  of 
waste c e l l u l o s e  f o r  conversion t o  u s e f u l  products  such as p r o t e i n  and 
carbohydra tes  are (1) municipal  organic  wastes, (2) waste paper ,  and ( 3 )  
bagasse ( f i b r o u s  r e s idue  a f t e r  t h e  e x t r a c t i o n  of sugar  from suga r  cane ) .  
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Municipal Organic Wastes 

In the  U.S. t h e  annual  product ion of municipal organic  
wastes is 200 t o  300 m i l l i o n  t o n s .  C e l l u l o s e  camprises  40 t o  50  percent  
of t h i s  t o t a l .  Curren t ly ,  most municipal waste is disposed of by .he 
s a n i t a r y  l a n d f i l l  method w i t h  r e l a t i v e l y  small amounts be ing  disposed 
of by reclamation p r a c t i c e s  and i n c i n e r a t i o n .  U t i l i z a t i o n  of t h i s  waste 
w i l l  p r e s e n t  a purposeful  a l t e r n a t i v e  to  c u r r e n t  d i s p o s a l  practices and 
v a r i o u s  schemes are being c u r r e n t l y  considered by many people.  

The c e l l u l o s e  f r a c t i o n  of municipal  s o l i d  wastes w i l l  i n  
a l l  p r o b a b i l i t y  be only one output  from a waste reclamation p l a n t .  O t h e r  
ou tput  streams w i l l  be f e r r o u s  metals, g l a s s ,  p l a s t i c s ,  e tc .  The cost 
of each output ,  such as t h e  c e l l u l o s e  f r a c t i o n ,  w i l l  be a f u n c t i o n  of 
many t h i n g s  inc luding  reclamation p l a n t  c a p i t a l  and o p e r a t i n g  costs, t h e  
cost of municipal waste c o l l e c t i o n  i n c l u d i n g  t r a n s p o r t a t i o n ,  output  mar- 
k e t  c o n s i d e r a t i o n s ,  e tc .  If such reclamation p l a n t s  become a r e a l i t y ,  
t h e r e  may be other demands for  the  c e l l u l o s e  f r a c t i o n - - t h e  paper  indus t ry  
f o r  example. Such sources  of c e l l u l o s e  as reclamation p l a n t  ou tput ,  how- 
eve r ,  are not  c u r r e n t l y  a v a i l a b l e  and t h e r e f o r e  w i l l  no t  be cons idered  
f u r t h e r  i n  t h i s  s t u d y .  

Waste PaDer 

Wastepaper is g e n e r a l l y  collected on a local basis by junk 
dealers f o r  resale as paper  s t o c k  t o  t h e  paper i n d u s t r y .  The t o t a l  d i s -  
tance  from collector t o  consumer r a r e l y  exceeds 50  miles. The amount 
a v a i l a b l e  i n  t k t  United States each  year exceeds 100 m i l l i o n  tons ,  but  
t h e  paper  is w i d e l y  dispersed and its u t i l i z a t i o n  becanes mainly a matter 
of c o l l e c t i o n  or c o n c e n t r a t i o n .  A t  p resent ,  most of t h i s  paper  is dis- 
posed of as part of t h e  municipal  so l id  waste d iscussed  previous ly .  Thus, 
t h e  use of wastepaper is dependent upon developmc-nt of waste reclamation 
p l a n t s .  A t  p r e s e n t ,  wastepaper is not  an a t t r a c t i v e  source  of c e l l u l o s e  
because of its g r e a t l y  f l u c t u a t i n g  price, i ts  u n c e r t a i n  a v a i l a b i l i t y  Cl], 
and its scarcity i n  underdeveloped undernourished areas. 

Bagasse- 

Bagasse is p r e s e n t l y  considered t o  be t h e  most l i k e l y  source  
of raw c e l l u l o s e  f o r  g lucose  or s t a r c h  product ion because of i t s  a v a i l a -  
b i l i t y  i n  large q u a n t i t i e s .  The w o r l d ' s  supply of bagasse is estimated 
t o  be Over 100 m i l l i o n  t o n s  per y e a r  w i t h  over  10 millioa t o n s  being pro- 
duced i n  t h e  U.S. 

C o m D a r a t  i v e  Raw Material Cost  

The cost of t h e  v a r i o u s  materials tha t  might s e r v e  as sources  
of c e l l u l o s e  f o r  t h e  product ion of g lucose /s ta rch  has been estimated as 
fo l lows  [l]: 
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Source - Cost,  $ / lb  

Municipal organic  waste 0.125 - 0.225 
Wastepaper (No. 1 grade-mixed 1 0.20 - 0.60 
Bagasse 0.25 - 0.75 

While  t h e  c o s t  of ljagasse is es t imated  t o  be somewhat 
higher than  municipal c e l l u l o s e  waste o r  wastepaper,  bagasse is a v a i l -  
a b l e  i n  recoverable ,  dependable supply.  T h i s  is e s s e n t i a l  f o r  a n y  con- 
t inuous  manufacturing ope ra t ion .  Theref ore ,  w e  have s e l e c t e d  bagasse 
as a s u i t a b l e  s t a r t i n g  m a t e r i a l  f o r  des ign  purposes .  

O t h e r  Major Raw Mater ia l  Requirements 

The major raw m a t e r i a l s  o t h e r  than  bagasse are a l k a l i  and 
crushed l imestone.  Both, however, c o n s t i t u t e  only makeup q u a i t i t i e s  t o  
r ep lace  l o s s e s  i n  t h e  process  s i n c e  the overwhelming po r t ion  of t h e s e  
m a t e r i a l s  a r e  regenerated i n  t h e  processing scheme. A l k a l i  and crushed 
l imestone a r e  cheap, commonly a v a i l a b l e  m a t e r i a l s .  The amounts used and 
their c o s t s  a r e  given i n  t h e  economics s e c t i o n .  Small amounts of n u t r i -  
ents and miscel laneous chemicals  a r e  a l s o  use6 i n  t h e  process  and t h e i r  
c o s t  has been included i n  t h e  economics. 

5.1.2.2 A l k a l i  Reactor 

The primary reason f o r  p r e t r e a t i n g  c e l l u l o s e  wi th  an e l e c -  
t r o l y t i c  so lven t  is that t h e  c e l l u l o s e  is pene t r a t ed  and swollen,  thereby 
decreas ing  its c r y s t a l l i n i t y  and inc reas ing  i t s  r e a c t i v i t y  f o r  enzyme 
degrada t ion .  Many r eagen t s  a r e  r ead i ly  available f o r  accomplishing t h i s  
t ask ,  but those  of most common i n d u s t r i a l  a p p l i c a t i o n  a r e  sodium hydrox- 
ide  and s u l f u r i c  a c i d .  

A d e c i s i o n  had t o  be made a s  t o  what t rea tment  would most 
e f f i c i e n t l y  p u r i f y  t h e  raw material, bagasse, f o r  subsequent enzymatic 
r eac t ion  in su r ing  a pure p r o h c t  without harmful t o x i c i t y  l e v e l s .  Four 
p o s s i b i l i t i e s  e x i s t e d  : 

(1) Acid t rea tment  
(2)  Acid t o  a l k a l i  treakment 
(3) A l k a l i  t o  a c i d  t rea tment  
( 4 )  A l k a l i  t reatment  

Examination of t h e  approximate a n a l y s i s  of bagasse gave 
much i n s i g h t  i n t o  so lv ing  t h e  problem. 
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Sugarcane Rp~psst? Composition 

C amponen t 

Ce l lu lose  
Hemicellulose 
Lignin 
S i l i c a ,  Fat ,  Wax, A s h  

Proximate Analysis  

$, of Dry Weight 

46 
25 
20 
9 rn 

The first three a l t e r n a t i v e  t reatments  w e r e  r e j e c t e d  f o r  
the  f o l lov ing  reasons - 

(1) Acid t rea tment  a lone  would s o l u b i l i z e  t h e  c e l l u l o s e  a long  w i t h  
hemicel luloses .  About 10 percent  of t h e  hemice l lu loses  are 
composed of toxic materials such as xy loses  which tend t o  
bu i ld  up  i n  the  human body and would t h e r e f o r e  in t roduce  a 
de t r imen ta l  a d d i t i v e  in the  f i n a l  product .  No eeasible separ- 
a t i o n  w a s  found which s e p a r a t e s  the  c e l l u l o s e  from t h e  hemicel- 
l u l o s e s  after they are both  s o l u b i l i z e d .  

(2) Acid t o  a lkal i  t rea tment  =auld s e r v e  no u s e f u l  purpose s i n c e  
the c e l l u i o s e  and hemice l lu loses  are So luS i l i zed  i n  t h e  acid 
t reatment  and subsequent a d d i t i o n  of a l k a l i  has  no e f f e c t .  

(3) A l k a l i  t o  acid t rea tment  appeared t o  separate out  a l l  unwanter? 
components of t h e  bagasse material. The i n i t i a l  a l k a l i  treat- 
ment, about 4 percent  NaOH, w o u l d  s o l u b i l i z e  only the hemicel- 
l u l o s e s  which could be separa ted  from t h e  c e l l u l o s e  and l i gn in .  
Subsequent t rea tment  w i t h  60 to 65 percent  s u l f u r i c  acid would 
s o l u b i l i z e  the c e l l u l o s e  l eav ing  t h e  s o l i d  l i g n i n  t o  be skimmed 
o f f  and t h e r e f o r e  separa ted .  The de t r imen ta l  f e a t u r e  of t h i s  
scheme was the enormous amount of r e l a t i v e l y  h igh  concen t r a t ion  
ac id  which w o u l d  be lost due t o  n e u t r a l i z i n g  of t h e  c e l l u l o s e  
s o l u t i o n  be fo re  it was charged I n t o  t h e  c e l l u l o s e  reactor. The 
acid makeup w a s  calculated t o  be 2500 tc.ns/day a t  approximately 
$30/ton--a most formidable  d a i l y  cost cons ide ra t ion .  
sequent bui ldup i n  salts, t h e  uuresolved problems of s e p a r a t i o n  
and the probable  i n h i b i t i o n  of a h igh  salt  concen t r a t ion  on 
later enzyme fermenta t ion  made t h i s  approach very u n a t t r a c t i v e .  

The sub- 

The f o u r t h  p o s s i b i l i t y ,  a l k a l i  t rea tment  a lone,  was f i n a l l y  
chosen. I t  e l i m i n a t e s  t h e  unwanted hemice l lu loses  but  keeps the  l i g n i n  
w i t h  the c e l l u l o s e .  The assumption I s  t h a t  the l i g n i n  does no t  i n h i b i t  
glucose formation and is la ter  separa ted  from t h e  f i n a l  p r d u c t .  This 
t r ea tmen t  proceeds m o s t  e f f i c i e n t l y  a t  150°F f o r  1 hour  us ing  a 4 percent  
sodium hydroxide s o l u t i o n .  

5.1.2.3 Cel lu loae  Reactor  and Fermentor Design 

The conversion of cellulose t o  g lucose  is &ccompllslled by 
the use  of a s i n g l e  enzyme, c e l l u l a s e .  The cellulase enzyme reqt; ired i s  
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produced i n  s i g n i f i c a n t  q u a n t i t i e s  by T. v i r i d e ,  and excre ted  i n t o  t h e  
medium. Thus, i t  is conceptual ly  possible t o  grow T. v i r i d e  i n  a tank,  
f i l t e r  t h e  c e l l u l a r  material out ,  and u s e  t h e  r e s u l t i n g  enzyme s o l u t i o n  
i n  another  tank  t o  break down c e l l u l o s e .  

The parameters for  a p l a n t  d e s i g n  are, i n  p a r t  : 

1. The q u a n t i t y  of enzyme a c t i v i t y  produced p e r  l i t e r  of b r o t h  p e r  
hour .  (To compute s i z e  and cost of t h e  enzyme product ion u n i t . )  

2. S t a b i l i t y  of the  enzyme as a f u n c t i o n  of t i m e .  

3. K i n e t i c s  of the  r e a c t i o n .  (To compute t h e  hold ing  t i m e  of t h e  
react ion  v e s s e l .  

4. Projec ted  c o n c e n t r a t i o n s  of c e l l u l o s e  and g lucose .  

F o r  purposes of t h i s  design,  an enzyme a c t i v i t y  and produc- 
t i o n  rate based on t h e  work of Mandel e t  a l ,  a t  N a t i c k  Laboratories, was 
used.  
t i v i t y  and 1.0 gm E / l i t e r - h r  for t h e  fe rmenter  product ion rate. This  
implies an a c t i v i t y  product ion of 4 g g l u c o s e / l i t e r / h r .  As discussed  
i n  Appendix 5.1, t h e  d e s i g n  of the  main reactor and t h e  fe rmenter  are 
tied together because enzyme lo s t  due  t o  d e g r a d a t i o n  and s e p a r a t i o n  in-  
e f f i c i e n c i e s  must be replenished cont inuous ly .  Obviously, the more rap- 
i d l y  enzyme decays and/or is lo s t  i n  s e p a r a t i o n ,  t h e  g r e a t e r  t h e  enzyme 
genera t ion  c a p a c i t y  requi red .  A r e c y c l e  of enzyme i s  mandated by t h e  
high cost of enzyme. For purposes of d e s i g n i n g  t h e  volume of reactor 
requi red ,  it is assumed tha t  c e l l u l a s e  w i l l  degrade l i n e a r l y  w i t h  time, 
half of t h e  a c t i v i t y  being lost i n  100 d a y s ,  I t  has a lso been assumed 
that ,  a t  the o u t l e t  of the glucose reactor, the enzyme and the  g lucose  
can be s e p a r a t e d  from each other w i t h  an e f f i c i e n c y  e q u i v a l e n t  t o  the  
loss p e r  day of 2 percent  of t h e  enzyme inventory i n  the  g lucose  reactor. 
These v a l u e s  were chosen p a r t l y  because they appear  reasonable  and p a r t l y  
because shor te r  h a l f - l i v e s  or larger losses r a p i d l y  g i v e  uneconomic de- 
s igns .  I t  i s  expected,  then,  that t h e  technology t o  achieve  these l e v e l s  
w i l l  be developed. 

s i z e  requi red  is n e a r l y  50 percent  greater than would be requi red  i f  
there were no degrada t ion  loss o r  s e p a r a t i o n  loss of enzyme. A reaction 
volume of 270,000 g a l l o n s  is required.  

t i m e  i n  t h e  m a i n  reactor w: l l  be s u f f i c i e n t  t o  produce 100 tons/day c,f 
glucose f r o m  t h e  e n t e r i n g  s t a r c h .  No recycle of unreac ted  c e l l u l o s e  is 
shown because i t  is  assumed t h a t  the enzyme attaches t o  the unreacted 
c e l l u l o s e  and r e t u r n s  t o  the reactor from the f i l t e r  ( t h e  stream being 
a s l u r r y  c o n t a i n i n g  l i t t l e  water). Cons idera t ions  of pumping economy, 
minimizing reactor volume, and minimizing s t e r i l i t y  problems i n d i c a t e d  
that  a stream of 154 gpm e n t e r i n g  the reactor and c o n t a i n i n g  10 percent  
c e l l u l o s e  could  be expected t o  f low easily and would g i v e  reasonable  
r e a c t o r  volumes f Jr t h e  r e q u i s i t e  res idence  t i m e .  The  e x i t  concentra- 
t i o n  was chosen 2s 10 percent  glucose because 'here is some evidence 

T h e i r  numbers are 4.0 gm glucose/gm enzyme-hr f o r  t h e  enzyme ac- 

For  t h e  above c o n d i t i o n s  (see Appendix 5.1) t h e  reactor 

I m p l i c i t  i n  t he  above c a l c u l a t i o n  is t h a t  t h e  r e s i d e n c e  
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that  glucose concent ra t ions  of 10 percent  or g r e a t e r  tend t o  i n h i b i t  
growth of u n d e s i r a b l e  microorganisms. IC a st irred tank r e a c t o r  of 
t h e  type  proposed, t h e  average concent ra t ion  i n  t h e  tank is essen-  
t i a l l y  t h e  e f f l u e n t  concent ra t ion .  

F o r  both t h e  main reactor and t h e  c e l l u l a s e  fermentor ,  
o p e r a t i o n a l  problems such as f low upse ts ,  contaminat ion,  e tc  ., would 
r e q u i r e  shutdown of the  e n t i r e  f a c i l i t y  i f  s i n g l e  reactors were used.  
Thus, m u l t i p l e  reactors i n  parallel  a r e  proposed, t h e  t o t a l  volume be- 
i n g  t h e  des ign  v a l u e  p l u s  some e x t r a  for  mechanical reasons .  
permit  reasonable  c o n t i n u i t y  of opera t ion  and reduce the  requirement fo r  
holding v e s s e l s  w i t h  t h e i r  associated problems of cost, contaminat ion,  
pumps, manpower, and so an. 

T h i s  w i l l  

5 . 1 . 3  Enzyme Production 

The only enzymes involved i n  t h e  c e l l u l o s e  t o  g lucose  pro- 
cess are t h e  ncellulase complex" enzymes, o f t e n  simply referred t o  as 
cellulase. A t y p i c a l  l abora tory  product ion of c e l l u l a s e  is  d e t a i l e d  i n  
13, 43. 

In genera l ,  producing large q u a n t i t i e s  of enzymes f irst  in-  
vo lves  scal ing-up l a b o r a t o r y  and p i l o t - p l a n t  equipment t o  i n d u s t r i a l  
product ion.  Equipment such as fermenters ,  heat exchangers,  c r y s t a l l i z -  
ers, f i l ters,  and so fo r th ,  can be designed and proper ly  operated only 
if scale-up technology is f u l l y  apprec ia ted .  

This  techno19gy is discussed  i n  151 and e s s e n t i a l l y  involves  
only elementary dimensional a n a l y s i s .  Hence, t he  t y p i c a l  scale-up prob- 
l e m s  encountered in going from l a b o r a t o r y  t o  i n d u s t r i a l  product ion w i l l  
n o t  be dealt w i t h  here. 

A full-scale product ion process  is shown in Figure  5 .2 .  The 
process  w o u l d  be started by i n n o c u l a t i n g  2000 g a l l o n s  of medium i n  each 
of t w o  3000 g a l l o n  fe rmenter  reactors w i t h  cultures of Trichoderma v i r i d e  
The m e d i u m  c o n s i s t s  of 1.0 percent  Solks  F loc  ( c e l l u l o s e ) ,  0.1 percent  
p r o t e o s e  peptone, sa l t s  and water. The cultuzes are maintained a t  28 t o  
29°C for  s i x  days t o  reach a h igh  c e l l u l a s e  a c t i v i t y .  
harvested a t  t h e  rate of .8 gal/min, and s imultaneously .8 gal/min of 
fresh n u t r i e n t ,  mainly c e l l u l o s e  from p r e h y d r o l i z a t i o n ,  is added t o  keep 
t h e  fe rmenter  volume and c e l l u l a s e  a c t i v i t y  c o n s t a n t .  

amount of r e s i s t a n t  cellulose rec idue ,  obtained from t h e  glucose f i l t e r  
r e c y c l e  stream is used as f e e d  for  t h e  fe rmenter  reactor. Apparently,  
u s e  of t h e  c e l l u l o s e  remaining af ter  enzyme atrack r e s u l t s  i n  a c e l l u l a s e  
p r e p a r a t i o n  having a high a c t i v i t y  on r e s i s t a n t  c e l l u l o s e .  

a p p r o p r i a t e  s t i r r i n g  speed is 10 rev/min w i t h  a 36 inch  diameter f o u r  
bladed impel le r .  Placement is l o w  i n  ttie w1ti:re. A second impel le r  
can be loca ted  j u s t  above the liquid-foam i n t e r f a c e .  Antifoam (Tween 80) 
is added t o  c o n t r o l  foam. The a e r a t i o n  rate I s  about 250 cfm. 

The cel ls  are then 

Following a sugges t ion  of Mandels and Weber C43, a small 

To i n c r e a s e  ce l l  growth, t h e  fe rmenter  medium is st irred.  An 
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The e f f l u e n t  ( . 8  gal/min) from t h e  f e rmen te r  reactors is 
pumped t o  a s y s t e m  of t w o  cont inuous vacuum drum f i l t e r s  of 10 square  
f e e t  each. The f i l ters remove the f u n g i  wastes from t h e  c e l l u l a s e  
s o l u t i o n .  Then a pH adjustment  is made w i t h  NaOH or KOH, and t h e  
c e l l u l a s e  s o l u t i o n  is pumped t o  the  main reactor. 

Typica l ly ,  c u l t u r e s  of Trichoderma v i r i d e  become contami- 
nated after 100 days w i t h  Asperge l lus  n i g e r  C4l. and t h e  y i e l d  d e c l i n e s ,  
bu t  over  200,000 g a l l o n s  of a c t i v e  c e l l u l a s e  can be harves ted  i n  a 100 
day period. 

5.1.4 S p e c i a l  Problems 

5.1.4.1 S t e r i l i z a t i o n  

One of the  p o t e n t i a l  problems in the c e l l u l a s e  process  is 
contaminat ion of t h e  f e rmen te r  or the c e l l u l o s e  reactor by undes i r ab le  
organisms which metabolize g lucose .  In the reactor t h i s  would lead t o  
consumption of glucose  and t o  contaminat ion of t h e  p r d u c t  by ?:le orga- 
nisms and t h e i r  e x c r e t i o n s .  I n  the  fe rmenter  t h e r e  is t h e  added problem 
of competi t ion w i t h  t he  ce l lu lase-producing  fungus.  Hence, the  invas ion  
of micro-organisms i n t o  either v e s s e l  must be prevented. The f o l l o w i n g  
steps should be taken:  

Cons t ruc t ion  of the  e n t i r e  process fraar t h e  alkali  reactor :o 
t he  output  end in such a manner that t h e  p l a n t  can be s t e r i l i z e d  
be fo re  operat ion. 

Continuous s t e r i l i z a t i o n  of a l l  e n t e r i n g  streams : the a1.-aline 
pulp w i l l  be sterile, but incoming water and gases  must be passee 
through micropore f i l t e r s .  

Cont ro l  of t h e  glucose concen t r a t ion  i n  t h e  c e l l u l o s e  reactor to 
a l e v e l  high enough t o  s l o w  down micro-organisms; possibly a l s o  
oxygen l e v e l  c o n t r o l .  

S p l i t t i n g  the  process  i n t o  t w o  reactors so that one can be t a k e n  
out of product ion and sterilized without  c l o s i n g  down t h e  e n t i r e  
p l a n t  i f  one becomes contaminated. 

Provid ing  l abora to ry  services for  t h e  monitor ing of s t e r i l i z a t i o n ,  
f o r  test c u l t u r e s  of t h e  reactor m e d i a ,  and f o r  c o n t r o l  of t h e  
p u r i t y  of the product .  

5.1.4.2 Lignin 

The a l k a l i n e  process ,  while d i s s o l v i n g  hemice l lu lose ,  does 
n o t  e f f e c t i v e l y  destroy t h e  l i g n i n .  Hence, it passes i n t o  t h e  c e l l u l o s e  
reactor w i t h  the  pulp,  where it does no t  c o n t r i b u t e  anything,  and may 
even c a p t u r e  some of t h e  enzyme. S ince  it does not  break down, a l a r g e  
p a r t  of i t - -p lus  some cellulose--ay be sepa ra t ed  out in a set t ler .  
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However, some of it w i l l  s t a y  w i t h  t h e  c e l l u l o s e  and be recycled i n t o  
the  r e a c t o r .  Hence, t h e  l i g n i n  l e v e l  w i l l  b u i l d  up. For example, i f  
l i g n i n  c o n s t i t u t e s  about 30 percent  of t h e  e n t e r i n g  pulp, and t h e  set- 
t l e r  e l imina te s  about 75 percent  of the  l i g n i n  i n  t h e  r ecyc le  stream, 
i t  w i l l  bu i ld  up t o  the po in t  where it  c o n s t i t u t e s  about 40 percent  of 
t he  suspended s o l i d s .  Since p a r t i c u l a r l y  small l i g n i n  p a r t i c l e s  w i l l  
tend t o  recyc le ,  t h e  e f f i c i e n c y  of t h e  settler w i l l  f a l l  off and t h e  
l i g n i n  l e v e l  bu i ld  up f u r t h e r  w i t h  t i m e .  Hence it w i l l  be necessary 
t o  f l u s h  out the s y s t e m  from t i m e  t o  t i m e ,  caus ing  l o s s  of c e l l u l o s e  
and enzyme. 

5.1.4.3 Sol id  'rvaste 

The waste from t h e  settler w i l l  con ta in  l i g n i n ,  some 
c e l l u l o s e ,  and some c e l l u l a s e  adsorbed on t h e  c e l l u l o s e .  When t h e  
s y s t e m  is blown down, l i g n i n  and s u b s t a n t i a l  amounts of c e l l u l o s e  and 
c e l l u l a s e  w i l l  be rejected. Since c e l l u l o s e  and c e l l u l a s e  have n u t r i -  
t i v e  va lue  t o  sane animal?, it is intended t o  use t h i s  waste m a t e r i a l  
as inexpensive feed,  to *be supplemented w i t h  more well-rounded f e e d s .  

5.1.5 Major Items of Equipment and Fixed C a p i t a l  Investment 

A list of t he  major p i eces  of equipment i n  the c e l l u l o s e  
process  appears  in Table 5.1. The table g ives  t h e  s p e c i f i c a t i o n s  of 
each i t e m ,  t h e  number requi red ,  and the  purchase p r i c e  i n  1972 d o l l a r s .  
The t o t a l  purchase c o s t  of t h e  equipment is $1,450,000. 

The f i x e d  c a p i t a l  i nves tmen t  is shown i n  Table 5.2. I t  was 
evaluated by us ing  t h e  t o t a l  purchase c o s t  of t h e  equipment as  a base.  
Direct  and icdirect c o s t s  w e r e  c a l c u l a t e d  as appropr i a t e  percentages  of 
t h e  base (6). A contingency amounting t o  10 p e r c e n t  of t he  t o t a l  d i r e c t  
and i n d i r e c t  c o s t s  is included i n  t he  f i x e d  c a p i t a l  i n v e s t m e n t .  The 
f ixed  c a p i t a l  investment is .56,050,000 f o r  a p l a n t  t o  produce 100 tons  
glucose p e r  day.  

5.1.5.1 Manufacturing Costs  

The manufacturing c o s t  amounts t o  4 and 1/2 c e n t s  per  
pound g lucose .  T h i s  c o s t  inc ludes  that f o r  r a w  m a t e r i a l s ,  l abor ,  sup- 
p l i e s ,  amor t iza t ion ,  t a x e s ,  insurance ,  overhead and u t i l i t i e s .  A de- 
t a i l e d  summary of t h e  manufacturing c o s t  p e r  pound is given i n  Table 
5.3. 

( a )  Raw Mate r i a l s .  The major raw m a t e r i a l  is bagasse.  A c o s t  
of l d / l b  dry c e l l u l o s e  is assumed which i s  based e s s e n t i a l l y  on t h e  f u e l  
v a l u e  of t h e  bagasse and the  c o s t  of b a l i n g .  The q u a n ? i t i e s  of a l k a l i  
and crushed l imestone c o n s t i t u t e  make-up for t h e  5 percent  loss t h a t  oc- 
c u r s  i n  t h e s e  m a t e r i a l s  dur ing  t h e  process .  Losses have been reduced 
by inc luding  equipment i n  t h e  process  f o r  regenera t ion  of a l k a l i  and l ime. 
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Table 5.1 

PURCHASE COST OF EQUIPMENT 

Number 
iequi red 

1 

1 

1 

1 

1 

1 

2 

2 

4 

1 

1 

1 

1 

1 

1 

Item Descr ip t ion  

B e l t  Conveyor, 100 x 30", 40 I/ 
min, inc luding  motor and d r i v e  

Rotary Knife C u t t e r ,  inc luding  
motor d r i v e  and guard 

Storage  Hopper, carbon steel 

Vibratory Screw Feeder includ-  
ing motor and d r i v e  

Alka l i  Reactor, 30,000 gal  w i t h  
a g i t a t o r ,  304 s t a i n l e s s ,  i n -  
c ludes  d r i v e  u n i t  

A l k a l i  Storage Tank, 30,000 
gs:, 7% s t a i n l e s s  steel 

Sc reener-Washe rs 

Screw Pres ses  

Evaporators,  long tube  v e r t i c a l ,  
4000 squa re  f e e t  hea t ing  s u r f a c e  

Burner 

Mixer, settler, 7500 g a l ,  con- 
t inuous ,  s t a i n l e s s  steel s h a f t ,  
motor, g e a r  reducer  w i t h  b a f f l e s  
f o r  a lkal i  regenera t ion  

Rotary Kiln,  8' dim x320' long, 
inc luding  d r i v e r ,  burner  and 
alumina brick l i n i n g  

Pu lve r i ze r ,  2.7 tons/hr ,  in -  
c lud ing  motor, d r i v e  and guard 

Storage v e s s e l ,  15,000 g a l  fo r  
c rushed 1 imes t one 

B a l l  M i l l  W e t  Grinder ,  closed 
c i r c u i t  w i t h  a i r  c l a a s i f  ier, 
motor, d r i v e ,  and balls included 

- 
Ref. 

C6aI 
- 

C6b3 

C6c I 

C6d I 

E6c 1 

C6c 3 

c73 

16el 

[sal 

C 8bl 

C6bI 

C6c 1 

C6bl 

'72 $ 
Each 

10,300 

9,600 

3,200 

1,900 

42,500 

32,200 

4,500 

55,000 

64,500 

10,000 

4,400 

574,000 

1,000 

7,100 

87,500 

10,300 

9,600 

3,200 

1,900 

42,500 

32,200 

9,000 

110,000 

25 8,000 

10,000 

4,400 

574,000 

1,000 

7,100 

87,500 
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Table 5.1 (Cont ) 

Number 
3equ i red 

5 

1 

1 

3 

2 

1 

2 

10 

Item Desc r ip t ion  

Ce l lu lose  Reactor, p l a s t i c  
coated carbon steel w i t h  a g i t a -  
t o r ,  d r i v e  u n i t  included,  
60,000 g a l  

F l a sh  mixer inclur i ing a g i t a t o r  
and motor, 15 g a l  capac i ty  

S e t t l e r ,  plastic coated carbon 
steel, 12,000 g a l l o n  w i t h  stir- 
rer and d r i v e  u n i t  

Glucose F i l t e r ,  v e r t i c a l  tank,  
p re s su re  leaf, 304 stainless, 
250 squa re  f e e t  

Fermenter, 3000 ga l ,  304 s t a i n -  
less inc lud ing  d r i v e  u n i t  and 
motor 

A i r  B l o w e r ,  10 psi m a x i m u m  
d ischarge ,  500 cfm 

Enzyme F i l te r ,  cont inuous 
vacuum drum, 10 f t 2  

Pumps and Motors, 5 Hp 

Ref. 

C6c 3 

C6f 1 

C6c 1 

C8cl 

C6c 3 

C6gl 

C6hl 

C6il 
To ta l  

or 

'72 $ 
E a c h  

32,300 

3,900 

15,000 

10,300 

15,500 

3,200 

15,500 

1,100 

approximately 

Tota l  $ 

161,000 

3,900 

15,000 

30, SO0 

31,000 

3,200 

31,000 

11.000 

$1,448,200 

$1,450,000 

Each i t e m  was s i z e d  on t h e  basis of t h e  q u a n t i t y  of m a t e r i a l  handled. 
'urchase costs f o r  t h e  s i z e  o r  capac i ty  r equ i r ed  was obtained from s e v e r a l  
standard r e fe rences  [6,8,91. These costs were updated t o  1972 d o l l a r s  on 
:he basis of Chemical Engineer ing Cost Ind ices  C6jI. 

F o r  example, suppose a p a r t i c u l a r  p i e c e  of equipment cost $10,000 in 
.966. The cost index f o r  1966 is 107.2 w h i l e  t ha t  f o r  1972 is 138.5. ?he 
.ncrease in cost index r e f l e c t s  f a c t o r s  such as h ighe r  labor and m a t e r i a l  
: o s t s .  Thus, t he  purchase  COP^ of t h e  equipment in 1972 is 

Purchase C o s t  = $io,ooo [-I = $12,900 i n  1972 



Table 5.2 

FIXED CAPITAL INVESTMENT 

Direct Costs  (DC) 

Equ i pmen t , purchased c o s t  

Ins t a 1 1 a t  i on 

Instruments  and Cont ro ls  

Piping, i n s t a l l e d  

E lec t r i c  a 1, i n s  t a 1 led  

Building,  inc luding  s e r v i c e s  

Yard improvements 

Serv ice  f a c i l i t i e s ,  i n s t a l l e d  

Land 

I n d i r e c t  Costs  ( IC)  

Engineering and superv is ion  

Contract  o r  expense 

Other Cos ts  ( O C )  

$ Equipment Cost  

100 

45 

15 

50 

10 

15 

20 

40 

6 

32 

40 

cost, 9 

1,450,000 

652,000 

217,000 

725,000 

145,000 

217,000 

145,000 

5 80,000 

87,000 

Tota l  DC = 4,218,000 

463,000 

580,000 

Tota l  IC = 1,043,000 

Cont rac to r ' s  f e e  5% DC + IC Totals 263,000 

Con t i ngenc y 10& DC + IC Totals 526,000 

Tota l  OC = 789,000 

Fixed C a p i t a l  Investment (FCI) = Sum DC, IC, and OC Totals 

FCI = $6,050,000 
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Table 5 . 3  

MANUFACWRING COST 
Basis : 100 tons/day glucose 

Raw Materials 

Bagasse con ta in ing  109 tons  dry c e l l u l o s e  @ 1$/lb c e l l u l o s e  

A l k a l i ,  d ry  f l a k e ,  4.25 tons/day @ $150/ton 

Crushed l i m e s t o n e ,  6 tons/day @ $13.30/ton 

Nu t r i en t s ,  miscellaneous chemicals 

Labor and Suppl ies  

Operat ing labor ,  288 man hours @ $4/man h r  

Supervis ion,  15% ope ra t ing  labor 

Maintenance and r e p a i r ,  3% FCI 

Operat ing s u p p l i e s ,  15% maint.  and repair 

Laboratory,  10% o p e r a t i n g  l a b o r  

Fixed C o s t s  

Depreciat ion,  10% FCI 

Taxes and Insurance, 3& FCI 

P 1 a n t  Over head 

50% o p e r a t i n g  labor ,  supe rv i s ion  and maintenance 

U t i l i t i e s  

Water, 200 gal/min @ 15d/1000 gal 

Steam, 50 Mlbs/hr, 100 psi,  (9 60$/Mlb 

Fuel ,  11.2 M BTU/day @ $0.25/MM BTU 

E l e c t r i c i t y ;  600 Kw-hr 0 O.Ob$/Kw-hr 

Per D a j  

$2,180 

6 40 

80 

35 

$2,935 

1,150 

173 

498 

75 

115 

$2,011 

1,660 

498 

$2,158 

A 910 

45 

720 

77 

144 

$ 986 
- 

Overa l l  Manufacturing C o s t  = $9,00O/Day 

Mfg C o s t  - $9,00O/Day;100#/ton 
l b  g l u c .  - Day/100 T/ / Z O O 0  l b  - 4.5#/lb glucose 
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(b )  Operating Labor. The man-hours of ope ra t ing  l abor  were 
c a l c u l a t e d  u s i n g  two d i f f e r e n t  methods and good agreement was found .  
One  method i s  based on 48 man-hours pe r  day pe r  process ing  s t e p .  I t  
was assumed t h a t  t h e r e  a r e  6 major process ing  s t e p s :  p re t rea tment ,  
a l k a l i  r eac t ion ,  evaporat ion,  c e l l u l o s e  r e a c t i o n ,  enzyme p repa ra t ion  
i n  t h e  fermenter ,  and regenera t ion  of a l k a l i  and l imo. The o the r  method 
is based on processing s t e p s ,  d a i l y  tonnage capac i ty ,  and t h e  e x t e n t  of 
continuous process ing .  The r e s u l t  is 288 man-hours p e r  day o r  12 men 
per  8 hour s h i f t .  

Other l abor  such a s  t h a t  f o r  supe rv i s ion ,  maintenance and 
r e p a i r ,  and labora tory  a n a l y s i s  were taken as percentages  of e i t h e r  t h e  
ope ra t ing  labor  o r  t h e  f i x e d  c a p i t a l  investment .  

An average c o s t  of $4 per  man-hour was used. 

I tem 

5 Change Change 
Absolute Change 

R a w  Mater ia l  100 1d / lb  

FC I 25 $1.5 Mil l ion  

ut i l i t ies  5c $SOO/Day 

Operat ing Labor 25 3 m e n / s h i f t  

Enzyme Mfg. FCI 100 $266,000 

( c )  Amortization. Amortization o r  p l a n t  d e p r e c i a t i o n  was c a l -  
c u l a t e d  on t h e  b a s i s  of s t r a i g h t - l i n e  d e p r e c i a t i o n .  I t  was assumed t h a t  
t h e  p l a n t  s e r v i c e  l i f e  was 10 years  so t h a t  10 percent  of t h e  f i x e d  cap- 
i ta l  investment was depr<:ciated annua l ly .  

Change i n  
d / l h  Glucose 

1.1 

0.33 

0.25 

0 .26  

0.12 

(d)  U t i l i t i e s .  The q u a n t i t i e s  of t he  va r ious  u t i l i t i e s  needed 
(make-up, water, steam, f u e l ,  and e l e c t r i c i t y )  were c a l c u l a t e d  based on 
t h e  process  requirements .  

5.1.5.2 S e n s i t i v i t y  A n a l y s i s  of Manufacturing Cost 

A summary of t h e  s e n s i t i v i t y  a n a l y s i s  is shown i n  Table 
5.4 below. 

Table 5 . 4  

SENSITIVITS ANALYSIS--CELLUWE To GLUCOSE 
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( a )  I r c rease  i n  Raw Mater ia l  Cost .  An inc rease  of l d / l b  dry 

If  municipal organic  waste a t  0.25!/lb 
c e l l u l o s e  (50% by weight of d ry  bagasse)  w i l l  r a i s e  the  c o s t  of t h e  
glucose by l . l d / l b  t o  5.6q!/lb. 
replaced t h e  bagasse,  t h e  mamfac tur ing  c o s t  would be reduced O . & / l b  
t o  3 .7d / lb .  The s u b s t i t u t i o n  of waste paper f o r  bagasse would probably 
not a f f e c t  t h e  manufacturing c o s t  s i n c e  de- inking would probably raise 
t h e  raw m a t e r i a l  c o s t  of waste paper t o  l $ / l b .  

( b )  E f f e c t  of Changes i n  Fixed C a p i t a l  Investment.  An i nc rease  
i n  f i xed  c a p i t a l  investment of 25 percent ,  o r  $1,500,000 t o  $7,500,000 
would inc rease  t h e  manufacturing c o s t  by 1/3d/ lb  t o  4 . % / l b .  A 50 pe r -  
cen t  i nc rease  i n  f i xed  c a p j t a l  investment would raise t h e  c o s t  by 0 .7? / lb  
t o  5 .2d/ lb .  

( c )  E f fec t  of Changes i n  Util i t ies.  Increases  of 50 percent  
and 100 percent  i n  t h e  c o s t  of u t i l i t i e s  would raise t h e  manufacturing 
c o s t  by only l / @ / l b  and 1/2$/1b, r e spec t ive ly .  

( d )  Effec t  of Changes i n  Operat ing Labor. An i nc rease  of 25 
percent  i n  t h e  ope ra t ing  l a b o r  requi red ,  o r  adding 3 men p e r  s h i f t ,  would 
inc rease  t h e  manufacturing c o s t  b y  l/&,’lb t o  4.75$/1b. A 50 percent  
i nc rease  i n  l abo r  would inc rease  t h e  manufacturing c o s t  by 1 /2d/ lb  t o  
5 .Od/lb. 

( e )  E f f e c t  of Changes i n  Inves tment  f o r  Enzyme Product ion .  The 
purchase c o s t  of t h e  equipment t h a t  is a s soc ia t ed  w i t h  producing t h e  c e l -  
l u l a s e  enzyme (fermenter ,  enzyme f i l t e r ,  and blower) is only $65,000 out 
of a t o t a l  equipment purchase c o s t  of $1,450,000. Assuming a 200 percent  
i nc rease  i n  t h i s  purchase,  t h e  to ta l  f i x e d  c a p i t a l  investment would be 
increased t o  only $1,600,000. This  Would only increase t h e  manufacturing 
c o s t  by about 0 .2$/ lb .  

5 . 2  F o s s i l  Fuel  -- 
5 .2 .1  Yrccess DescriDtion 

The flow diagram of t h e  process  f o r  conve r t ing  glycidaldehyde 
t o  glucose i s  presented i n  F igure  5 .3 .  The s tandard  process ing  presenta-  
t i o n  is  used whereby t h e  mainstream of t he  p l a n t  is ind ica t ed  by a heavy 
l i n e  with major p ieces  of equipment and r ecyc le  stream i n d i c a t e d .  

The glycidaldehyde enters i n t o  r e a c t o r  R 1  as a 33 percent  by 
weight s o l u t i o n .  In t h i s  r e a c t o r  t h e  glycidaldehyde a s  w e l l  as t h e  re- 
cycled L-CALD come i n  c o n t a c t  wi th  an ac id  resin which c a t a l y z e s  t h e  f o r -  
mation of D-GALD, L-GALD, and DHA. The process  i s  c o n t r o l l e d  so t h a t  t h e  
products a r e  formed i n  t h e  fo l lowing  percentages :  
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D-GALD 
L-GA LD 
DHA 

37.5% 
37 *5$ 
25 . O g  
100. ob 

The c e n t r a l  problem of o b t a i n i n g  t h i s  product  stream was 
assumed s o l v a b l e .  The r e a c t i o n  g i v e s  e q u a l  amounts of D and L-GALD and 
t h e  amount of DHA can be made less than or equal  t o  t h e  amount of D-GALD. 
In order t o  minimize t h e  r e c y c l e  stream of L-GALD, optimum choice  of op- 
e r a t i n g  va lues  of stream composition would dictate  tha t  L-GAID = D-GALD= 
DHA = 33% by we igh t .  A margin of s a f e t y  was used i n  assuming t h e  a f o r e -  
mentioned opera t ing  v a l u e s .  

phosphorylates  t h e  DHA t o  DHAP and t h e  D-GALD t o  D-GALD-3P. This r e a c t i o n  
is c a t a l y z e d  evzymatical ly  by triokinase. The b 3 l u t i o n  i n  R2 is 0 . 1  Molar 
w i t h  r e s p e c t  t o  s u b s t r a t e .  The stream e x i t i n g  R2 e n t e r s  ion exchanger 
I E l A  which c o n t a i n s  a c a t i o n i c  r e s i n  which retards t h e  i o n i c  c o n s t i t u e n t s  
of t h e  stream, enabl ing  the d-GALD-3P, t h e  DHAP, and t h e  ADP t o  be selec- 
t i v e l y  e l u t e d  and t h e  unionized L-GAW t o  be recycled t o  R1. The remain- 
der of t h e  stream e n t e r s  i on  exchanger IElB which a l so  c o n t a i n s  a r e s i n  
which s e l e c t i v e l y  adsorbs t h e  ADP which is e l u t e d  back t o  the  ATP regen- 
e r a t i o n  p l a n t .  

Molar i n  s u b s t r a t e .  A c o n t r o l l e d  i somer iza t ion  t a k e s  p l a c e  aided by t h e  
enzyme tr iosephosphase isomerase. The r e s u l t i n g  50 percent  d-GALD-3P - 
50 percent  DHAP mixture  passes  i n t o  R4 where it is converted t o  FDP by 
a l d o l a s e .  The FDP e n t e r s  as a .05 M s o l u t i o n  i n t o  reactor R5 where t h e  
r e a c t a n t  i s  dephosphorylated t o  fructose. This  r e a c t i o n  is ca ta lyzed  
enzymatical ly  by a l k a l i n e  phosphatase.  The products  of R5 are charged 
i n t o  ion  exchanger IE2 where t h e  Pi is s e l e c t i v e l y  e l u t e d  f r m  t h e  ion  
exchange an ionic  r e s i n  and recycled t o  the  A T P  regenera t ion  p l a n t .  The 
remaining f r u c t o s e  is charged i n t o  R6 as a 0 .1  M s o l u t i o n .  Here t h e  
f r u c t o s e  is isomerized t o  a 50-50 glucose  to  f r u c t o s e  ratio,  c a t a l y z e d  
enzymatical ly  by a g lucose- f ruc tose  isomerase. The glucose  is separated 
ou t  as a .05 M s o l u t i o n  by pass ing  through IE3, an i o n  exchanger c o n t a i n -  
ing a c a t i o n i c  r e s i n ,  w i t h  t h e  f r u c t o s e  being s e l e c t i v e l y  e l u t e d  and re- 
cycled t o  t h e  R6 reactor. 

This  s o l u t i o n  is charged i n t o  reactor P.2 a long  w i t h  ATP which 

The d-GALD-3P and DHAP s o l u t i o n  e n t e r i n g  reactor R3 is 0 . 1  

5 . 2 . 2  Details 

5 . 2 . 2 . 1  Raw Materials 

The s o u r c e  of glycidaldehyde,  t h e  s t a r t i n g  material f o r  
t he  f o s s i l  f u e l  process, is p r e s e n t l y  dependent upon t h e  process ing  of 
propylene--an o i l  r e f i n e r y  by-product. The procedure of o x i d i z i n g  pro- 
pylene t o  a c r o l e i n  and then peroxid iz ing  a c r o l e i n  to  glycidaldehyde is 
a r e l a t i v e l y  new commercial venture  which is d e s c r i b e d  b r i e f l y  in  Sec t ion  
4 . 2 .  A s  demand i n c r e a s e s  fo r  i ts  u s e  i n  t h e  chemical i n d u s t r y ,  it seems 
conceivable  t h a t  new technologies w i l l  deve lop  which address themselves 
t o  t h e  economics of glycidaldehyde product ion.  
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V t h e r  r a w  materials such as phosphoric acid, ammonia, 
carbamy 1 phnsphate and potassium hydroxide are necessary p r i m a r i l y  
for ATP r e g e n e r a t i o n .  These chemicals are r e a d i l y  availaLle and a r e  
required i n  r e l a t i v e l y  sn.al1 q u a n t i t i e s  f o r  make-up t o  t h e  process. 

5 . 2 . 2 . 2  Reactrrs f o r  Enzyme Reactions and Settlers f o r  Recovery 

The  cost and a v x i l a b i l i t y  of enzymes make i t  imperat ive 
t h a t  enzymes be conserved. Since t h e  CoRtinuous S t i r red  Tank Reactor 
(CSTR) wa= chosen f o r  t h e s e  processes  (see Appendix 5.1), t h e  enzyme 
must be i n  a form which can be e a s i l y  d i s p e r s e d  through t h e  r e a c t i n g  
f l u i d  and y e t  can be recovered a t  t h e  o u t l e t  for recycle t o  t h e  reac- 
tor. Soluble  enzymes are easy t o  d i s p e r s e  i n  t h e  f l u i d  but  present  
formidable s e p a r a t i o n  problems a t  t h e  reactor o u t l e t  due to  ttxir 
small a b s o l u t e  size. F i l t r a t i o n ,  membranes, ion exchangers--ai l  have 
h igh  o p e r a t i n g  and c a p i t a l  costs f o r  such service. Immobilized enzymes 
(enzymes attached t o  a solid sur face ,  on t h e  other hand, p r e s e n t  prob- 
l e m s  i n  d i s p e r s i o n  but  offer advantrges  i n  mechanical s e p a r a t i o n ) .  On 
balance,  c a l c u l a t i o n s  indicated that  r e l a t i v e l y  h igh  M) e f f e c t i v e  
enzyme concent ra t ions  could be achieved by p u t t i n g  the  enzyme on very 
small g l a s s  p a r t i c l e s  (of t h e  order of 0.01 c m )  w i t h  bead c o n c e n t r a t i o n s  
i n  t h e  f l u i d  s t i l l  l o w  enough (perhaps 10 percent  by w e i g h t )  t o  g ive  a 
reasonable  o v e r a l l  v i s c o s i t y  for s t i r r i n g .  A t  t h e  outlet ,  such p a r t i c l e s  
can be removed by s tandard  s e t t l i n g  techniques  so t h a t  t h e  products  l e a v e  
i n  t h e  c l e z r  f l u i d  w h i l e  the  p a r t i c l e  slurry c o n t a i n i n g  t h e  enzymes is 
retilrned t o  t h e  tank .  S e t t l i n g  t i n e s  of the order of 20 f t / h r  allow con- 
s t r u c t i o n  of s e t t l i n g  tanks  of reasonable  cap i ta l  cost w h i l e  g i v i n g  ade- 
q u a t e  enzyme concent ra t ions ,  a c t i v i t i e s ,  and lifetimes. 

The reactor design,  then, is e s s e n t i a l l y  t h a t  of a mixer- 
settler, t h e  reactor s i z e  being chosen t o  provide t h e  holding t i m e  re- 
qui red  €or t h e  r e a c t i o n  d e s i r e d ,  and the settler s ize  chosen L -  permit  
s e p a r a t i o n  of t h e  immobiiized enz lnes .  

The theory on which the  sett ler des ign  was based appears  
i n  Appendix 5.2. Considerat ion of t h e  f a c t o r s  listed b e l o w  led t o  t h e  
s e l e c t i o n  of one g a l l o n  p e r  minute per square  f o o t  as the  des ign  over- 
f low rate, one hour as t h e  des ign  d e t e n t i o n  time, and t e n  feet as t h e  
des ign  b a s i n  depth .  

Allowance must be made f o r  solid removal equipment i n  the 
b o t t a n  of t h e  s e t t l i n g  bas in .  This  is g e n e r a l l y  taken t o  
be on the  order of t w o  f e e t  of h a s i n  d e p t h .  

A f reeboard  allowance must be made t o  allow for  f l o w  s u r g e s  
t h a t  can occur  from t i m e  t o  t i m e .  One f o o t  of b a s i n  depth  
w a s  es t imated  t o  be adequate f o r  t h i s  purpose.  

Entrance and o u t l e t  zones i n  which e s s e n t i a l l y  no s e t t l i n g  
w i l l  occur,  due pr imar i ly  t o  turbulence ,  consume about 30 
percent  of t h e  bas in  volume. 
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( d )  The particles upov whicn t h e  enzymes are t o  be immobilized a r e  
expected t o  have a s e t t l i n g  v e l o c i t y  of f i v e  feet p e r  f i f t e e n  
minutes.  

( e )  Basin shape effects t h e  e f f i c i e n c y  of a gravi ty- type  s e t t l i n g  
b a s i n .  C i r c u l a r  b a s i n s  are less e f f i c i e n t ,  on a u n i t  volume 
basis, than  are rectangt l lar  b a s i n s  but  are more economical 
because of c o n s t r u c t i o n  and opera t ing  and maintenacce costs. 

5.2.2.3 Ion Exchangers 

The performance of t h e  reactors and of t h e  s e p a r a t i o n  pro- 
cesses is c r u c i a l  t o  t h e  economic f e a s i b i l i t y  of t h e  p l a n t .  General ly ,  
i t  is n o t  adequate  to scale up laborator; techniques .  For  example, one 
of the s e p a r a t i o n  processes  could be done more s p e c i f i c a l l y  by u l t r a f  il- 
t r a t i o n ,  bu t  a cost a n a l y s i s  showed t b . = t  it would r e q u i r e  more than  t e n  
times as much c a p i t a l  investment f o r  membranes and suppor ts ,  than  is re- 
qui red  f o r  ion exchangers and t h e i r  r e s i n  inventory.  Yence, ion exchang- 
ers take a c e n t r a l  role i n  t h e  process .  

The first ion exchanger, 11, s e r v e s  as a reactor. The 
stream passes through a bed of r e s i n  granules .  The r e s i n  has f ixed s u l f o n i c  
acid radicals w h i c h  provide acid c a t a l y s i s  as the  s o l u t i o n  passes through.  

The second ion exchanger, I E l A ,  c o n t a i n s  a r e s i n  which a t -  
tracts and holds nega t ive  i o n s .  I E i t i s l l y ,  i t  is f l u s h e d  out with a hase 
o r  a sa l t  s o l u t i o n  so that it  holds  OH’ or C1’ i o n s .  As t h e  main stream 
passes  through the r e s i n  bed, it a t t racts  a l l  t he  v a l u a b l e  products  of 
t h e  previous r e a c t i o n  except L-GALL, and liberates t h e  o r i g i n a l  base or 
s a l t  ions  i n s t e a d .  

The L-GALD which is not  adsorbed t o  t h e  r e s i n  is recyc led .  
Long befcre the r e s i n  has adsorbed a l l  t he  product  ions  i t  can hold, t h e  
stream is  switched t o  a p a r a l l e l  u n i t ,  and the  products  washed out  of t h e  
r e s i n  w i t h  zn e l u t i n g  stream. T h i s  stream is c a r e f u l l y  c o n t r o l l e d  and 
a d j u s t e d  for  pH, and t h e  nega t ive  ions  are e l u t e d  a t  s l i g h t l y  d i f f e r e n t  
pH. The LALDP, DHAP, and ADP, which do not  separate w e l l  i n  t h i s  way,  
s i n c e  they have e l e c t r i c a l l y  very s imilar  ions,  form t h e  new main stream. 

The next  ion exchanger, IElB, s e l e c t i v e l y  absorbs  ADP by 
means of an intermediary metallic ion  previously absorbed on a c h e l a t i n g  
r e s i n .  ihe main stream, c a r r y i n g  t h e  DWP and GALDP cont inues  through; 
w l i l l e  t h a  ADP is i n t e r m i t t e n t l y  removed from the i o n  exchanger by an 
e l u t i n g  stream having a d i f f e r e n t  pH, and re turned  t o  t h e  p l a n t  which 
c o n v e r t s  ADP t o  ATP. 

-- 

IE2 absorbs negat ive  ions,  while  l e t t i n g  Sugars go through 
‘I.- the main stream. The Pi.Na is i n t e r m i t t e n t l y  e l u t e d  and used i n  t h e  
ADP conversion p l a n t .  

f rom each o t h e r .  They can be complexed i n  c e r t a i n  r e s i n s  through i n t e r -  
mediaries. Af te r  charging a long r e s i n  bed t o  only a small p a r t  of i t s  
c a p a c i t y ,  t h e  e l u t i n g  stream is appl ied .  The t w o  sugars  progress  through 
t h e  bed a t  d i f f e r e n t  rates, and the e l u t i n g  stream is d i r e c t e d  t o  t h e  

IE3 has  t h e  d i f f i c u l t  job of s e p a r a t i n g  d i f f e r e n t  s u g a r s  

140 



water  recovery when i t  is s t i l l  r e l a t i v e l y  pure,  t o  t h e  main stream when 
the g lucose  i s  e l u t e d ,  and to a r ecyc l ing  loop when t h e  f r u c t o s e  is e l u t e d .  

5.2.3 Enzyme Production 

The glycidaldehyde t o  glucose process  u t i l i z e s  f i v e  enzymes: 
t r i ok i n a s e  , t r i osephos pha t e i some rase, a Id o l a s e  , a1 k a  1 i n e  phosphatase , 
and g lucose  isomerase.  

obtained from a v a r i e t y  of sources and t h a t  similarties i n  t h e  major s t e p s  
i n  each enzyme p repa ra t ion  process  leads, by inference ,  t o  P g e n e r a l  method 
f tir p repa r ing  these enzymes. 

There is reason t o  b e l i e v e  tha t  a l l  of t he  f i v e  enzymes men- 
t ioned  above could be produced from t h e  same or s i m i l a r  sources  and t h a t  
t h e  same process ing  equipment could be used (see Figures  5.4, 5 . 5 ,  and 
5.6). I t  w a s  t h o r e f o r e  decided t o  compute t he  cost of producing t h e  f i v e  
enzymes by f i r s t  determining t h e  cost of producing a t y p i c a l  enzyme--aldo- 
lase. Then t h e  cost of producing any other enzyme could be computed by 
assuming t h a t ,  (1) c o s t  is p ropor t iona l  t o  t h e  amount of r a w  material 
processed,  (2) enzymes have a h a l f - l i f e  of 30 days,  and (3) enzymes can 
be stored f o r  t w o  months without  a l o s s  i n  a c t i v i t y .  For more d e t a i l s  
on t h e  p r i c i n g  method, see Sect ion 5.2.5. 

i d e n t i c a l  t o  t h a t  i n  t h e  l abora to ry  process .  The amount of s t a r t i n g  
material needed has been ad jus t ed  accord ingly .  A l ist  of r e fe rences  on 
p repa ra t ion  of t h e  enzymes involved according t o  l abora to ry  procedures  
appears  a t  t b  end of t h i s  c h a p t e r  (References 14 through 18). 

pure form, i n  c e r t a i n  cases pure  enzymes are not  needed and crude  prep- 
a r a t i o n s  of enzymes could be used.  F o r  t h e s e  cases, t he  enzyme would 
obviously be less c o s t l y  to produce. 

A review of t h e  l i t e r a t u r e  r e v e a l s  tha t  t h e  f i v e  enzymes are 

Loss of a c t i v i t y  i n  t h e  scaled-up p l a n t ,  is assumed t o  be 

Although it w a s  assumed tha t  aldolase would be needed i n  

5.2.3.1 Descr ip t ion  of Process  f o r  Aldolase P repa ra t ion  

The aldolase p repa ra t ion  process ,  shown i n  F igure  5.7 can 
be  d iv ided  i n t o  s i x  major s t e p s  : prepa ra t ion ,  acetone f r a c t i o n a t i o n ,  
ammonium s u l f a t e  f r a c t i o n a t i o n ,  g e l  e l u t i n g ,  d i a l y s i s ,  and chromatography. 
A t y p i c a l  batch process  f o r  300 l b s  of yeast which t akes  approximately 
14 hours t o  complete might s e r v e  as a s t a r t l n g  p o i n t .  This  process  is 
based on published d e s c r i p t i o n s  of both laboratory and p i l o t  p l a n t  pro- 
cedures .  

Prep %rat ion 

246 liters of d i s t i l l e d  water and 27 .6  liters of .5 M NaHC03 
are added a long  wi th  300 1b of yeast (Candida u t i l i s )  t o  a st ir  tank (T-1) 
and t h e  suspension is a g i t a t e d  f o r  15 minutes.  Then a cont inuous  f low cen- 
t r i f u g e  ((2-1) is used t o  c la r i fy  t h e  e x t r a c t  as it is pumped i n t o  another 
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stir  tank (T-2). Here, g l y c o l  a t  -15'C is  c i r c u l a t e d  through t h e  j a c k e t  
of t he  tank t o  cool t h e  e x t r a c t  t o  l 'C ,  and t h e  pH of t h e  e x t r a c t  is ad- 
ju s t ed  t o  4.8 w i t h  6 liters of 5N a c e t i c  a c i d .  

Acetone F r a c t i o n a t i o n  

180 liters of acetone,  which have been precooled t o  -7O'C 
i n  a d ry  ice-acetone bath are added over  a 20 minute per iod  through a 
s i x t y  hole d i s t r i b u t i o n  nozz le .  

The g l y c o l  coo l ing  is cont inued  u n t i l  t h e  ace tone  f r a c -  
t i ona ted  suspension reaches -10'2. During t h i s  same t i m e  per iod the  
cont inuous c e n t r i f u g e  C-1 is precooled w i t h  a -15'12 acetone-water  so- 
l u t i o n .  

The suspension is immediately cen t r i fuged  a t  a f l o w  rate 
of 15 gal/min, and the  supe rna tan t  is c o l l e c t e d  i n  a 300-gallon stain- 
less steel jacke ted  tank  (T-3). The e n t i r e  c e n t r i f u g a t i o n  is completed 
i n  less than 20 minutes .  The temperature  of t h e  superna tan t  is main- 
t a ined  below -5 OC . 
supe rna tan t  i n  stir tank  T-3 is re turned  t o  tank T-2. 

mediately.  A f t e r  a d d i t i o n ,  t h e  suspension is s t i r r e d  f o r  20 minutes 
a t  -12°C and c e n t r i f u g e d  as above. A t  t h e  end of t h e  c e n t r i f u g a t i o n  
t h e  c e n t r i f u g e  is immediately s topped,  by means of a mechanical brake.  
T h i s  p revents  an excess ive  rise i n  the temperature  of t h e  p r e c i p i t a t e .  
The enzyme-containing p r e c i p i t a t e  is then  quick ly  suspended i n  19  li- 
ters of c o l d  d i s t i l l e d  water  i n  ano the r  t ank  (T-4). The pH of t h i s  
suspension is ad jus t ed  t o  7.0 w i t h  72  m l  of 1 N  NaOH. 

(which i s  conta ined  i n  T-3) from t h e  c e n t r i f u g a t i o n  is pumped t o  t he  
ace tone  r ecyc le  u n i t .  The ace tone  is p u r i f i e d  by d i s t i l l a t i o n  and 
condensat ion.  This  completes t h e  ace tone  f r a c t i o n a t i o n .  

The p r e c i p i t a t e  from the  c e n t r i f u g e  is discarded. The 

The second ace tone  a d d i t i o n ,  180 liters, is started i m -  

During t h e  p r e c i p i t a t e  suspending s t e p ,  t h e  superna tan t  

Ammonium S u l f a t e  Ster, 

The suspended p r e c i p i t a t e  i n  tank T-4 is c l a r i f i e d  by 
c e n t r i f u g a t i o n  fo r  30 minutes a t  10,000 x g i n  a l a r g e  c a p a c i t y  batch-  
type  c e n t r i f u g e .  The p r e c i p i t a t e  is d i sca rded  and t h e  18.6 liters of 
Supernatant  is pumped t o  another  stirred tank (T-5) .  Here, 5 .8  k i l o -  
grams of s o l i d  ammonium s u l f a t e  are added t o  t h e  s u p e r n a t a n t .  A f t e r  
s t i r r i n g ,  t h e  suspension, is c e n t r i f u g e d .  The p r e c i p i t a t e  1s diecbrded,  
and t h e  superna tan t  is re turned  t o  s t i r r e d  t a n k  T-5. 

Then 3.6 kilograms of s o l i d  ammonium su l f a t e  are added 
t o  the  supe rna tan t .  The suspension is c e n t r i f u g s d .  The supe rna tan t  
I s  re turned  t o  s t i r r e d  t ank  T-5 and d i sca rded .  

N NH OH conta ined  i n  a Stir tank (T-6). This  s o l u t i o n  i s  then  c e n t r i -  
fuged f o r  30 minutes.  

The p r e c i p i t a t e  is d i s so lved  i n  1.5 liters of cold 0 .01  

The p r e c i p i t a t e  is d iscarded ,  and t h e  supe rna tan t  

14F 



s o l u t i o n  is returned t o  s t i r  tank  T-6 where i t  is d i l u t e d  w i t h  18 Liters 
of 0°C water. 

Alumina G e l  

36 liters of 50 volumes percent  alumina gel suspension is  
added rapidly t o  t h e  stirred s o l u t i o n  conta ined  i n  tank  T-6. A f t e r  s t ir-  
r i n g  f o r  30 minutes a t  O°C, t h e  suspension is c e n t r i f u g e d  f o r  20 minutes .  
The superna tan t  s o l u t i o n  is discarded. 

The p r e c i p i t a n t  g e l  is  washed w i t h  15 liters of water a t  
O°C and recollected by c e n t r i f u g a t i o n  f o r  20 minutes .  The g e l  is then 
placed i n  a homogenizer and e l u t e d  three times: F i r s t ,  t h e  g e l  i s  mixed 
w i t h  2 .5  l i ters of e l u t i n g  s o l u t i o n  i n  t h e  homogenizer, and then  t h e  mix- 
t u r e  is c e n t r i f u g e d .  The superna tan t  s o l u t i o n  obta ined  is saved as t h e  
f i r s t  alumina e l u a t e .  I d e n t i c a l  t rea tment  of the gel y i e l d s  a second and 
t h i r d  eluate.  The e l u t e s  are p laced  i n  a s t i r  tank  (T-7)  and ammonium 
s u l f a t e  is added. The remaining ge l  is discarded, and t h i s  completes the  
gel e l u t i n g  process .  I f  necessary,  a t  t h i s  po in t  the ammonium su l fa te  
suspension can be stored s u c c e s s f u l l y  at -15°C. 

D i a l y s i s  

The ammonium s u l f a t e  suspension conta ined  i n  tank  T-7 is  
c e n t r i f u g e d .  The superna tan t  is discarded. The pro te in-conta in ing  pre-  
c ip i ta te  is d i s s o l v e d  i n  900 m l  of cold 0.01  M h i s t i d i n e ,  p H  = 6.5  a t  
5OC, and t h i s  s o l u t i o n  is then d i a l y z e d  twice f o r  1 1/2 hours;  each t i m e  
a g a i n s t  100 l i ters  of 0 .01  M h i s t i d i n e ,  pH = 6 . 5  a t  5OC.  

cedure,  c o u n t e r c u r r e n t  d i a l y s i s  was a l so  c o n s i d e r e d .  
Aithough t h i s  p rocess  employs a t y p i c a l  d i a l y s i s  sack pro- 

Chromatography 

A f t e r  d i a l y s i s ,  t h e  p r o t e i n  s o l u t i o n  is placed on a prop- 
e r l y  prepared DEAE-cellulose column and e l u t e d  w i t h  5 liters of 0 . 0 1  M 
h i s t i d i n e ,  pH 6 . 5 .  The appropi-iate tubes  of h igh  aldolase a c t i v i t y  are 
then cambined and f r e e z e - d r i e d .  Yeast a l d o l a s e  prepared i n  t h i s  way 
should c o n t a i n  no measurable hexokinase,  g lycera ldehyde  -3 -P dehydrogenase, 
a-glycero-P-dehydrogenase, t r i o s e p h o s p h a t e  isomerase, or lac t ic  dehydro- 
genase a c t i v i t i e s .  

5.2.4 S p e c i a l  Problems 

5 . 2 .4 .1  ATP Regenerat ion 

The conversion of glycidaldehyde t o  g l u c o s e  r e q u i r e s  t h e  
consumption of 2 moles ATP p e r  mole of g lucose  formed. Regenerat ion of 
t h i s  amount of ATP from t h e  ADP and P i  formed i n  t h e  conversion is car- 
r i e d  o u t  by r e a c t i n g  t h e  ADP w i t h  carbamyl phosphate  w i t h  t h e  r e a c t i o n  
be ing  c a t a l y z e 6  by t h e  enzyme carbamate k i n a s e  as d e s c r i b e d  in Chapter  4. 
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Process  i n p u t s  needed f o r  t h i s  segment of t h e  p l a n t  inc lude  
phosphoric a c i d ,  potassium hydroxide, ammonia, ana carbamate k i n a s e .  Most 
of t h e  potassium hydroxide and amnionia is regenerated w i t h i n  t h e  c o n f i n e s  
of t h e  ATP regenera t ion  system. The carbamate k inase  is generated i n  t h e  
enzyme product ion f a c i l i t y  as described elsewhere i n  t h i s  r e p o r t .  S i n c e  
the  system is somewhat less than 100 percent  e f f i c i e n t ,  some ATP input  
from outs ide  sources  is provided f o r  i n  t h e  process .  

5.2.4.2 Desired Reactant  Concent ra t ions  

The e f f e c t i v e n e s s  of t h e  f o s s i l - f u e l  process  depends upon 
t h e  c o n c e n t r a t i o n  of t h e  organic  chemicals  i n  the process  stream. Cer- 
t a i n  enzymatic r e a c t i o n s  are i n h i b i t e d  by excess ive ly  high molari-Lies; 
011 the  other  hand, a t  l o w  molarities the  p l a n t  becomes so large f o r  a 
given product  q u a n t i t y ,  t h a t  t h e  c a p i t a l  investment and t h e  o p e r a t i n g  
costs become excess ive .  An at tempt  was made t o  estimate reasonable  con- 
c e n t r a t i o n s  for  t h e  c a l c u l a t i o n s  i n  t h i s  study. However, a l l  cost f i g -  
u r e s  are q u i t e  s e n s i t i v e  to the molarities chosen.  T h i s  problem a c q u i r e s  
s p e c i a l  s i g n i f i c a n c e  in t h e  f i n a l  stages of g lucose  and of starch produc- 
t i o n  where, i f  adequate concent ra t ions  are n o t  achieved i n  t h e  f i n a l  e l u -  
t i o n s  and s e p a r a t i o n s ,  very  l a r g e  amounts of water must be evaporated 
from t h e  stream. U n t i l  tests are run, these f a c t o r s  c o n t r i b u t e  t h e  major 
economic u n c e r t a i n t i e s  i n  t h e  process .  

5.2.4.3 S t e r i l i z a t i o n  

Problems i n  keeping t h e  process free from contaminat ion b y  
f o r e i g n  bacteria are similar t o  those d iscussed  i n  connect ion w i t h  t h e  
cellulose t o  g lucose  process  (Sect ion 5.1.4.1). 

5.2.5 Economics and Cost A n a l s s i s  

The process f l o w  plan f o r  c o n v e r t i n g  glycidaldehpde t o  g lu-  
cose may be d iv ided  i n t o  three s e c t i o n s  : processing,  enzyme product ion,  
and ATP regenera t  ion.  

5.2.5.1 L i s t  of Major Items of Equipment 

Processing 

The purchase p r i c e  f o r  each item of equipment i n  1972 d c l -  
lars, a long  w i t h  an i t e m  d e s c r i p t i o n  appears  i n  Table 5.5. Each item 
was s i z e d  on t h e  b a s i s  of t h e  q u a n t i t y  of material handled. The t o t a l  
purchase c o s t  amounts t o  $b06,000. 

Znzyme Production 

There are 5 enzymes involved in t h e  product ion of g lucose  
from glycidaldehyde.  The s t e p s  involved i n  t h e  enzyme p r e p a r a t i o n  a r e  
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s i m i l a r  f o r  the v a r i o u s  enzymes, so one enzyme, aldolase, w a s  taken as 
a basis f o r  e v a l u a t i n g  cost. The rtrrchase cost of t h e  equipment was 
c a l c u l a t e d .  Assuming 300 lbs/da: of s t a r t i n g  material were t o  be pro- 
cessed  t o  make aldolase (Table 5.6). Analys is  of t h e  d a i l y  q u a n t i t i e s  
of s t a r t i n g  material indicatctd t h a t  f o u r  of t h e  enzymes could  be made 
a l t e r n a t e l y  (::ee Table 5.7 f o r  schedul ing)  i n  t h e  same p l a n t .  The t r i -  
okinase enzyme r e q u i r e s  such  a large amount of s t a r t i n g  material t h a t  
It was decided t o  prepare  it in a separate enzyme p l a n t .  

ATP Regenerat ion 

The manufacture of g lucose  from glycidaldehyde r e q u i r e s  
t h e  regenera t ion  of two ADP molecules p e r  molecule of g l u c o s e  formed . 
The regenera t ion  r e q u i r e s  a ur9a p l a n t  plus  a d d i t i o n a l  f ac i l i t i e s  t o  
manufacture t h e  enzyme, carbamyl phosphatase.  No equipment l i s t  is 
included,  s i n c e  the fixed c a p i t a l  investment is c a l c u l a t e d  on the  ba- 
sis of a s tandard  u r e a  p l a n t .  

5.2.5.2 Fixed C a p i t a l  Investment 

Process ing  

The f i x e d  c a p i t a l  investment was eva lua ted  from the  d a t a  
i n  Table  5.5 by t a k i n g  direct tind i n d i r e c t  costs as percentages  of t h e  
t o t a l  purchase cost of t h e  equipment. A cont ingency of 10 percent  was 
Included i n  the f i x e d  c a p i t a l  investment.  This  investment,  which is 
shown i n  Table  5.8, amounts t o  $2,330,000. In a d d i t i o n ,  the  cost f o r  
t h e  i n i t i a l  r e s i n  loading  of t h e  Ion exchangers,  shown i n  l'able 5.9, 
I s  $2,470,000. Thus, t he  t o t a l  f i x e d  investment is $4,000,000 f o r  
processing . 

Enzvme Product ion 

The f i x e d  capi ta l  investments  f o r  both t h e  f o u r  enzyme 
and t h e  t r i o k i n a s e  p l a n t s  were escalated on t h e  basis of d a i l y  s t a r t i n g  
materials u s i n g  t h e  aldolase investment i n  Table  5.10 as t h e  basis. 
Thus, t h e  FCI f o r  the f o u r  enzyme p l a n t  is $292,000, whi le  tha t  f o r  
t r i o k i n a s e  is $1,790,000. These v a l u e s  are shown i n  Table  5 .11 .  

ATP Regenerat i on  

The f i x e d  c a p i t a l  investment f o r  t h i s  combined f a c i l i t y  
is $3,950,000 c a l c u l a t e d  on t h e  basis of a s tandard  u r e a  p l a n t .  
shown I n  Table 5.13. 

I t  is  
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5 . 2 . 5 . 3  Manufacturing Costs 

Manufacturing c o s t s  were c a l c u l a t e d ,  i n  gene ra l ,  a s  percen- 
tages  of FCI. However, t h e  opera t ing  l abor  was es t imated  on t h e  bas i s  o! 
the process ing  s t eps  ( inc lud ing  t h e  c o s t  of superv isory ,  maintenance, and 
la3ora tory  l a b o r ) .  Thu p l a n t  would require 11; men/shif t  w i t h  6 men as- 
signed t o  each of t h e  p l a n t  ope ra t iona l  d i v i s i o n s :  p rocess ing ,  enzyme 
product ion,  and A T P  regenera t ion .  The maintenance l abor  was ca l cu la t ed  
as a percentage of t h e  f i x e d  c a p i t a l  investment,  excluding from the  i u t -  
t e r  t h e  i n i t i a l  expense f o r  r e s i n  and ATP loading .  

S t r a i g h t  l i n e  dep rec i a t ion  of t h e  t o t a l  f ixed  c a p i t a l  i n -  
vestment was used f o r  amor t i za t ion .  The t o t a l  investment included tha t  
f o r  i n i t i a l  resin and ATP loadings .  A 10 year  s e r v i c e  l i f e  was assumed 
so t h a t  10 percent  of t h e  t o t a l  f i x e d  c a p i t a l  investment was dep rec i a t ed  
annual ly .  

ments. 
Utilities were est imated on t h e  b a s i s  of process  r e q u i r e -  

Processing 

Manufacturing c o s t s  involved i n  p rccess ing  a r e  ou t l ined  i n  
Table 5.14. The t o t a l  comes t o  2 . 3 & / l b .  The c o s t  of the raw m a t e r i a l ,  
g lycidaldehyde,  is not included i n  t h e  t a b l e ,  but is es t imated  he re .  

g l y c e r o l  from propylene. Glycerol s e l l s  p re sen t ly  a t  234/lb and we have 
assumed purchase of t h e  glycidaldehyde a t  17$/1b. Since t h e r e  a r e  ample 
s u p p l i e s  of propane from which propylene may be made by  dehydrogenation 
and s i n c e  s y n t h e t i c  g l y c e r o l  processes  a r e  c u r r e n t l y  i n  commercial oper- 
a t i o n ,  t h e r e  should be no shor tage  of t h e  s t a r t i n g  m a t e r i a l .  However, 
st 17q?/lb, glycidaldehyde c o n t r i b u t e s  60 percent  t o  t h e  t o t a l  manu.:actur- 
i n g  c o s t .  

Glycidaldehyde, is an in te rmedia te  i n  t h e  product ion oi 

Enzyme Product ion 

Table 5.15 summarizes t h e  manufacturing cost  of t h e  enzyrvs 
a t  1 . 8 d / l b  of glucose prdduced. 

ATP Regenerat ion 

The c o s t  of regenera t ion  of ATP appears  i n  Table 5.16 a t  
6.0&/lb of g lucose .  

5 . 2 . 5 . 4  Summary 

A summary of t h e  f i x e d  c a p i t a l  i n v e s t m e n t s  and t h e  manufac- 
t u r i n g  c o s t s  per l b  glucose is as fo l lows :  
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Gl,yc idaldehyde t o  Glucose 

FC I Mfg. Cost, ' ? / l b  Glucose 

Processing $4.80 m i l l i o n  2.3 

Enzyme Product ion 2.05 m i l l i o n  1.8 

A T P  Regeneration 3.95 m i l l i o n  6 .O 

17 .O Glyc idaldehyde 

$10.83 m i l l i o n  27.1 

Purchased - 

I t  i s  seen t h a t  raw m a t e r i a l  p u r c h . . ?  c o n t r i b u t e s  t h e  
l a r g e s t  amount t o  the t o t a l  c o s t .  A s e n s i t i v i t y  A a l y s i s  (showing t h e  
impact of percent  v a r i a t i o n s  i n  p a r t i c u l a r  items on t h e  t o t a l  c o s t )  is 
shown below. 

Absolute Change i n  
Change d/lb Glucose $, Change 

Glycidaldehyde C o s t  17.6 38/ ib  

FCI  To ta l  25 $2.7 m i l l i o n  

Operat ing Labor 

Utilities 

ATP Replacement 

20 4 men/shif t  

50 $1600/day 

33 1/3  $3000/day 

3 . O  

0.65 

0.36 

0 . 8  

1 .5  

R e s i n  Replacement 100 300 0.15 

- 
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Table 5.5 

PURCHASE COST OF PROCESS EQUIPMENT--GLYCIDAIEmDE TO GL1‘COSE 

Number 
lequ i red I tern Descr ip t ion  

[on Exchange Tanks (carbon s t e e 1 , p l a s t i c  c o a t e d )  

4 R-1 and LE-2 (31, 75,000 g a l  each 

9 IE-!A ( 3 )  and JE-3 (61 ,  110,000 g a l  each 

3 IE-lB, 50,000 g a l  each 

Leactors (cal-ton steel ,  p l a s t i c  coa ted ,  w i t h  
a g i t a t o r  and d r i v e  u n i t )  

2 R-2 and R-4, 300 g a l  each 

1 R-3, 10 g a l  

1 R-5,  2500 g a l  

1 R-6, 20,000 gal  

;et t lers 

3 5-2, S-4, and S-5, 18,500 cubic  f t each 

1 S-3, 11,250 cubic  f e e t  

1 S - 6 ,  28,000 cubic  f e e t  

I Evaporator,  long v e r t i c a l  tube,  a l l  
s t e e l  

20 Pumps, 2000 g a l h i n u t e ,  Inc luding  
mot or 

16,800 

24,500 

14,200 

To ta i  

3,000 

65 0 

6,150 

19,350 

T o t a l  

27,300 

19,300 

38,600 

Tots’  

28,400 

3,750 

28,400 

75,000 

Total Purchase Cost of A l l  Items = .?605,45(1 

o r  approximat e l y  : .?606,000 
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Table 5 . 6  

ALDOLASE ENZYME PRODUCTION FOR GLYC I D A L D E ~ D E  TO GLUCOSE 
Purchase C o s t  of Equipment* 

N u m b e r  
Requ i red 

Item Descr ip t ion  
' 7 2  .? 
Each T o t a l  $ 

8 Reactor Tanks, 304 s t a i n l e s s ,  
j acke ted ,  stirred, assorted 
sizes, 20-300 gal  

2 Cen t r i fuge ,  cont inuous ,  
12,000 x g, 15 gal/minute 

2 Centr i fuge ,  batch, 10,000 x g, 
20 ga l  each 

1 Homogen i zer Blender, batch, 
j acke ted ,  agitated, 304 
s t a i n l e s s ,  50 gal 

2 D i a l y s i s  Uni t  Tanks, 304 
s t a i n  less, jacke ted ,  agitated 

1 R e f r i g e r a t i o n  Unit ,  10 t on  

24 Pumps, 112 Hp each, c e n t r i f u -  
gal  inc lud ing  motor 

--- 

13,850 

4,150 

3,900 

3,850 

4,500 

300 

~ 0 , 0 0 0  

27,700 

8,300 

3,900 

7,700 

4,500 

7,200 

T o t a l  = $109,300 

or approximately = $IIO,OOO 

W i l l  handle 300 lbs  s t a r t f n g  mater ia l /day .  This  is s u f f i c i e n t  t o  pro- 
duce enough rldolase t o  conve r t  20 t o n s  g lyc ida ldehyde  t o  g lucose .  
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Table 5.7  

F I m D  CAPITAL INVESTMENT (Eh'ZI'ME PRODCCTION)--GLYCIDALDEHlllE TO GLLCOSE 

The four  enzymes l i s t e d  below w i l l  be manufactured i n  t h e  same 
f a c i l i t y  w i t h  each enzyme produced f o r  a c e r t a i n  number of days each  
month and stored u n t i l  needed. Storage l i f e  of the  enzyme is assumed 
t o  be t w o  months w i t h  a 30 day h a l f  l i fe  when i n  u s e .  

Enzyme t- Aldolase 

T r i o s e  Phosphate 
Ismerase 

A l k a l i n e  Phosphatase 

Glucose Isomerase 

I * 
Amount needed t o  p r o  
g l y c  idaldehyde t o  g l  

Steady q u a n t i t y  = 50 
** 

S t a r t i n g "  
Materia 1 , 

(lbs 1 

1,500 

48 

6,840 

1.100 - 
9,488 

Steaciy -** 
S t a t e ,  
( lbs  1 

750 

21 

3,420 

550 

4,744 
- 

Producing 
Days/ 
Mon t h 

54 

f 

20 

4 

30 
- 

D a i l y  S t a r t -  
i ng  Mater ia l  

( l b s )  

-1 40 

- 50 

I -1 70 

-1 40 

Iuce enzymes necessary f o r  c o n v e r t i n g  100 t o n s  
IC ose . 
1 of s t a r t i n g  material. 
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Table  5 . 8  

FIXED CAPITAL INVESTMENT-PROCESS ING--GLYC IDAKDEHYDE TO GLUCOSE 

D i r e c t  Cos t s  (DC) 

Equipment, purchased cost 

I n s t a l l a t i o n  

Ins t ruments  and Con t ro l s  

Piping,  i n s t a l l e d  

Electrical, i n s t a l l e d  

Buildings,  i n c l u d i n g  services 

Y a r d  Improvements 

Se rv ice  F a c i l i t i e s ,  i n s t a l l e d  

Land 

Ind ica t ed  Cos t s  ( I C )  

Engineer ing and Superv is ion  

Contractor Expense 

Other  Costs (OC)  

Contractor's PP-e 

Contingency 

Fixed C a p i t a l  Investment 

'$ Equipment Cost  

100 

35 

15 

40 

8 

15 

9 

30 

6 

T o t a l  DC 

32 

40 

T o t a l  IC = 

cost, $ 

$606,000 

212,000 

91,000 

243,000 

48,000 

91,000 

54,500 

1 82,000 

37,000 

= $1,564,500 

54 DC + IC T o t a l s  

10s DC + IC T o t a l s  

T o t a l  OC = 

194,000 

242,000 

$436,000 

110,000 

220,000 

$330,000 

(FCI) = Sum DC, IC, and OC T o t a l s  

FCI (Process ing)  = $2,330,000 
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Table 5.9 

RES I N  COST--GLYC IDAIDEHYDE TO GLUCOSE 

Ion Exchanger Res in  Volume, f t  $/f t3 Total $ 3 

R-1 
IE-1A 
IE-1B 
IE-2 
IE-3 

3,100 
22,200 

8,800 
11,100 
56,100 

20 
20 
20 
60 
20 

62,200 
444,000 
176,000 
666,000 

1.120.000 

T o t a l  $2,468,200 

= $2,470,000 

Table 5.10 

FIXED CAPITAL INVESTMENT, * ALDOIASE ENZYME PRODUCTION-- 
GLYCIDALDEHYDE TO GLUCOSE 

D i r e c t  C o s t s  (DC) 

Equipment, purchased cost 
I n s  tallat ion  
Instruments  and C o n t r o l s  
Piping,  i n s t a l l e d  
Electrical, i n s t a l l e d  
Buildings,  i nc lud ing  services 
Yard Improvements 
Se rv ice  F a c i l i t i e s ,  i n s t a l l e d  

I n d i r e c t  C o s t s  ( I C )  

Engineer ing and Superv is ion  
Cons t ruc t ion  Expense 

Other  C o s t s  (OC) 

Contractor's Fee 
Contingency 

$ Equipment C o s t  

100 
30 
20 
60 
10 
15 
5 
30 

32 
35 

546 DC + IC T o t a l s  
10% DC + I C  T o t a l s  

C o s t  $ 

110,000 
33,000 
22,000 
66,000 
11,000 
16,500 
5,500 
33,000 

T o t a l  DC = $297,000 

35,000 
3 8,500 

T o t a l  I C  = $73,500 

18,500 
37.000 

T o t a l  OC = .$55,500 

Fixed Capital Investment ( X I )  = Sum DC, IC, and OC Totals 

FCI = $426,000 

W i l l  handle 300 l b s  s t a r t i n g  mater la l /day . 
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Table 5.11 

FCI PRODUCTION SCALED UP FROM ALDOLASE 

A l l  calculations are based on 426,000 M . 1  
shown i n  Table 5.10 for aldolase. 

(1)  (4 enzyme plant) FCI = 426,000 = $292,000 

(2)  The triokinase enzyme requires 140,000 lbs of starting 
material, which is  so large as to  justify a separate 
producing f a c i l i t y .  

Daily trioklnase starting material = --,= 2330 lbs  

(triokinase plant) FCI = 426,000 = $1,79\3,000 
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Table 5.13 

FIXED CAPITAL INVESTMENT (ATP REGENERATION I - -  
GLYC IDALDEHYDE To GLUCOSE 

~~ ~- -~ ~~ ~~ ~ 

The ATP r egene ra t ion  f a c i l i t y  r e q u i r e s  a urea  manufacturing 
p l a n t .  A u rea  p l a n t  manufacturing 250 tons urealday has a 
f i x e d  c a p i t a l  investment of $3,250,000* i n  1966. 

To manufacture 100 tons/day g lucose  from glycidaldehyde i u  
our f a c i l i t y  w i l l  n e c e s s i t a t e  t h e  product ion of 83.5 tons 
urea/day. Hence, t h e  f i x e d  c a p i t a l  investment  f o r  t h e  u r e a  
p l a n t  t o  s a t i s f y  our  requirement is 

0.67 
FCI (urea  p l a n t  on ly)  = 3,250,000 (G) = $1,560,000 

(1966 c o s t )  

Not only w i l l  our  u rea  p l a n t  ope ra t e  a t  temperatures  and 
p res su res  above those  used i n  normal urea manufacturing, 
but it w i l l  also r e q u i r e  three r e a c t o r s  p lus  sepa ra t ion  
equipment t o  make c a r b m y l  phosphatase which c a t a l y z e s  t h e  
regenera t ion  of ADP t o  ATP. On t h i s  b a s i s ,  t h e  FCI f o r  the  
u rea  p l a n t  has been doubled. 

Therefore,  t h e  FCI f o r  t h e  A T P  regenera t ion  f a c i l i t y  t o  
conver t  glycidaldehyde t o  g lucose  is 

FCI regeneration) = 2(1.56)(106)(-)* = $3,950,000 
(1972 c o s t  1 f o r  g lucose  mfg. 

Conversion t o  1972 c o s t .  
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Table 5.14 

MANUFACTURING COST (PROCESSING) --GLYC IDAIEEHYDE To GLUCOSE 

FC I 

Process ing  $2,330,000 ( f o r  r e p a i r  & m a i n t  . I  
Resin Loading 

$ $ -  ( f o r  d e p r e c i a t i o n )  

Labor and Supplice I 
Operat ing Labor, 144 man-hrs @ $Wman-hr 

Supervis ion,  15% opera t ing  l a b o r  

Maintenance and Repair, 35 FCI 

Operat ing Suppl ies ,  15$ maintenance 

Laboratory,  15% ope ra t ing  laLor  

Fixed C o s t s  

Deprec ia t ion ,  10& FC I 

Taxes and Insurance,  3$ FCI 

P l a n t  Overhead 

504 Operat ing Labor, Superv is ion  and Maintenance 

U t i  lit ies 

I Raw Materials (ex. glyc lda ldehyde)  

Resin Loss 
Miscellaneous Chemicals 

$/‘Day 

576 

86 

190 

29  

86 

$967 

1,310 

3 94 

$1,704 

$1,000 

292 

150 - 
$442 

Total D a i l y  C o s t  = $4,539 I 
2.3$/lb g lucose  Mfg. C o s t  (Process ing)  = E = 2.2q/lb 

l b  glucorse 2000 
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Table 5.15 

ENZYb¶E MANUFACTURING COST--GLYCIDALDEHYDE TO GLUCOSE 

Labor and Suppl ies  

Operat ing Labor, 73 man hours @ $4/man h r  

Supervis ion,  15s opera t ing  l a b o r  

Maintenance and Repair, 5% FCI 

Operat ing Suppl ies ,  15s maint  . and r e p a i r  

Laboratory , 20$ opera t  ing l abo r  

Fixed Costs 

Deprec ia t ion?  lo$ FCI 

Taxes and Insurance,  363 FCI 

P lan t  Overhead 

50% Operat ing Labor, supe rv i s ion ,  ma in t  . 
and r e p a i r  

Raw Materials 

U t i  1 it ies 

T o t a l  

- - knzyme Wg. Cost 
l b  g lucose  

%/Day 

4 Enzymes Triokinase 

2 88 288 

43 43 

40 245 

6 37 

5 8  

43 5 671 
- 5 8  - 

80 490 

147 24 

104 637 
- - 

186 2 88 

125 175 

80 120 

$930 $1,891 

- 

0.465g 
l b  

1_1_ 
0.95k 

l b  

ImmObiliZatiOn C o s t  = 30qd Enzyme Mfg. Cost 
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Table 5.16 

MANUFACTURING COST (ATP REGENERATION) --GLYC IDALDEHYDE To GLUCOSE 

ATP Regenerating Plant FCI 3,950,000 (for repair and maint.) 
ATP Initial Loading 600,000 (for depreciation ) 

Total FCI $4,550,000 

Labor and SuDDlieS 

Operating Labor, 14, man hrs @ $4/rna 

Supervision (15Q operating labor) 

Maintenance and Repair (5% FCI 1 

Operating Supplies (15$ maintenance) 

Laboratory (15% operating labor) 

Fixed Costs 

Depreciation (10% FCI 1 
Taxes and Insurance (3% FCI) 

Plant Overhead 

50s Operating Labor, supervision and 
maintenance 

Utilities -- 
Raw Materials 

ATP Make-up 

Miscellaneous Ciremicals 

hr 

- $/Day 

576 

86 

5 40 

81 

86 

1,369 
- 

1,245 

374 

1,629 
- 

601 

1,400 

6,000 

1 000 L 
7,000 

Total Daily Cost = $11,989 

Manufacturing Cost - 11,989 = 6.N,lb lb Glucose - 2,000 
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5.3 Carbon Dioxide F ixa t ion  Process  

5.3.1 Flow Diagran and Descr ip t ion  

A flow d 1 a g r . a  of t h e  entire carbon d iox ide  f i x a t i o n  process ,  
inc luding  product ion of ciirbamyl phosphate,  is  shown i n  Figure 5 . 8 .  A 
rough m a t e r i a l  balance,  bt.sed on one mole of s t a r c h ,  i e  presented i n  
Table 5.17. Table 5.18 con ta ins  a l ist  of ne t  r e a c t i o n s  tak ing  p lace  
i n  t h e  process .  

ready t e e n  d iscussed  i n  Chapter 4. The advantages and unknown f a c t o r s  
of t h e  s i n g l e  r e a c t o r  scheme proposed here  have a l s o  been presented i n  
Chapter  4. C o n t e n t s  of t h e  s t a r c h  r e a c t o r  (A )  a r e  passed t o  a f i l t e r  
(B) where s o l i d  s t a r c h  and MgNH@04*H20 a r e  removed. The l i q u i d  ( 2 )  is  
reduced i n  p re s su re  and s t r i p p e d  of product carbon d iox ide  i n  a gas - l iq -  
u id  s e p a r a t o r  (C).  The remaining r eac t ion  mixture  (3) is pumped back t o  
t h e  r e a c t o r .  

The r e a c t i o n s  t h a t  occur i n  t h e  s t a r c h  r e a c t o r  ( A )  have a l -  

Sol id  s t a r c h  and bQNH4P04-6H2O ( 5 )  a r e  washed w i t h  a smal l  
p a r t  of st ream 18 t o  remove adhering enzyme and r e a c t i o n  mixture ,  and 
t h i s  wash is re turned  t o  t h e  r e a c t o r  ( A ) .  The s o l i d  is t r e a t e d  w i t h  
80°C water (C),  which r e d i s s o l v e s  t h e  s t a r c h .  The MgNH4P04’6H20 remains 
as s o l i d ,  s i n c e  it is  less s o l u b l e  a t  high temperatures  than a t  low 1181. 
Sta rch  can then be r e p r e c i p i t a t e d  by coo l ing  ( D l )  and f i l t e r e d  ( D 2 ) .  The 
superna tan t  water is heated and reused f o r  wash. hlgNH4PO4*6H20 is con- 
veyed t o  a furnace  (E) where it is heated t o  roughly 200°C t o  d r i v e  off 
water  and ammonia (8) C19,ZO’l. T h i s  gas  stream is compressed (F), and 
toge the r  wi th  a r ecyc le  stream of NH2, C02,  and water  (9 )  from t h e  am- 
monium carbamate decomposer (J) enters a gas - l iqu id  s e p a r a t o r  (GI which 
is held a t  100°C t o  decompose NH4HCO3. Two streams of water  a r e  taken 
off a s  l i q u i d .  The l a r g e r  one (18) is re turned  t o  t h e  s t a r c h  r e a c t o r  
t o  make up the water removed i n  t h e  K&NH4POq*6H20 p r e c i p i t a t e .  
smaller stream (19)  is removed as product .  

streams 11 and 12 from gas- l iqu id  s e p a r a t o r s  C and L, makeup Cog (13), 
and r ecyc le  from t h e  carbamyl phosphate p r e c i p i t a t i o n  process  (32)  t o  
provide a 200 atm feed  f o r  t h e  product ion of urea. 

known processes  C203. If  t h e  once-through process  (which o b t a i n s  ap- 
proximately a 50 percent  conversion i n  CO2 when NH3 is f ed  i n  e x c e s s )  
is used, t h e  unreacted ammonium carbamate is decomposed by reducing t h e  
p re s su re  t o  approximately 4 atm (J). Ammonia and carbon d iox ide  a r e  
recycled (91, whi le  molten urea passes  t o  a 4OO0C r e a c t o r  (K), where 
it is decomposed t o  cyanic  ac id  and ammonia [21 ,22 ,23J .  T h i s  r e a c t o r ,  
which is gene ra l ly  i n  t h e  form of a f l u l < i z e d  q u a r t z  bed, has a hold 
t i m e  i n  t h e  o r d e r  of seconds.  Reaction is complete because t h e  pro- 
d u c t s  come off as gases ,  while  t h e  urea r e a c t a n t  is molten.  

t h e  gas  stream (12) which is predominantly NY3, being recycled t o  t h e  
compressor and t h e  l i q u i d  stream (21)  which is mainly HOCN, being sent 
to  t h e  carbamyl phosphate r e a c t o r  (MI. 

The 

G a s  from t h e  s e p a r a t o r  (G) is compressed toge the r  w i t h  

Urea is produced at approximately 185°C by s e v e r a l  w e l l -  

The products  are separa ted  by p a r t i a l  condensat ion (L), w i t h  
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Table 5 . 1 8  

NET REACTIONS--CARBON DIOXIDE FAATION PROCESS 

Raactor A 

1 2 C 0 2  + 6C6H1005 + 18MgNH4m4 * 6H20 

Reactor E 

Reactor I 

! 
36NH + 18CO +18NH2CNH2 + 1 8 H 2 0  3 2 

Reactor K 

0 
18NH28NH2 4 l8HOCN + 18NH3 

Reactor M 

0 8 -  
18HOCN + 18MgHP04 + 18NH280P + 18Mg++ 

0- 

Total - 
12H2 + 6C02 4 C  H 0 + 7H 0 

0 10 5 2 
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Joining strea! 2 1  a t  the  carbamyl phosphate r e a c t o r  a r e  tuo  
streams of s o l i d  hlgHP04, one from t h e  hlgHPO4 r e a c t o r  and one from f i l t e r  
0, and stream 31, w h i c h  is composed of water w i t h  some hlg(OCS)2 from t h e  
bottom of d i s t i l l a t i o n  column R. When Mg++ is replaced by K+, OCS' and 
H2POi r eac t  i n  l i q u i d  phase t o  g ive  carbamyl phosphate i n  approximatel: 
50 percent  y i e l d  a t  pH 5.5 and approximately room temperature  [24 ,25  1 .  
Assuming t h a t  the  same behavior holds H i t h  hlg++, w e  can s e p a r a t e  t h e  
products and r e a c t a n t s  by d i f f e r e n t i a l  p r e c i p i t a t i o n  w i t h  e thano l  [?5 1 .  
Though no d a t a  a r e  a v a i l a b l e ,  i t  is expected t h a t  hlgHP34 would p r e c i p i -  
t a t e  w i t h  t h e  sma l l e s t  amount of e thano l  added, followed by hlg carbamyl 
phosphate. If t h i s  is t h e  case ,  MgHPO4 would be p r e c i p i t a t e d  by adding 
e thanol  (M), f i l t e r e d  (O), and s e n t  back t o  t h e  carbamyl phosphate reac-  
t o r .  The superna tan t  ( 2 6 )  would be contac ted  w i t h  more e thano l  (F) and 
f i l t e r e d  ( 9 )  t o  remove M g  carbamyl phosphate, which would be recycled t o  
t h e  s t a r c h  r e a c t o r .  The superna tan t  from t h i s  s t e p ,  which would conta in  
m a i n l y  water ,  e thanol ,  and magnesium cyanate  along w i t h  some cyanic  ac id  
and ammonia and carbon d iox ide  from t h e  breakdown of cyanate  ion [ 2 6 , 2 7 ,  
281 is s e n t  t o  a d i s t i l l a t i o n  column (R). Here t h e  vapor stream from 
t h e  t o p  of t h e  cc;lumn (32)) which i s  m a i n l y  HOCN, 1iH3, and C02, i s  recy- 
c l ed  t o  t h e  urea  process ,  while  a middle c u t ,  con ta in ing  mainly e thano l ,  
goes f o r  p r e c i p i t a t i o n .  The bottoms, wh ich  is water  w i t h  hlg(OC?i)2, i s  
recycled t o  the carbamyl phosphate r e a c t o r .  

phate ,  has been explained i n  d e t a i l  because s e v e r a l  s t e p s  a r e  c a r r i e d  
out d i f f e r e n t l y  than elsewhere i n  t h i s  r e p o r t .  Fo r  i n s t ance ,  because 
cyanate  ion is exceedingly i n h i b i t o r y  t o  s e v e r a l  enzymes found i n  t h e  
s t a r c h  r e a c t o r  [29,30] i t  could not be allowed t o  enter there. T h i s  
f o r c e s  t h e  requirement t h a t  carbamyl phosphate be p u r i f i e d  and added t o  
the s t a r c h  r e a c t o r  so tha t  i t s  concent ra t ion  i n  t h e  r e a c t o r  is  s u f f i -  
c i e n t l y  N t h a t  it has no chance t o  decm.pose t o  cyanate  [24:. I t  was 
not possible, the re fo re ,  to r e a c t  OCN' and H2POZ i n  the presence of A D P  
a s  suggested by Marshall  C251. 

In add i t ion ,  t h e  use  of Mg++ a s  a p r e c i p i t a t i n g  agent  d i c -  
tates t h a t  o the r  c a t i o n s  not  e n t e r  the  s t a r c h  r e a c t o r  s i n c e  t h e y  would 
not easily be removed from i t .  T h i s  forced  t h e  abandonment of KOCX and 
K H 2 P 0 4  as r e a c t a n t s  i n  t h e  formation of carbamyl phosphate i n  f avor  of 
MgW4 and HOCN. 

T h i s  process ,  inc luding  the  product ion of lllg carbamyl phos- 

5.3.2 Enzyme Production 

An approach, similar i n  general  t o  t h . t  doscr ibed  i n  t h e  
f o s s i l  f u e l  process  (F igure  5.5) would be used i n  t h e  product ion of en- 
zymes here .  A genera l  process  based on common f e a t u r e s  of enzyme pur i -  
f i c a t i o n  techniques would r e s u l t  i n  a flow diagram s i m i l a r  t o  t h e  ooe 
shown i n  t h e  previous s e c t i o n  ( F i g u r e  5 . 7 )  w i t h  var ious  source p o s s i b i l -  
i t ies  accomodated a s  i n  Figures -.'I, 5.5, and 5.6. An a d d i t i o n a l  source,  
c h l o r o p l a s t s ,  which would cont,,d a l l  of t h e  necessary enzymes w i t h  t h e  
except ion of those needed f o r  ATP regenera t ion ,  is i l l u s t r a t e d  i n  Figure 
5.9. 

166 





Although c h l o r o p l a s t s  would r ep resen t  a convenient  source  
from t h e  s t andpo in t  of completeness,  t h e  l e v e l  of some of t h e  a c t i v i t i e s  
appears  l o w .  As an example, t o  produce enough a l d o l a s e  f o r  a 100 ton/day 
g lucose  factory would r e q u i r e  process ing  84,000 t ons  of sp inach .  T h i s  
amount of sn inach  is be l ieved  t o  be t y p i c a l  f o r  several enzymes obtained 
from c h l o r o p l a s t s ;  and un fo r tuna te ly ,  s e v e r a l  of t h e  enzymes needed i n  
the CO2 f i x a t i o n  pathway have been obtained only f r o m  t h i s  source. R e f -  
e r ences  31 through 35 a t  the end of t h i s  chapter g ive  procedures  for  s e i -  
eral  photosynthe t ic  enzymes. 

5 . 3 . 3  Special Problems 

Severa l  d i f f i c u l t i e s  e x i s t  w h i c h  are unique t o  t h e  t o t a l  
scheme proposed i n  Sec t ion  5 .3 .  F i r s t ,  it is p o s s i b l e  a t  pH 7.5 t h a t  
product C02 w i l l  be removed from t h e  r e a c t i o n  mixture  by s e p a r a t o r  C 
only a t  s u f f i c i e n t l y  high b ica rbona te  concen t r a t ions  t h a t  h@C03 w i l l  be 
p r e c i p i t a t e d  i n  t h e  reactor. This  would be d e l e t e r i o u s ,  f o r  M@03 under 
t h e  p re sen t  scheme w o u l d  be passed predominantly to t h e  carbamyl phos- 
phate  reactor, w h e r e  carbonate  has no  role. This  p r e c i p i t a t i o n  of hlgCO3 
can be prevented by addi t ior ,  of m o r e  phosphate t o  t h e  reactor or by ac id -  
i f i c a t i o n  of t h e  r e a c t i o n  mixture  a t  t h e  s e p a r a t o r ,  followed by r e s t o r a -  
t i o n  of the  pH t o  7.5. The f i r s t  expedient  causes a very h igh  and per -  
haps i n h i b i t o r y  concen t r a t ion  of inorganic  phosphate,  w h i l e  t h e  second 
ad2.s by-products not e a s i l y  removed and probably causes  hydro lys i s  of 
t h e  suga r  phosphates i n  the r e a c t i o n  mixture .  

Secondly, the carbamyl phosphate reactor has  never  been run 
w i t h  magnesium ions  as is proposed here. While t h i s  is n o t  expected to 
change t h e  r e a c t i o n  t o  any e x t e n t ,  very l i t t l e  is known of the  k i n e t i c s  
i n  any case, except  that equ i l ib r ium is reached i n  approximately 150 min- 
u t e s  at room temperature  a t  pH 5 o r  6 1221. 

l i t h ium phosphate by e thano l  i n  Marshall's lab [25]. W h i l e  it is  assumed 
that t h e  magnesium sal ts  w i l l  behave i n  the same manner w i t h  Mg(OCN)2 
remaining i n  s o l u t i o n  as LiOCN does, there is no  experimental  evidencd 
t h a t  t h i s  is so, s i n c e  t h e  s o l u b i l i t y  of thssz compounds i n  mixtures  of 
e thano l  and w q t e r  i s  not  known. 

Also, li ;hlum carbamyl phosphate has been p r e c i p i t a t e d  af ter  

U n t i l  t h e  rates of formation and p r e c i p i t a t i o n  of carbamyl 
phosphate dre known b e t t e r  so that t h e  hold t i m e  can be c a l c u l a t e d ,  i t  
is d i f f i c u l t  t o  determine how much of t h e  cyanate ion decomposes t o  C02 
and NH3. 

5.3.  C o s t  Fac to r s  - 
Because of t he  u n c e r t a i n t i e s  a l r eady  expla ined  as t o  compat- 

ib i l i t i es  and i n h i b i t i o n ,  and because thp  dependencies  on conccn t r a t ion  
l e v e l s  and s e p a r a t i o n s  a r e  d i f f i c u l t  from those  i n  t h e  c e l l u l o s e  and 
foss i l  f u e l  process ,  it is extremely d i f f i c u l t  t o  des ign  t h e  carbon d i -  
oxide f ixa+ion  process  accu ra t e ly  and really impossible  t o  c a l c u l a t e  
c o s t  a c c u r a t e l y .  We do know, however, t h a t  t h e r e  are approximately 17 
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enzymes involved i n  t h i s  process  p l u s  ATP nnd SIDPH, and t h a t  t h e y  a l l  
have t o  be produced for  every mole of s t a r c h .  

duc t ion ,  and carbamyl phosphate product ion from t h e  ce1lt:lose and foss i l  
f u e l  processes  ( inc lud ing  conversion of g lucose  t o  s t a rch )  and m a k e  some 
alter . t ions when t h e  CO2 f i x a t i o n  process  has s i g n i f i c a n t  d i f f e r e n c e s ,  
w e  can a r r i v e  a t  a very rough order of magnitude manufactur ing cost of 
$.77/lb for  s ta rch  produced by t h e  carbon d i o x i d e  f i x a t i o n  process  (as 
shown below). 

I f  w e  do e x t r a p o l a t e  t h e  va lues  f o r  process ing ,  enzyme pro-  

Process ing  36/ lb  
Enzyme FJroduc t ion 10 
ATP Regeneration 60 

4 Raw Material 1363 - 
77,"/lb 

Though t h e  carbon d i o x i a t  f i x a t i o n  p rocess  i s  c u r r e n t l y  t o o  
expensive f o r  la rge-sca le  food product ion,  it might be used to  produce 
starch i n  one special case, that of an extended s p a c e c r a f t  miss ion .  
S ince  weight pu t  i n t o  space  costs approxlmately $100/lb 1321, i t  becomes 
desirable t o  r egene ra t e  r a w  materials. This  is no t  e a s i l y  done i n  t h e  
iallulose or fossil f u e l  processes, but  t he  carbon d iox ide  f i x a t i o n  pro- 
cess can be p e r f e c t l y  balanced w i t h  other p rocesses  i n  t h e  s p a c e c r a f t  : 

12H + 6C02 + C  H 0 + 7 H  0 carbon d i o x i d e  f i x a t i o n  p rocess  2 6 10 5 2 

C H 0 -t 602 -+ 6C02 + 5H20 6 10 5 a s t r o n a u t  r e s p  i rat  ion 

12H 0 + 12H + 602 e l e c t r o l y s i s  2 2 

Enzymes, ATP and NADP, f o r  makeup can be brought a long,  s i n c e  
they weigh very l i t t le .  If to ta l  p l a n t  weight w e r e  s u f f i c i e n t l y  l o w  and 
;he mission s u f f i c i e n t l y  long  so that requ i r ed  food weight were high, it 
is q u i t e  p o s s i b l e  that a small carbon d i o x i d e  f i x a t i o n  p l a n t  w o u l d  be 
economical on board a s p a c e c r a f t .  

5.4 Glucose t o  S t a r c h  

5.4.1 Flaw Char t  and Summary Desc r ip t ion  

The f low diagram of t h e  g lucose  t o  s t a p h  process  is shewn 
i n  F igure  5.10. The mainstream ind ica t ed  by t h e  heavy l i n e  fo l lows  t h e  
p rocess ing  of t h e  g lucose  t o  t h e  f i n a l  p r d u c t  which is s o l i d  (moist) 
s t a r c h .  The b a s i s  used f o r  p l a n t  des ign  w a s  100 t o n s  p e r  day of product .  
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5.4.1.1 Process  Descr ip t ion  

Process  InDut 

The process  inpu t  is a wa te r - ca r r i ed  g lucose  stream from 
either t h e  c e l l u l o s e  or f o s s i l  f u e l  p l a n t .  The g lucose  concen t r a t ion  i n  
t h i s  stream is approximately 0.05 M if from t h e  f o s s i l  f u e l  p l a n t ,  and 
about 10 percent  by weight  if from t h e  c e l l u l o s e  p l a n t .  

Hexokinase Reactor 

ATP is added t o  t h e  g lucose  stream as it e n t e r s  t h i s  stir- 
red tank reactor. Water is also added, i f  needed, such t h a t  a 0.10 mo- 
lar  concen t r a t ion  of glucose p l u s  ATP is maintained.  The enzymes i n  t h e  
reactor are immobilized on g l a s s  beads qr o t h e r  s u i t a b l e  material. The 
output  f l o w  stream fram t h i s  reactor is water c o n t a i n i n g  glucose-6-P, ADP, 
and a p o r t i o n  of t h e  immobilized enzymes. 

s e t t l i n g  bas in .  Here the  immobilized enzymes are settled aut  and con- 
t inuous ly  recyc led  back t o  t h e  reactor i n  a concen t r a t ed  s l u r r y ,  t hus  
conserv ing  t h e  hexokinase concen t r a t ion  i n  t h e  reactor. The settler 
overf low is routed  on t o  an  ion  exchange u n i t .  

when e l u t e d  from t h e  column is recyc led  through t h e  ATP r egene ra t ion  
p l a n t .  The glucose-6-P and a l l  t h e  mainstream p rocess  water is passed 
thraugh t h e  exchanger and is routed  t o  t h e  phosphoglucomutase-phosphor- 
y l a s e  reactor. This  ion exchanger u n i t  is a c t u a l l y  a t h r e e  t ank  u n i t  
sized such that a one hour duty  c y c l e  cal ls  f o r  a one-on-line and +,wo- 
of f  - l i n e  ope ra t ion .  

The reactor output  e n t e r s  a g r a v i t y  t y p e  c l a r i f i c a t i o n  or 

This  ion  exchange u n i t  s e l e c t i v e l y  adsorbs  t h e  ADP which, 

Phosphoglucomutase-PL9sphory lase Reactor 

The phosphoglucomutase-phosphorylase reactor, as t h e  name 
implies ,  is a t w o  enzyme reactor. The basic reactor inpu t ,  glucose-6-P, 
is converted by the  phosphoglucomutase enzyme t o  glucose-1-P which i n  
t u r n  is converted to  s t a r c h  by the  phosphorylase enzyme. The enzymes i n  
t h e  reactor are s o l u b i l i z e d  r a t h e r  than  i m o b i l i z e d  t o  circumvent  prob- 
l e m s  a s s o c i a t e d  w i t h  immobilized enzyme/insoluble s t a r c h  s e p a r a t i o n .  

Conversion of glucose-6-P t o  glucose-1-P proceeds a t  such 
a slow rate tha.t only 17 percen t  convers ion  is a f f e c t e d  by a s i n g l e  pass  
through t h e  reactor. After  starch s e p a r a t i o n  is accomplished, t h e  reactor 
output of glucose-6-P and glucose-1-P are recyc led  back t o  t h e  r e a c t o r  
input  stream i n  such a way t h a t  a 0.10 molar concen t r a t ion  i s  maintained 
i n  t h e  total  r e a c t o r  input  stream. 

1-P, s t a r c h ,  enzymes, and v a t e r ,  is r m t e d  through a starch s e p a r a t i o n  
u n i t .  T h i s  u n i t  is a g r a v i t y  t y p e  settler designed so t h a t  t h e  s t a r c h  
settles t o  t h e  bottom where it can be removed from t h e  u n i t  as a heavy 
s l u r r y .  The starch s l u r r y  is then  passed through a cont inuous  c e n t r i f u g e  

The r e a c t o r  ou tput  stream, c o n t a i n i n g  glucose-6-P, g l x o s c -  
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where t h e  starch j s  e x i t e d  as a moist sol id  ready f o r  t r a n s p o r t i n g  to a 
food process ing  p l a n t .  The c e n t r i f u g e  superna tan t  is mixed w i t h  t h e  
s ta rch  settler overflow and routed t o  an ion exchange u n i t .  

a l l  i npu t s  other than  water are adsorbed.  The water is recycled around 
t h e  u n i t  e f f e c t i n g  s e l e c t i v e  e l u t i o n  of the va r ious  adsorbed materials. 
As the inorganic  phosphate i s  e l u t e d ,  it i s  recyc led  t o  t h e  ATP regener-  
a t  i o n  p l a n t .  The glucose-1-P, glucose-6-P, and enzymes a r e  recycled t o  
the  reactor as they are e l u t e d .  The ”excess”  water a t  t h i s  po in t  is tneri 
a v a i l a b l e  for  use  a t  other p o i n t s  i n  the  p l a n t ;  e . g . ,  e l u t i o n  water  for 
ion exchange columns or d i l u t i o n  water t o  maintain d e s i r e d  r e a c t o r  molar- 
i t y .  

The ion exchange u n i t  acts as a r e t a r d i n g  column whereby 

5.4.2 Prepara t ion  of Enzymes 

T h r e e  enzymes are used i n  t he  g lucose  t o  starch p rocess :  
hexokinase, phosphoglucomutase (PGM), and phosphorylase.  Hexokinase can 
be obtained from yeast and phosphorylase from Esche r i ch la  c o l i  o r  po ta-  
toes [31,32]. PGM has been i d e n t i f i e d  i n  y e a s t ,  p o t a t o ,  NeuroPOora c r a s s a ,  
r a b b i t  muscle, E .  col i ,  and o t h e r  sou rces  1331. 

t r a p o l a t i n g  t h i s  t o  m o r e  t h a n  one enzyme have been given slsewhere (5 .2 .3) .  
B r i e f l y ,  a f a c i l i t y  designed f o r  a l d o l a s e  is used as a model, w i t h  s c a l i n g  
f a c t o r s  based on t h e  amounts of s t a r t i n g  material needed. 

mated from laboratory product ion r e s u l t s .  For  t h e  100 ton/day g lucose-  
s ta rch  p l a n t ,  96,000 lb, of E. co l i  are needed f o r  producing PGM, and 
54,000 1& of y e a s t  are needed f o r  producing hexokinase.  If phosphory- 
l a s e  can he e x t r a c t e d  a long  wi th  PGM from E. col i ,  no a d d i t i o n a l  s t a r t i n g  
ma’er la l  is r equ i r ed .  However, i f  t h i s  i s  no t  poss ib l e ,  a n  a d d i t i o n a l  
72 JOO Ib,,, of E .  c o l i  is needed. 

- 
The g e n e r a l  des ign  of an enzyme p l a n t  and f a c t o r s  used i n  ex-  

The amount of s t a r t i n g  material needed i n  t h i s  case was e s t i -  

5.4.3 Economics and C o s t  Analys is  

As befo re ,  t he  g lucose  t o  s t a r c h  convers ion  is d iv ided  i n t o  
three major a r e a s  f o r  cost a n a l y s i s  purposes; process ing ,  enzyme produc- 
t i o n ,  and ATP regenera t ion .  

5.4.3.1 Malor J t e m s  af Eauibment 

L i s t s  of equipment are based on c o n s i d e r a t i o n s  a l r eady  
o u t l i n e d  i n  Sec t ions  5.1.5 and 5.2.5. Table  5 .19 g ives  t he  d a t a  f o r  
process ing .  Enzyme product ion is based on t h e  equipment l ist  for a ldo-  
lase (Table  5.6). ATP r egene ra t i cn  is based on urea  p l a n t  c o s t s ,  as 
expla ined  i n  Sec t ion  5.2.5 .l. 
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5.4.3.2 Fixed C a p i t a l  Investment 

The basis for  c a l c u l a t i o n s  has been expla ined  i n  Sec t ion  
5.2.5.2. Tables  5.20, 5.21, and 5.22 show the  results f o r  process ing ,  
enzyme product ion,  and ATP r egene ra t ion .  

5.4.3.3 Manufacturing Costs 

Tables  5.23, 5.24, and 5.25 g ive  the  es t imated  manufac- 
t u r i n g  costs involved i n  process ipg  enzyme product ion,  and ATP regen- 
e r a t i o n .  E s t i m a t e s  w e r e  m a d e  i n  a similar way t o  t h a t  i n  Sec t ion  5.2.5.3. 
No raw material costs have been Included, as t h e  input  is assumed t o  be 
t h e  e f f l u e n t  from t h e  g lucose  product ion p l a n t .  

5.4.3.4 sumsary 

A summary of t h e  costs f o r  g lucose  t o  s t a r c h a p p e a r s b e l o w .  

S t e p  FC I Mfg. C o s t ,  # / l b  S ta rch  

Process ing  $2.03 m i l l i o n  

Enzyme Product ion 2.73 m i l l i o n  

2.73 m i l l i o n  ATP Regenerat ion 

$7.48 m i l l i o n  
- 

1 .o 
1.4  

3.4 

5.8 
- 

A s e n s i t i v i t y  a n a l y s i s  is shown below w i t h  r e spec t  t o  FCI, and t o  major 
items i n  the  c a l c u l a t i o n  of manufacturing cost f o r  t h e  sum of a l l  three 
phases.  

- 

Absolute  Change i n  
Change $ / l b  S ta rch  $ Change 

FC I 25 $1.87 m i l l i o n  0.46 

Operat ing Labor 25 3 men l sh i f t  0.3 

Ut i l i t i es  50 $665/day 0.33 

ATP R2placement 33 1/3 $10OO/day @ .5 

Resin Replacement 200 $70/day 0.04 
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Table 5 .19  

PURCHASE COST OF EQUIPMENT--GLUCOSE To STARCH 

Number 
Required I t e m  Description ‘72 $ Total $ Each 

Ion Exchanger Tanks (carbon s t e e l ,  
p l a s t i c  coated 1 

3 IE-4, 25,000 g a l  each 

3 IE-5, 106,000 g a l  eacn 

Reactors (carbon steel, with ag i ta tor  
and drive  u n i t )  

1 R-7, 500 g a l  

1 R-8,  150,000 gal 

1 S-7, 18,500 cubic feet 

2 S-8 and Starch Separator, 
31,500 f t 3  each 

1 Centrifuge, 32” diameter, 304 
s t a i n l e s s  steel 

5 Pumps, 2000 gal/minute, 
including motor 

9,000 

28,000 

3,000 

51,500 

27,300 

57,900 

34,800 

3,750 

27,000 

84,000 

111,000 

3,000 

51 ,500  

54,500 

27,300 

115.800 

143,100 

34,800 

18,750 

Total Purchase Cost = $362,150 

= $362,000 
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Table 5.20 

FIXED CAPITAL INVESTMENT (PROCESSING)--GLUCOSE TO STARCH 

Di rec t  Cos ts  (DC) 

Equipment, purchased c o s t  

I n s  tallation 

Instruments and Con t ro l s  

Piping, installed 

Electric a1 , i n  s t a l l e d  

Buildings,  i nc lud ing  s e r v i c e s  

Yard Improvements 

Serv ice  F a c i l i t i e s ,  i n s t a l l e d  

Land 

Indirect C o s t s  ( I C )  

Engineering and Superv is ion  

Cont rac t  o r  Expense 

Other Cos t s  t W )  

Cont rac to r ' s  Fee 

Contingency 

Fixed C a p i t a l  Investment 

$ Equipment Cost  

100 

45 

15 

50 

10 

15 

10 

40 

6 

cost, $ 

362,000 

163,000 

54,300 

181,000 

36,200 

54,300 

36,200 

145,000 

21.700 

Total DC = $1,053,700 

32 116,000 

40 145,000 

T o t a l  IC = $261,000 

5% DC + I C  T o t a l s  

10% DC + I C  T o t a l s  

65,700 

131,500 

T o t a l  OC = $197,200 

(FCI) = Sum DC + I C  + OC T o t a l s  

FCI (Process ing)  = $1,511,900 say $1,512,000 

RESIN COST 

Resin volume, f t 3  .Q;/f t3 Tota l  $ - 
IE-4 5,570 20 112,000 

IE-5 20,200 20 405,000 

$517,000 



Table 5 .21  

ENZYME PRODUCTION (FCI )--GLUCOSE TO STARCH 

S t a r t i n g *  Steady** Producing D a i l y  S t a r t -  
Enzyme Mat e r i a 1 S t a t e  Days /  i ng  Mater ia l  

( l b s  ) ( lbs )  Month ( l b s )  

Hexokinase 54,000 27,000 7 3,860 

Phosphoglucomutase 110,000 55,000 13 4,230 

3 600 L Phosphorylase 72 , 000 36,000 

236,000 118,000 30 s a y  4,250 

10 - 

FCI (starch enzymes) = 426,000 = $2,730,000 

The three enzymes listed above w i l l  be manufactured i n  t h e  same f a -  
c i l i t y  w i t h  each enzyme produced f o r  a c e r t a i n  number of days each 
month and s t o r e d  u n t i l  needed. S torage  l i f e  of t h e  enzyme is as- 
sumed t o  be two months wi th  a 30 day ha l f  l i f e  when i n  use .  

Table 5.22 

FIXED CAPITAL INVESTMENT (ATP REGENERATION)--GLUCOSE TO STARCH 

The FCI f o r  an ATP regenera t ion  f a c i l i t y  t o  conve r t  glycidaldehyde 
to g lucose  is $3,950,000. I t  w i l l  r egene ra t e  t w o  ADP u n i t s .  How- 
ever ,  t h e  g lucose  t o  starch f a c i l i t y  r e q u i r e s  regenera t ion  of only 
one ATP u n i t .  Therefore ,  conversion of g h c o s e  t o  s t a r c h  r e q u i r e s  
an ATP f a c i l i t y  t h a t  is hal f  that requi red  f o r  glycidaldehyde t o  
g lucose .  Hence, 

6 1  = $2,430,000 
ATP regenera t ion  for) = 3.95(10 l(zo*7 1 FC1 ( glucose  t o  s t a r c h  

The investment f o r  t h e  i n i t i a l  amount of ATP i s  
I 
I 

= $300,000 
ATP loading  - 500,000 grams / - 
investment 1 gram i 
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Table 5.23 

MANUFACTURING COST (PROCESSING)--GLUCOSE TO STARCH 

FC I 

Processing $1,512,000 (for r e p a i r  and maintenance 1 
P,esin Loading 517,000 

$2,029,000 (for d e p r e c i a t i o n  1 

Labor and Suppl ies  

Operat ing Labor, 72 man-hrs @ $4/man-hr 

Supervision, 15% opera t ing  labor 

Maintenance and Repair, 3% FCI 

Operat ing Suppl ies ,  15% maintenance 

Laboratory,  15% opera t ing  labor 

Fixed C o s t s  

Depreciat ion,  lO$ FCI 

Taxes  and Insurance,  3$ FCI 

P l a n t  Overhead 

50$ Operat ing Labor, Supervis ion and Maintenance 

$/Day 

2 88 

43 

124 

18 

43 

$516 

- 

- 

556 

lC? 

$723 
- 

$22 8 

U t i  lit ies .$I400 

Raw Mate r i a l s  

Resin Loss 

Miscel laneous Chemicals 

35 

100 

$135 
-c 

Total D a i l y  C o s t  = $2,002 

Mfg. cost (Process ing)  - 2,002 = ld/lb - 
l b  Starch 2,000 



Table 5.24 

ENZYME MANUFACTURING COST--GLUCOSE TO STARCH 

Labor and Suppl ies  

Operat ing Labor, 96 man hours @ $4/man-hr 

Supervis ion,  15% opera t ing  l a b o r  

Maintenance and Repair, 4% FCI 

Operat ing Suppl ies ,  15% maintenance 

Laboratory,  20% opera t ing  l abor  

Fixed Costs 

Depreciat ion,  10% FCI 

Taxes and Insurance, 3% FCI 

P l a n t  Overhead 

50% Operat ing Labor, Supervis ion and Maintenance 

$/Day 

3 84 

5 8  

300 

45 

77 

$864 
- 

75 0 

325 - 
$975 

$371 

Raw Materials $175 

U t i  lit ies $1 8C 

$2,565 
- 

Immobilization Cost = 10% Enzyme Cost (2 enzymes n o t  immobilized) 

To ta l  Enzyme Cost - 2565 1.1 ~ starch 
lb Starch  - 4 2000 
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Table 5.25 

MANUFACTURING COST (ATP REGENERATION)--GLL‘COSE TO STARCH 

ATP Regenerat ion $2,430,000 (for r e p a i r  and maintenance) 
ATP Loading 300,000 

$2,730,000 (for d e p r e c i a t i o n )  

Operat ing Labor, 120 man-hrs B $d/msn-hr 

Supervis ion,  15% opera t ing  l abor  

Maintenance and Repairs,  5$ FCI 

Operating Supplieq,  15$ maintenance 

Laboratory, 15% opera t ing  l abor  

Fixed Costs 

Deprec i r t ion ,  10% FCI 

Taxes and I?murance, 3$ FCI 

Plant  Overhead 

50% Operat ing Labor, Supervis ion and Maintenance 

I -= 
Raw Materials 

ATP Make-up 

Miscellaneous Chemicals 

.?,‘Day 

4 80 

72 

333 

50 

72 

41,007 

- 

- 

748 

249 

997 
- 

9442 

$750 

3,000 

500 

“3,500 
- 

Tota l  Daily Cost = $6,696 

Mfg. cost (ATP Regenerat lon)  
~ 3.4 .1 / lb  glucose l b  Glucose 
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Modification f o r  F o s s i l  F u e l  t o  S ta rch  

The conversion of glycidaldehyde t o  g lucose  requi red  two 
moles of ATP per  g lucose  formed. Since t h e  c o s t  i n  a f a c i l i t y  is  not 
d i r e c t l y  p ropor t iona l  t o  t h e  amount of m a t e r i a l  processed, t h e  u s e  of 
a s i n g l e  ATP regenera t ion  p l a n t  f o r  both the  formation and polymeriza- 
t i o n  of glucose modifies t h e  c o s t  f a c t o r s  f o r  these processes. The  FCI 
f o r  t h e  ATP regenera t ion  f a c i l i t y  f o r  t h e  t o t a l  g lyc ida ldehyde  t o  s t a r c h  
process was c a l c u l a t e d  t o  be $ 5 , 2 5 0 , 0 0 0 ,  and t h e  i n i t i a l  loading in1.es.t- 
ment t o  be $900,000." 

On t h i s  b a s i s  a t o t a l  manufacturing c o s t  f o r  ATP regenera- 
t i o n  of 8.6d per  l b  of s t a r c h  is c a l c u l a t e d  i n  Table 5.26. A summary of 
t o t a l  c o s t s  f o r  g lyc ida ldehyde  t o  s t a r c h  inc luding  t h i s  modi f ica t ion  is 
shown be 1 ow', 

C/lb S ta rch  Enzyme FC I 

Process ing  

Enzyme Production 

ATP Regenerat ion 

Glyc idaldehyde 

$6.83 m i l l i o n  3.3 

4.81 m i l l i o n  

6.15 m i l l i o n  

Purchased 

$17.79 m i l l i o n  

3.2 

8.6 

17 .O 

32.1 
- 

+ 
Calcula ted  i n  a similar manner t o  t h a t  given i n  Table 5.13. 
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Table 5.26 

X I  
ATP woeratiom $Ss!250.Iwn, (for repair and maintenance) 
ATP Loading 9oo,oO0 

$6,150,000 (for deprec iat ioo)  

Labor aod Supplies 

Operatiog Labor, 168 ran-hrs @ $Wmo-hr 

Supervisioo, operatiog labor 

mintenance aod mpatrs, 5s RI 

Operating Supplies,  IS$ rmioteaance 

Laboratory, 1st operatiog labor 

Fixed C=t$ 

Depreciation, IO$ FCI 

mxes and Insuraoce, 3s =I 

Plant Overhead 

SO$ Operating Labor, Supervision ami mioteoance 

U t i  lit ies 

Raw Naterials 

ATP Nake-up 

Miscellaneous Chemicals 

- 

$/Day 

672 

101 

720 

108 

101 

$1,702 
- 

1,685 

561 - 
$2,246 

$746 

$2, Ooo 

9,000 

1,500 

P10,500 
- 

Total Daily C o s t  = 317,194 

Nfg. Cost (ATP Regeneratloo) 17 194 
I - = 8.59 

l b  Starch 2,000 
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Chapter  6 

FOOE TECHNOLQGY 

6.1 ? n t  rodx t ion 

I t  is t h e  purpose of t h i s  c h a p t e r  t o  d e f i n e  and characterize t h e  
p o t e n t i a l  ou tputs  a v a i l a b l e  from a s y n t h e t i c  carbohydra te  p l a n t  and t o  
i n d i c a t e  t h e  ways they  may be ut i l ized i n  a g e n e r a l  balanced d i e t .  The 
n u t r i t i o n a l  requirements  f o r  a balanced d i e t  have a l r eady  been d i scussed  
i n  Sec t ion  2.1.3. 

Food c o n t r i b u t e s  t o  phys ica l ,  mental  and emotional  hea l th .  In  addi- 
t i o n  t o  nour i sh ing  the  body, food e a t e n  i n  a f a v o r a b l e  s e t t i n g  c o n t r i b u t e s  
t o  one ' s  s ense  of w e l l  be ing .  Ea t ing  habits are inf luenced  by social, 
moral, and psycholagica l  f a c t o r s  t o  a much greater e x t e n t  than  by t h e  
explicit n u t r i t i o n a l  needs of a person.  A given food may be e a t e n  or 
considered unacceptab le  fo r  a v a r i e t y  of reasons .  F o r  example, c e r t a i n  
foods are consumed as s t a t u s  symbols w h i l e  others are rejected because 
of religious taboos. In  genera l ,  i t  appears  t h a t  t he  less developed a 
community is, t h e  more conse rva t ive  i t  is l i k e l y  t o  be i n  its choice of 
food. I t  is t h e  h ighly  developed economies t h a t  show t h e  greatest degree 
of adventure  i n  t h e i r  approach to new foods [ll. 

6.2 Factory Products :  Curren t  and P o t e n t i a l  U t i l i z a t i o n  

There are a number of processes  and r equ i r ed  r e a c t i o n s  necessary  
f o r  t h e  product ion of s y n t h e t i c  carbohydra tes .  A t  t h e  end of each pro- 
cess a p o t e n t i a l l y  u s e f u l  product is produced. In  order of product ion  
complexity t h e  products  are f r u c t o s e ,  g lucose ,  and s t a r c h .  Each product  
has its nonsynthe t ic  coun te rpa r t  which is p r e s e n t l y  u t i l i z e d  by the food 
process ing  indus t ry  i n  a v a r i e t y  of ways. I t  is t h e  purpose of t h i s  sec- 
t i o n  to  describe and characterize each carbohydra te  form and i n d i c a t e  by 
c u r r e n t  s t anda rds  how it is o r  might be used.  Because of t h e  gene ra l  na- 
t u r e  of the carbohydra tes ,  t h e  list of a p p l i c a t i o n s  can never  hope t o  be  
completely exhaus t ive .  For that reasai only a l i m i t e d  number of s p e c i f i c  
a p p l i c a t i o n s  w i l l  be presented .  

6.2.1 Fructose  

Fruc tose ,  a six-carbon sugar, is t h e  free s u g a r  found i n  
honey, some f ru i t s  and combined w i t h  g lucose  i n  suc rose  [ Z ! .  I t  is 
f r e q u e n t l y  called f r u i t  sugar  or levulose and I s  173 p e r c e r -  as sweet 
as suc rose .  One of t h e  primary u s e s  of f n l c t o s e  is i n  t h e  candy indus-  
t r y  as a sweetener  and as an a d d i t i v e  t o  prevent  c r y s t a l l i z a t i o n  of su-  
crose i n  s a f t  cand ie s .  



6.2 .2  Glucose 

Glucose l i k e  f r u c t o s e  is also a six-carbon sugar which occurs  
n a t u r a l l y  i n  f r u i t s ,  ha:Ry, and p l a n t  t i s s u e s .  I t  is also called dex t rose  
and is approximately 75 percent  as sweet as sucrose. 

body, s i n c e ,  i n  t h e  process of d i g e s t i o n ,  it is absorbed d i r e c t l y  by t h e  
i n t e s t i n e  and passed i n t o  the blood. For t h i s  reason it is solaetimes 
called blood sugar, and when necessary,  can be fed in t ravenous ly .  

of ways. In  the  baking indus t ry ,  one of its largest consumers, it is 
used as a fe rmentable  sugar, f l a v o r  and aroma former,  and c r u s t  color 
enhancer.  In the beverage and canning industries large q u a n t i t i e s  are 
used to  supply sweetness,  body, osmotic pressure, and c o n t r i b u t e  t o  t h e  
color r e t e n t i o n  of c e r t a i n  products .  I t  is used as a sweetener  and con- 
s i s t e n c y  regulator i n  the candy indus t ry  and i n  f rozen  desserts, by t h e  
d a i r y  indus t ry ,  t o  improve f l a v o r  and p reven t  oversweetness  [4,5,61. 

G l u c o s e  is thd- m o s t  e f f i c i e n t  form of energy source  f o r  the 

G l u c o s e  is used i n  t h e  food process ing  indus t ry  in a number 

6.2.3 Sta rch  

S tarch  can be chemical ly  classified i n t o  t w o  broad classes 
called amylose and amylopectin.  (Amylose is a l i n e a r  polymer c o n s i s t i n g  
of about 400 glucose  u n i t s  whereas amylopectin is a branched polymer 
having a h ighe r  molecular  weight.  1 M o e t  starches d e r i v e d  from conven- 
t i o n a l  products  such as wheat, rice, potato, and so on are composed of 
approximately 25 percent  amylose and 75 percen t  amylopectin [ 7 , 8 ] .  The 
s y n t h e t i c  carbohydra te  f a c t o r y  w o u l d  o r d i n a r i l y  output  amylose  bu t  can 
also produce amylopectin by t h e  a d d i t i o n  of ano the r  enzymatic s t e p .  

major source of energy f o r  man and animals .  I t s  uses  are broad and 
d i v e r s e  w i t h  abundant a p p l i c a t i o n s  i n  many food process ing  i n d u s t r i e s .  
A p r i n c i p l e  consumer is t h e  bakery indus t ry  where large amounts are used 
both independently and i n  conjunct ion  w i t h  f l o u r s  t o  make breads, cakes, 
c racke r s ,  cookies ,  and t o  act as th i cken ing  agen t s  f o r  pie f i l l i n g s .  
Other  bakery related a p p l i c a t i m s  inc lude  its u s e  i n  t h e  product ion of 
noodles,  pas t a s ,  and snack foods such  as ice cream cones [91. 

a p p l i c a t i o n s ,  notably that of provid ing  cons i s t ency  t o  gum type  c a n d i e s .  

such as i n s t a n t  puddings, batters f o r  deep f r y i n g ,  salad d r e s s i n g s ,  and 
th i ckene r s  f o r  g rav ie s ,  sauces ,  cream soup8, baby foods,  and f r u i t  pud- 
d ings .  

starch is used ex tens ive ly  i n  t h e  food i ndus t ry  as a b inding  and c o a t i n g  
agent  [ lo] .  

S t a rch  is t h e  p r i n c i p l e  carbohydra te  of t h e  d i e t  and t h e  

S ta rch  is used i n  t h e  c m f e c t i o n a r y  indus t ry  i n  a number of 

Cross-linked starches are p a r t i c u l a r l y  u s e f u l  i n  a p p l i c a t i o n s  

Because of its a b i l i t y  t o  form s t r o n g  f l e x i b l e  f i lms ,  amylose 
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6.3 Augmentat ion 

6.3.1 N u t r i t i o n a l  F a c t o r s  

There are s e v e r a l  s t r a t e g i e s  t h a t  can be adopted t o  implement 
a s y n t h e t i c  carbohydra te  i n t o  a d i e t .  
stra 'egy adopted w i l l  depend on which of t h e  c a r h h y d r a t e  forms d i scussed  
i n  Sec t ion  6.2 above is cons ide red .  In  t h e  d i s c u s s i o n  which fo l lows  con- 
s i d e r a t i o n  w i l l  be d i r e c t e d  toward t h r e e  p o s s i b l e  a l t e r n a t i v e  s t r a t e g i e s .  

To a great measure the  p a r t i c u l a r  

6.3.1.1 S u b s t i t u t i o n  of Syn the t i c  f o r  Natura l  S t a r c h  i n  Standard 
R e c i p e s  

Each of the  th ree  products  ( f ruc tose ,  g lucose ,  and starch) 
could be used as a s u b s t i t u t e  f o r  its nonsynthe t ic  coun te rpa r t  i n  f ami l -  
iar foods of a contemporary na tu re ,  such as breads, cakes, puddings, ba t -  
ters, noodles,  pas t e s ,  cereal s u b s t i t u t e s ,  beverages,  and so on. With no 
new or novel  food forms cons idered ,  t h e  p r i c e ,  q u a l i t y ,  and a v a i l a b i l i t y  
of t h e  s y n t h e t i c  carbohydrate ,  r e l a t i v e  to  that of n a t u r a l  carbohydra te  
w o u l d  be t h e  l i m i t i n g  factor. Supplementation w i t h  other e s s e n t i a l  nu- 
t r i e n t s  would be a matter of judgmept r e l a t i n g  t o  t h e  role such products  
i n  f a c t  play i n  peoples '  diets, much as t h i s  is done today i n  cereal pro- 
duc t s ,  f o r  example. 

6.3.1.2 Development of a "Camplete" Food 

Under s i t u a t i o n s  where an a c u t e  food shortage e x i s t s ,  it 
may be necessary t o  formula te  a complete food t o  meet a l l  the  n u t r i t i o n a l  
requirements  ou t l ined  i n  Chapter  2.  The most u s e f u l  carbohydrate forms 
w i l l  be  g lucose  and starch which can  become t h e  bu i ld ing  blocks of s t a p l e  
foods .  Where p o s s i b l e  the  product  conf igu ra t ion  should be similar t o  
f a m i l i a r  products  so that r e j e c t i o n  is minimized. In same cases it may 
be necessary t o  in t roduce  t h e  s y n t h e t i c  food i n t o  t h e  d i e t  i n  a novel  
way. In any event ,  regardless of t h e  method used, g r e a t  care i n  its 
i n t r o d u c t i m  w i l l  be necessary,  s i n c e  many problems can arise. For  ex- 
ample, a pcor  s u b s t i t u t e  of a n a t u r a l  food is more l i k e l y  t o  be r e j e c t e d  
than a novel commodity. 

6.3.1.3 Syn the t i c  Foods f o r  Animals 

This  s t r a t e g y  I s  v i a b l e  f o r  boLh an  abundant or scarce 
n a t u r a l  food supply.  I t s  importance when food s u p p l i e s  are scarce is 
obvious.  That is, i f  animals can be f e d  s y n t h e t i c a l l y  produced f eed  
t h i s  f r e e s  t h e  n a t u r a l  carbohydra te  food formerly committed t o  their  
product ion t o  humans. The reward of t h i s  strategy is two-fold sit.ce 
n o t  only does t h e  animal-cammitted n a t u r a l  carbohydra te  become d i v e r t e d  
t o  human use but  so does t h e  an imal .  Thus, i n  one broad s t r o k e  t h e  
system, when optimized, is capable  of provid ing  no t  on ly  t h e  carbohy- 
d r a t e  needs but t h e  p r o t e i n  needs of t h e  human d i e t  as w e l l .  
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\then food is abundant, t h i s  strategy s t i l l  remains v i a b l e  
provided tha t  s y n t h e t i c a l l y  produced carbohydra tes  can be produced more 
ecocomically than  n a t u r a l  ones. 

A l l  is not  u top ia ,  however, s i n c e  t h e  animal must be made 
t o  eat t h e  product .  I t  is true t h a t  animals  may ?ot be as d i s c r i m i n a t -  
i n g  as humans, bu t  they  must s t i l l  be provided w i t h  a n u t r i t i o u s  d i e t  on 
which t h e y  can grow and t h r i v e .  Also, i n  t h e  sense  of f a i r  p lay ,  t h e y  
should a t  least be provided w i t h  a feed  t h a t  is reasonably p a l a t a b l e .  

6.3.2 i ' abr ica t ion  

Food types ranging from breads t c  beverages can be f a b r i c a t e d  
from s y n t h e t i c  carbohydra tes .  Each type  w ' l l  r e q u i r e  a p a r t i c u l a r  h a n d l -  
i n g  technique  depending on the carbohydra te  employed, t he  d e s i r e d  product 
conf igu ra t ion ,  and, i f  used, t h e  na tu re  of enr ic iment  a d d i t i v e s .  Some 
products  w i l l  r equ i r e  l i t t l e  or n 3  s p e c i a l  handl ing over  t ha t  which is 
o r d i n a r i l y  done when us ing  n a t u r a l l y  produced carbohydra tes .  O t h e r  pro- 
d u c t s  w i l l  r e q u i i e  s i g n i f i c a n t l y  more handl ing  t o  make them a t t r a c t i v e  
and acceptab le .  For example, s y n t h e t i c a l l y  produced f ructase or g lucose  
can be s u b s t i t u t e d  f o r  t h e i r  n a t u r a l  c o u n t e r p a r t s  i n  e x ' s t i n g  r e c i p e s  
w i t h  EO a d d i t i o n a l  handl ing p-:messing On t h e  other h? !d, i f  g lucose  
is t o  be u t i l i z e d  as the  ma,tor energy source  i n  a s u b s t a n t i a l  p o r t i o n  of 
t h e  d i e t ,  then s p e c i a l  r e c i p e s  w i l l  have t o  be devised  t o  produce foods 
which w i l l  be accep tab le  i n  l a r g e  q u a n t i t i e s  over  long pe r iods  of t i m e .  

A similar s i t u a t i o n  exis ts  i f  s y n t h e t i c  s t a r c h ? s  and f l o u r s  
a r e  used i n  bread products .  The f a m i l i a r  cons i s t ency ,  crumb t e x t u r e  and 
c e l l  s t r u c t u r e  of breads made from wheat f l o w  fs produced p r imar i ly  by 
t h e  g l u t e n  or wheat p r o t e i n s .  In order t o  d u p l i c a t e  those q u a l i t i e s  o r  
produce a reasonable  f a c i m i l e ,  b inde r s  and other a d d i t i v e s  w i l l  be neces- 
sary when s y n t h e t i c  starch is  used.  

If a u n i v e r s a l  food is t o  be devised  which w i l l  meet no t  only 
t h e  energy requjrements bu t  also a l l  of t h e  n u t r i t i o n a l  requirements  of a 
d i e t ,  then  p r o t e i & =  (balanced e s s e n t i a l  amino a c i d s ) ,  f a t s ,  v i tamins ,  and 
minera ls  w i l l  nave to be included i n  t h e  product .  When t h i s  is done, t he  
f i n a l  product  w i l l  s t i l l  have t o  meet t h e  r e q u i s i t e  of be ing  a t t r a c t i v e  
i n  appearance,  accep tab le  in araua, t e x t u r e  and taste, and y e t  no t  be 
t o x i c  when i a r g e  q u a n t i t i e s  are i n  j e s t e d .  

food products  w i l l  be d i scussed .  
products  already on t h e  market and i n  some cases sugges t ions  f o r  en r i ch -  
m e n t  w i l l  be  presented .  

In t h e  remainder of t h i s  s e c t i o n  s e v e r a l  t ypes  of p o t e n t i a l  
Some w i l l  be fash ioned  a f t e r  e x i s t i n g  

6.3.2.1 Beverages 

Gatorade, manufactured by Stokely-Van Camp, Inc and C a l -  
Power, a product of General M i l l s ,  are t w o  beverages c u r r e n t l y  a v a i l a b l e  
on t h e  market which were designed t o  supply energy calories and f l u i d s  t o  
the body. 
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Catorade t h i r s t  quencher is e s s e n t i a l l y  a c i t r u s  f l avored  
5 percent  g lucose  s o l u t i o n  wi th  a d d i t i o n s  of sodium, potassium, c h l o r i d e  
and phosphate t o  achieve  a p p r o p r i a t e  e l e c t r o l y t e  i o n i c  c o n c e n t r a t i o n s .  
I t s  caloric va lue  is approximately seven calories per Ounce [lll. 

Cal-Power is a ready-to-dr ink h igh  calorie beverage m a d e  
from mono and polysacchar ides .  The approximate composition is 10 p i r c e n t  
glucose,  40 percent  maltose (di,  tri, tetra-saccharides and h igher ) ,  and 
50 percent  f l a v o r e d  water w i t h  small traces of minera ls .  I t s  c a l o r i c  
v a l u e  is 71.8 calories per ounce 1121. 

As suggested by t h e  two examples above, f u n c t i o n s  can range from low cal- 
orie t h i r s t  quenchers t o  r e l a t i v e l y  h igh  calorie energy sources .  In  t h e  
case of Cal-Power, where polysacchar ides  are u t i l i z e d ,  t h e y  can  be ob- 
t a ined  by hydrolyzing amylose 1131, one of t h e  a l t e r n a t i v e  ou tpu t s  of a 
s y n t h e t i c  carbohydra te  p l a n t .  I f  desired, the  beverages can be enr iched  
w i t h  p r o t e i n s ,  f a t s ,  v i tamins ,  and mine ra l s  t o  produce a more complete 
food or food s u b s t i t u t e .  Sane precedent  has been set for  t h e  product ion 
of p r o t e i n  enr iched  beverakes which are c u r r e n t l y  used as nourishment 
aids i n  p r o t e i n  d e f i c i e n t  communities. One such  beverage is ProNutro, 
which w a s  developed by t h e  Univers i ty  of Natal Tor u s e  i n  South A f r i c a .  
I t  Is composed of maize, peanuts ,  soya, skim m i l k  powder, wheat germ, 
p r o t e i n  concen t r a t e s ,  v i tamins ,  sugar ,  ?.nd iod ized  s a l t .  I t s  p r o t e i n  
con ten t  is 22 percen t  and Is p r e s e n t l y  be ing  manufactured by Hin2s Food 
Company 1143. 

formed by u s i n g  p r o t e i n  sources, v i tamins ,  and mine ra l s  i n  con junc t ion  
wi th  s y n t h e t i c  g lucose  t o  produce a n u t r i t i o u s  energy food.  
lems d i ng red ien t  s o l u b i l i t y ,  f l a v o r  r e t e n t i o n ,  and storage may arise 
but  t h e r e  seems t o  be s u f f i c i e n t  technology and precedent  e s t a b l i s h e d  
f o r  overcoming them. 

be served: 

S i m i l a r  products  can be produced us ing  s y n t h e t i c  g lucose .  

I t  is conce ivable  that a to ta l  combined product  can be 

Some prob- 

There are 8 number of ways i n  which such  a product  might 

(1) 

(2) 

(3) as a beverage sweetener ,  

(4 )  i n  f rozen  form as a popsicle or f r o z e n  d e s s e r t  

(5) 

as a noncarbonated beverage w i t h  or wi thout  r e f r i g e r a t i o n ,  

as a c h i l l e d  carbonated beverage, 

as a syrup  sweetener  f o r  f r u i t s .  

Seve ra l  d i f f e r e n t  f l a v o r s  ranging  from colas t o  f r u i t  
could be o f f e r e d  t o  provide  v a r i e t y  and/or  s u i t  r e g i o n a l  p re fe rences .  

6.3.2.2 Puddings 

A number of canned dessert puddings have become a v a i l a b l e  
i n  t h e  p a s t  few y e a r s .  One example is Hunt 's  Snack Pack produced by 
Hunt Wesson Foods, Inc.  The product  is composed of approximately 90s 
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carbohydrates  i n  t h e  form of s u g a r s  and s t a r c h e s  and 10 percen t  f a t s  
w i t h  small traces of minera ls ,  p ro t e ins ,  and f l a v o r i n g  agen t s  1151. 
I ts  c a l o r i c  va lue  is 35 c a l o r i e s  p e r  ounce. A similar product  could  
r e a d i l y  be produced u s i n g  s y n t h e t i c  g lucose  and starch, which as i n  
t h e  case of t h e  beverages d i scussed  above, can be p r o t e i n  enr iched  
and f l avored  fo r  v a r i e t y  and/or  r eg iona l  taste p re fe rences .  

or refrigerated dessert puddings. S ince  handl ing and s t o r a g e  problems 
are much m o r e  s e v e r e  f o r  f rozen  and r e f r i g e r a t e d  products ,  it is l i k e l y  
t:.;t canned forms r e q u i r i n g  no r e f r i g e r a t i o n  would be more e a s i l y  i n t r o -  
a%ed and used i n  underdeveloped areas s u f f e r i n g  from food shortages. 

A 1  t e r n a t e  market ing conf igu ra t ions  could inc lude  f rozen  

6.3.2.3 Pastas 

A carbohydra te  form having a long h i s t o r y  of acceptance 
by many c u l t u r e s  is t h a t  of noodles or p a s t a s .  T r a d i t i o n a l l y ,  noodles 
and p a s t a s  have been made from var ious  g r a i n  f lours which, i n  a d d i t i o n  
t o  starch, inc lude  fats,  fibers, p ro te ins ,  and minera ls .  On a dry 
weight basis, they  c o n s i s t  t y p i c a l l y  of approximately Cl63 85 pmcent 
carbohydrates, 7 pe rcen t  p r o t e i n s ,  and 3 percent  f a t s .  Moisture ,  v i t a -  
mins, and minera ls  c o n s t i t u t e  the remaming propor t ion .  Same precedent  
has  been set for producing low p r o t e i n  con ten t  macaroni f o r  persons  on 
restricted d i e t s  r e q u i r i n g  a l i m i t e d  i n t a k e  of p r o t e i n ,  g lu t en ,  phenyl- 
alamine, o r  other an ino  acids. A product  called C e l l u  Lo/Pro Pasta j173 
is canposed of wheat starch, vege tab le  gums, calcium phosphate,  hydro- 
genated vegetab le  fa t ,  t i t an ium dioxide, and a r t i f i c i a l  c o l o r i n g .  The 
n u t r i e n t  d i s t r i b u t i o n  is approximately 83 percent  carbohydra te ,  0.4 
percent  p ro te in ,  0.6  percent  f a t ,  3 percen t  f i b e r ,  1 percent  minera ls ,  
and 10 percent  mosi ture .  I t s  caloric va lue  is 89 calories p e r  ounce. 

similar products  could be produced. If desired, they could be augmented 
w i t h  a d d i t i o n a l  n u t r i e n t s  (vi tamins,  minerals ,  and p r o t e i n s )  fo r  us0 i n  
a r e a s  where n u t r i e n t  def i c i e n c i e s  e x i s t .  I t  is a n t i c i p a t e d  that similar 
handl ing and process ing  techniques  involving mixing, ex t ruding ,  dry ing ,  
and packaging c u r r e n t l y  p r a c t i c e d  by the  indus t ry  i n  t he  product ion  of 
t r a d i t i o n a l  noodles and p a s t a s  could  e q u a l l y  w e l l  be used i n  the  produc- 
t i o n  of a r t i f i c i a l  macaroni and noodle products .  

By us ing  s y n t h e t i c  starch w i t h  a p p r o p r i a t e  a d d i t i v e s ,  

6.3.2.4 Bread - 
L i k e  noodles,  bread and bread-like products  t r a d i t i o n a l l y  

have been m a d e  from g r a i n  f l o u r s .  
and t e x t u r e  of wheat breads is der ived  p r imar i ly  from the  g l u t e n  con- 
ta ined  i n  t he  wheat f l o u r .  If a pure starch c o n t a i n i n g  l i t t l e  or no 
g lu ten  i s  used t o  make breads, cakes,  muffins,  and so on, a b inding  
agent  such a s  g lyce ry l  monosteorate must be added 1181 to  provide  co- 
herence among the  s t a r c h  g ranu le s  so t h a t  t h e  f i n i s h e d  product  w l l l  have 
an acceptab le  t e x t u r e  and c e l l  s t r u c t u r e .  

For example, the  familiar cons i s t ency  
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Some precedent  has been set i n  producing breads and cakes  
from wheat and nonwheat starches and f l o u r s .  Reasonable t e x t u r e  has 
been achieved u s i n g  mixtures  of cassava ,  wheat and/or soya f l o u r s  and 
starches 1193. Furthermore, t w o  campanies, General M i l l s  and Chicago 
Dietetic Supply, are p resen t ly  producing l o w  g l u t e n  wheat s t a r c h e s  f o r  
u s e  in the  product ion of breads and cakes f o r  r e s t r i c t e d  p r o t e i n  diets.  
The i r  products ,  C e l l u  1201 and Paygel-P are s i m i l a r  and c o n t a i n  approx- 
imately 87 percent  carbohydra te ,  0 . 3  percent  p r o t e i n ,  1 percent  f a t ,  11 
percent  moisture ,  and provide about 90 c a l o r i e s  p e r  ounce. Both compan- 
ies provide r e c i p e s  122,231 f o r  breads,  cakes, cookies ,  muff ins ,  and b i s -  
c u i t s .  I t  is reasonable  t o  assume that s y n t h e t i c  s t a r c h e s ,  w i t h  minor 
augwentation, w i l l  f unc t ion  e q u a l l y  as w s l l  i a  each r e c i p e .  I f  d e s i r e d ,  
the  product can be enr iched  f o r  u s e  in areas where p r o t e i n  or other de- 
f i c i e n c i e s  e x i s t .  

The list of a p p l i c a t i o n s  for  s y n t h e t i c  carbohydra tes  is by 
no means meant t o  be exhaus t ive .  Seve ra l  examples have been presented  
t o  show how the p o t e n t i a l  p roducts  a v a i l a b l e  from a s y n t h e t i c  car tohy-  
d r a t e  p l a n t  can be included in a d i e t .  F u r t h e r  a p p l i c a t i o n s  a r e  l i m i t e d  
only by a food d e s i g n e r ' s  imaginat ion and the  r eg iona l  p re fe rences  of a 
popula t ion .  For  comparison of composi t ion,  t he  commercially a v a i l a b l e  
product?  descr ibed  above are l i s t e d  in Table 6.1 

~ Cal-Power 
(General M i l l s )  

I 

Snack Pack 

C e l l u  Lo/Pro 
(Chicago Dietetic 
Supply 1 

Paygel-P 
(General Mills) 

Table  6.1 

COMPOSITION OF COMMERCIALLY AVAILABLE CARBOHYDRATE PRODUCTS 

Beverage 

Pudding 

P a s t a  

Wheat S t a r c h  

Product Precedent  

Beverage 
(S t okely -Van Camp ) 

~ ~~~ ~~ 

-90% Carbohydrate 

-80% S t a r c h  

-10% F a t s  
+ Flavor ing  lk Minerals 

3% F i b e r  
0.6% F a t  
0.4% P r o t e i n  
10% Moisture  

~- 

-120 

-100 

I 

5% Glucose 
S a l t s ,  F l avor ing  
N o  F a t  o r  P r o t e i n  

-7 

10% Glucose 
40% Maltose 
S a l t s ,  F l avor ing  
N o  F a t  or P ro te in  

-70 

87% Carbohydrate  

0.3% P r o t e i n  
11% Moisture 
0.15$ F i b e r  

1% F a t  
-100 
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6.3.3 Acceptabi l i ty  

The a c c e p t a b i l i t y  of a food depends on a g r e a t  many f a c t o r s  
ranging from tas te  and appearance t o  simply t ha t  of a v a i l a b l e  a l t e r n a -  
t i v e s .  Perhaps t h e  s ing le  most important f a c t o r  is t h a t  of c u l t u r a l  cus-  
toms. For example, i n  c e r t a i n  p a r t s  of t h e  world, puppies a r e  considered 
a de l i cacy  whereas i n  o t h e r  p a r t s  t h e  thought of e a t i n g  dog meat is ab- 
ho r ren t .  

I n  recent  years ,  a number of a t tempts  have been made t o  i n -  
troduce p r o t e i n  enriched foods i n t o  popula t ions  s u f f e r i n g  from p r o t e i n  
ma lnu t r i t i on .  I n  some cases, a reasonable  degree  of success  has been 
achieved, w h i l e  o the r s  have m e t  w i t h  f a i l u r e .  A notable  example is t h e  
success fu l  i n t roduc t ion  of Incaparina 1241, a p ro te in  enr iched  blend of 
maize and co t ton  seed f l o u r ,  i n t o  Guatemalan d ie t s .  I t  is gene ra l ly  
f e l t  t h a t  t h e  success  was pr imar i ly  due t o  good a d v e r t i s i n g  aimed a t  111 
segments of t h e  populace not  m e r e l y  t h o s e  f a m i l i e s  having low purchasing 
power and t h e  f a c t  tha t  it was suppl ied  as a blanci f l o u r  which could be 
cooked and f l avored  a t  home [251. AttenDts t o  market a similar product 
i n  E l  Salvador f a i l e d .  In that case, i t  is f e l t  t h a t  t h e  f a i l u r e  was 
due t o  t he  f a c t  t h a t  the product was poorly packaged and had been pro- 
moted more as a medicine than as a food [263.  A sec0r.d a t tempt  w a s  madz 
t o  re in t roduce  t h e  product i n  a sgeetened cinnamon f l avored  form, but  
t h a t  t o o  f a i l e d .  

From these examples, one can conclude t h a t  a number of i m -  
po r t an t  c r i t e r i a  must be m e t  i f  a new and perhaps novel food is t o  be 
introduced.  F i r s t  of a l l ,  t h e  product must be c u l t u r a l l y  acceptable. 
In add i t ion ,  it must be d e s i r e d  on i ts  own merits and be p r i ced  a t  a 
f i g u r e  that  people can and w i l l  pay. I t  must have advantage over i ts  
compet i tors  i n  quali 'y,  p r i c e ,  and n u t r i t i o n  and must be i d e n t i f i a b l y  
packaged. 

a d v e r t i s i n g  s t r a t e g y  which informs t h e  p o t e n t i a l  consumer of t h e  pro- 
d u c t s '  ex i s t ence  and shows them how and why it can and should be used. 

scarch ,  it would appear  t ha t  s t a p l e  foods could r e a d i l y  be produced 
which would not  be in c o n f l i c t  w i t h  c u l t u r a l  p references .  A s  i n  the 
case  of Incaparina i n  Guatemala, s y n t h e t i c  s t a r c h  w i t h  appropr i a t e  ad- 
d i t i v e s  could equal ly  w e l l  s e r v e  as a f l o u r  type  produce which could 
be cooked and f lavored  by t h e  consumer t o  meet ind iv idua l  tastes. Of 
course,  i f  an  a c u t e  n a t u r a l  food shor t age  e x i s t e d ,  t h e r e  would be less 
hesi tancy t o  u s e  synthe t ic  starches and it  is l i k e l y  t h a t  food i n  most 
any form would be accepted.  

If a novel food is being a n t i c i p a t e d ,  it clearly must not 
be i n  c w f l i c t  wi th  c u l t u r a l  customs, preferences ,  o r  taboos.  Market 
surveys and test sampling6 of s u f f i c i e n t  d u r a t i o n  should be made t o  
in su re  t h a t  the product w i l l  no t  only be accepted but w i l l  bz used by 
a s i g n i f i c a n t  percentage of t h e  popula t ion .  Great care must be t a k e n  
t o  i n s u r e  t h a t  t he  product is i n  a d e s i r a b l e  form when i n i t i a l l y  i n -  
troduced. If it is not ,  and it is subsequent ly  r e j ec t ed ,  it becomes 
v e r y  d i f f i c u l t  i f  not impossible  t o  r e in t roduce  it and expect  i t  t o  

Furthermore, there must be a clear marke t ing  concFpt and 

In t h e  case  cf carbohydrates ,  s p e c i f i c a l l y  g lucose  and 



be accepted.  A notabie  example of slow acceptance was t h a t  of margarine 
which had t o  l i v e  down t he  memories of e a r l y  war-time poor q u a l i t y  [ 2 7 3 .  

s i v e ,  n u t r i t i o n a l  product is made a v a i l a b l e .  There a r e  many ins t ances  
where foods formerly not  esteemed now make s i g n i f i c a n t  c o n t r i b u t i o n  t o  
t h e  d i e t .  In Japan, thousands of t ons  of f i s h  sausage a r e  ea t en  annu- 
a l l y  though it  was almost unknown a few yea r s  ago. In Hong Kong, a s o f t  
d r i n k  made from soya-beans has captured a q u a r t e r  of the  market and i n  
Ind ia  s i g p i f i c a n t  q u a n t i t i e s  of ground-nut f l o u r  is being c a t e n .  In 
Uganda, 14 percent of the  babies  were b o t t l e  f e d  in 1950 and 42 percent  
i n  1959. In France, Parisians have t aken  t o  d r i n k i n g  whiskey C283. 

t o  be acceptab le ,  t h e r e  are s e v e r a l  f a c t o r s  which must be cons idered .  
A few are : 

Peoples food habi t s  can be changed i f  a d e s i r a b l e ,  inexpen- 

I n  summary, i n  o rde r  t o  in t roduce  a new food and expect  i t  

(1) The food must no t  be i n  c o n f l i c t  w i t h  c u l t u r a l  p re fe rences .  

(2)  I t  must n o t  be a s soc ia t ed  w i t h  any taboos,  r e l i g i o u s ,  o r  

(3) I t  m u s t  have d e s i r a b l e  c h a r a c t e r i s t i c s  of taste, aroma, eye 

otherwise.  

appeal ,  t e x t u r e ,  mouth teel, s t o r a g e  l i f e ,  and f l a v o r  r e t en -  
t i o n .  

(4) S u f f i c i e n t  market surveying and t e s t i n g  must be done t o  i n s u r e  
t h a t  t h e  product is in t he  most d e s i r a b l e  form. 

( 5 )  I t s  c o s t  must be compet i t ive  w i t h  a l t e r n a t i v e  foods .  

( 6 )  I t  must be h e a l t h f u l  i f  it is t o  f u l f i l l  t h e  d u a l  r e q u i s i t e  of 

( 7 )  I t  must not be t o x i c  when l a r g e  q u a n t i t i e s  are consumed. 

( 8 )  I t  must be easily prepared.  

(9) I t  must be properly adve r t i s ed  and promoted. 

supplying energy and n u t r i t i o n .  

(10) I t  must not  be cons t rued  t o  be a poor peop les '  food.  
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Chapter  7 

SPECIFIC APPLICATIONS--INDIA, AS AN EXAMPLE 

7.1 In t roduct ion  

An important o b j e c t i v e  of t h i s  s tudy  w a s  t o  des ign  a s y s t e m  of food 
product ion of use i n  meeting t h e  world 's  food need. To accomplish t h i s  
a i m ,  it is necessary t o  s t u d y  the  a p p l i c a b i l i t y  of t h e  s y s t e m  t o  s p e c i f i c  
c o u n t r i e s ,  fo r  f u t u r e  food shortage i f  so lved  a t  a l l ,  w i l l  be so lved  w i t h -  
i n  the con tex t  of and by the  a c t i o n s  of s p e c i f i c  c o u n t r i e s .  T h i s  assump- 
t i o n  is reasonable  for  a t  least t w o  reasons .  F i r s t ,  t h e  world food needs 
are p resen t ly  de f ined  on a count ry  by count ry  basis. Second, t h e  p o l i t i -  
cal  realities of t h e  modern world a n t i c i p a t e  t h e  s o l u t i m  of problems on 
a n a t i o n - s t a t e  b a s i s  c o n s i s t e n t  w i t h  t h e  accepted o rgan iza t ion  of t h e  
world community. 

s y s t e m ,  c u l t u r e ,  and stage of m d e r n i z a t i o n .  To be u s e f u l  gene ra l ly ,  
therefore, a s y s t e m  of food product ion  such as proposed he re in  should be 
adap tab le  t o  t h e  p e c u l i a r  and p a r t i c u l a r  c o n d i t i o n s  of each count ry  which 
may need the  food producing system. 

These U.S. f i g u r e s  may be converted by a p p r o p r i a t e  factors f o r  any count ry  
t o  ob ta in  a reasonable  assessment of the f e a s i b i l i t y  of t h e  process  f o r  
t h e  s e l e c t e d  count ry .  

t e m  d i scussed  i n  prev ious  chap te r s ,  Ind ia  has been selected f o r  s p e c i a l  
s tudy  because of t h e  a v a i l a b i l i t y  of p e r t i n e n t  data.  

I t  should be remembered that  i n  a d d i t i o n  t o  t h e  convers ion  of c o s t  
estimates i n t o  t h e  currency of t h e  selected country, t h e r e  are ques t ions  
of c a p i t a l  and technology a v a i l a b i l i t y  which must be answered. I t  may be 
that t h e  costs a s s o c i a t e d  w i t h  the impor ta t ion  of c a p i t a l  and technology 
may outweigh t h e  va lue  of domestic product ion .  Thus, it is conce ivable  
t ha t  t he  b e s t  u t i l i z a t i o n  of t h e  process ,  f o r  some c o u n t r i e s ,  may be the  
impor ta t ion  of t h e  product  rather than  t h e  product ion  process .  However, 
each count ry  should be i n d i v i d u a l l y  eva lua ted  and t h e  f i n a l  judgment on 
that Country 's  use should be based on t h e  merits of t ha t  p a r t i c u l a r  case. 
The ana log ie s  which such a count ry  might share w i t h  t h e  United S t a t e s  o r  
Ind ia  should no t  be considered any more than  ana log ie s .  Under no circum- 
stances should such  analogies become t h e  b a s i s  of governmental a c t i o n .  

I t  is a f a c t  t h a t  na t ions  vary i n  t h e i r  form of government, economic 

The b a s e l i n e  economic f i g u r e s  i n  t h e  r e p o r t  are f o r  t h e  United States. 

To test t h e  v e r s a t i l i t y  of t h e  s y n t h e t i c  carbohydra te  product ion  s y s -  

7 .2  Demand f o r  Food 

The first s t e p  in t h e  assess me^ of t h e  food requirements  of a coun- 
t r y  is t h e  de te rmina t ion  of i ts  poyrlat lon s i z e  and p ro jec t ed  popula t ion  
growth . 

Table 7.1 shows I n d i a ' s  1970 and p r o j e c t e d  1980 and year 2000 popu- 
l a t i o n  figures t o g e t h e r  w i t h  t h e  assumed popula t ion  growth rate. Food 



Table 7 . 1  

L' .N.  WORLD POPULATION PROJECTIONS "HIGH"--1970 TO 2000 

I Estimated Annual 
Rete of Growth 1970 1980 2000 

($1 

I 543.2 696.3 1,121.7 

* 
U.N. Dept. of Soc.  & Econ. A f f a i r s ,  World Popula t ion  Prospec ts  a s  A s -  
sessed i n  1963. Populat ion S tud ie s  N o .  41, N.Y., 1966. 

demand on t h e  b a s i s  of these f i g u r e s  would double by t h e  yea r  2000 and 
would inc rease  a t  the  r a t e  of 2 . 6  percent  pe r  yea r .  Food demand is not 
only a f u n c t i o n  of populat ion s i z e ,  it is a l s o  a f u n c t i c n  of family or 
per  c a p i t a  income. There is no e f f e c t i v e  demand u n t i l  one has t h e  money 
w i t h  which t o  purchase a v a i l a b l e  food.  Populat ion c h a r t s  r evea l  t h e  
growth of " r e a l "  demand, but it is both popula t ion  and income t h a t  de- 
termine e f f e c t i v e  demand. What is the  p i c t u r e  on I n d i a ' s  income pe r  
c a p i t a ,  hence its e f f e c t i v e  food demand? 

In 1971 the  pe r  c a p i t a  income i n  Ind ia  was $100.00 p e r  annum. By 
c o n t r a s t ,  t h e  Uni ted  S t a t e s  p e r  c a p i t a  income was $3,980 .OO p e r  annum. 
Thus t h e  r e a l  problem f o r  India  i n  terms of food demand is to i n c r e a s e  
its o v e r a l l  wealth and more equ i t ab ly  d i s t r i b u t e  its e x i s t i n g  r e sources .  
A plan t o  meet t h i s  demand must be compatible wi th  t h e  demand c r e a t i n g  
ob jec t ives  . 
7.3  A e r i c u l t u r a l  Production of Food 

7 .3 .1  Low Produc t iv i ty  of T r a d i t i o n a l  A g r i c u l t u r e  

U n t i l  r ecen t ly ,  Ind ia  had one of t h e  lowest r a t e s  of produc- 
t i v i t y  i n  t h e  world because of its p r i m i t i v e  a g r i c u l t u r a l  technology. 
During t h e  f i r s t  two 5-year P lans ,  1951-1961, food product ion was a b l e  
t o  keep s l i g h t l y  ahead of populat ion growth l a r g e l y  because it was s t i l l  
poss ib l e  t o  b r i n g  new a r a b l e  land i n t o  c u l t i v a t i o n .  However, by t h e  be- 
ginning of t he  Third-Year Plan i n  1961, Ind ia  was a l ready  cropping 402 
mil l ion  a c r e s  out of a p o t e n t i a l  410 m i l l i o n .  Mere extens ion  of c u l t i -  
vated land had ceased t o  be the  answer f o r  f eed ing  i t s  rap id ly  expanding 
popula t ion .  

Between 1960 and 1965, i nc reases  i n  a g r i c u l t u r a l  product ion 
began t o  t a p e r  off as populat ion began t o  p r e s s  on the  land.  By 1964, 
t he  alarming f a c t  emerged that inc reases  i n  food s u p p l i e s  were a c t u a l l y  
f a l l i n g  behind populat ion growth (F igure  7 . 1 )  and t h a t  i t  was no longer  
poss ib l e  f o r  India  t o  r e ly  on t r a d i t i o n a l  a g r i c u l t u r e  t o  support  a grow- 
ing populat ion on a l imi ted  supply of l and .  I t  became apparent  t h a t ,  
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Ro 1 1 1 " ' ~ ' 1 ~ ~ ~ ~ 1 ' 1 1 ~  
1952 5 4  56 5 s  60 62 6 4  66 GH 7 0  

---- P e r  c a p l t a  food product ion 
(observed v a l u e s  ) 
P e r  c a p i t a  food product ion 
( t r e n d  v a l u e s  ) 

- 

Source: FOA, The S t a t e  of Food and Ag-  
r i c u l t u r e ,  1971. Rome,  1971. 

F igure  7.1. INDIA:  TREND OF PER CAPITA 
FOOD PRODUCTION, 1952 TO 1970. 

u n l e s s  t h e r e  was a r a d i c a l  change i n  fanning  methods, t h e  gap between 
food s u p p l i e s  and food needs would not  an ly  p e r s i s t ,  bu t  a c t u a l l y  would 
deepen. 

7.3.2 F a i l u r e  of t h e  Monsoons, 1965 and 1966 

Beginning i n  1965 t o  1966, t h e  foud s i t u a t i o n  i n  I n d i a  took 
a s h a r p  t u r n  f o r  t h e  worse, when t h e  summer monsoon, upon which Indian 
agr icu l ture  was heavi ly  dependent,  f a i l e d  f o r  t w o  years i n  a row. Be- 
cause of t h e  severe  drought ,  food g r a i n  product ion f e l l  s h a r p l y  below 
t h e  food needs of t h e  Indian popula t ion  (F igure  7.1 above) .  The a c t u a l  
g r a i n  output  of 72 m i l l i o n  t o n s  i n  1965 and 1966, and 76 m i l l i o n  t o n s  i n  
1966and1967, was n o t  o n l y  f a r  below t h e  88.4 m i l l i o n  tons i n  1964 and 
1965 (see Table  7.2)  but about 25 percent  below t h e  o r i g i n a l l y  scheduled 
100 m i l l i o n  t o n s  under  t h e  Third Five-Year P l a n .  Mass s t a r v a t i o n  was 
aver ted  o n l y  by heavy food-grain imports, most of which were suppl ied  
by t h e  United S t a t e s  under  Public Law 480 ( t h e  "Food f o r  Peace" program). 
Dur ing  t h e s e  years, food g r a i n  imports  rose from 1 . 4  m i l l i o n  t o n s  i n  
1956 t o  7.4 m i l l i o n  i n  1964, and then t o  10.4 m i l l i o n  tons d u r i n g  t h e  
drought y e a r  of 1%6 (see Table  7 . 3 ) .  

Government to t h e  p r e c a r i w s n e s s  of its food supply and t h e  need f o r  a 
reassessment of i ts  a g r i c u i t u r a l  p o l i c y .  Up t o  t h i s  t i m e ,  a g r i c u l t u r e ,  
while  n o t  actual ly  n e g l e c t r d ,  had not  been given major emphasis i n  In- 
d i a ' s  development s t r a t e g y ,  F o r  example, i n  t h e  F i r s t  Three P lans ,  pub- 
l i c  development expendi ture  accorded a g r i c u l t u r e  ( i n c l u d i n g  i r r iga t ion  
and f l o o d  cont ro l )  w a s  n o t  on ly  cons iderably  less than  f o r  indus t ry  ( i n -  
c l u d i n g  t r a n s p o r t  and communications) but  ac tua l ly  w a s  reduced d u r i n g  
t h e  15 y e a r s  covered by t h e  t h r e e  p l a n s .  Moreover, l i t t l e  a t t e n t i o n  
w a s  paid t o  providing p r i c e  i n c e n t i v e s  f o r  f a n n e r s ,  t o  provid ing  such 
a g r i c u l t u r a l  i n p u t s  as f e r t i l i z e r s ,  improved seeds,  and farm machinery, 
or t o  t h e  prohlems of farm c r e d i t .  Thus progress  i n  a g r i c u l t u r a l  tech-  
nology was slow indeed. 

The severe droughts  of 1965 and 1966 awakened t h e  Indian 
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Table 7.2 

INDIA : FOOD GRAIN PRODUCTION, 1961/1962 AND 1971/1972 

Year In Mil l ions Average Y e a r l y  
of Tons Rate of Growth 

1950- 195 1 

1961-1962 

1 963 -1 96 4 

1964-1965 

1 965 -1 966 

1 966 -1 967 

1967-1968 

1 96 8-1 96 9 

1969-1970 

1970-1 971 

1971 -1972 

50.8 

81 .o 
80.2 

88.4 

72 .O 

76 .O 

65.4 

94 .O 

100 .o 
108.0 

113 .O 

2.5% 

5 .O& 

Sources : "Republic of India ,  I' Background Notes. 
Department of S t a t e ,  October 1969, p. 5. 

"World Bank Group Assistance for Indian  
Agr i cu l tu re ,  'I Finance and Development, 
June 1972, p. 57. 

Kastur i  Rangan, "Surplus Grain Reported 
in India," New York Times, A p r i l  30, 1972, 
p. 4. 

U.N. Department of Economic and S o c i a l  
A f f a i r s ,  World Economic Survey (New York:  
19671, p. 164. 
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Table 7.3 

INDIA: IMPORTS OF FOOD GRAIN, 1957-1971 
SELECTED YEARS 

( i n  m i l l i o n s  of t o n s )  

Sear 

1956 

1965 

1966 

1967 

1968 

1969 

1970 

1971 

* 

Imports 

1.4 

7.4 

10.4 

8.7 

5.7 

3.9 

2.1 

0 .o* 

Development, P a r t n e r s  i n  De- 
velopment, L e s t e r  P. Fkarsm, 
Chairman (New York: Praeger 
Pub l i she r s ,  1969), p. 288. 

Kas tu r i  Rangan, "Surplus of 
Gra ins  Reported i n  Ind ia , "  

1972, p. 4. 
A p r i l  30, 
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Table 7.4 

INPIA: PERCENTAGE DISTRIBUTION OF PIAN OUTLAYS I N  THE PUBLIC SECTOR 

Agr i cu l tu re  and 
community development 

I rr i g a t  i on 

Power 

V i l l a g e  and small 
indust  ries 

Industry and minera ls  

Transport and 
c Ommun ic  a t  i ons 

Social s e r v i c e s  and 
miscellaneous 

Total 

1 s t  Plan  
(1951-1956) 

15& 

2nd Plan  
(1956-1961) 

3rd Plan 
( E s t .  1961-1966) 

Source: Government of India ,  Third Five  Year Plan (1961), p. 59. 

In 1965, the Indian  Government reversed  its previous  policy 
toward a g r i c u l t u r e  and i n  its development p lan ,  gave top p r i o r i t y  t o  
a g r i c u l t u r e .  An a l l - o u t  e f f o r t  was t o  be m a d e  t o  raise y ie lds  per a c r e  
in  o rde r  to a s s u r e  that  Ind ia  would be s e l f - a u f f i c i e n t  i n  food by 1971. 
I n  its Four th  Five-Year Plan, the share of public investment going i n t o  
a g r i c u l t u r e  w a s  increased  2 1/2 times over  the share alloted i n  the Th i rd  
P lan .  A t  t h e  8ame t i m e ,  I nd ia  o u t l i n e d  a bold new s t r a t e g y  t o  improve 
a g r i c u l t u r a l  p r o d u c t i v i t y .  T h i s  included sha rp ly  increased  use  of ferti- 
l i z e r  and p e s t i c i d e s ,  increased  research i n  h igh-y ie ld ing  seed v a r i e t i e s ,  
increased i r r i g a t i o n ,  p r i c e  incen t ives ,  and improved a g r i c u l t u r a l  educa- 
t i o n .  

* 

* 
The fo l lowing  t a b l e  compares the Four th  P lan  pub l i c  s e c t o r  ou t l ay  f o r  
a g r i c u l t u r a l  improvement wi th  the  expend i tu re  i n  the  Third P lan  and An- 
nual  Plane (1900 t o  1969) under  each s e c t o r  related t o  a g r i c u l t u r e ,  

(Footnote continued on f OllOWing page. 
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7.3.3 The Green Revolution 

Simultaneously w i t h  i ts  new emphasis on a g r i c u l t u r e ,  a 
breakthrough occurred i n  a g r i c u l t u r a l  p r o d u c t i v i t y ,  t h e  so-ca l led  
"Green Revolution . I 1  Twenty years of r e s e a r c h  went i n t o  producing new, 
c a r e f u l l y  s e l e c t e d  hybrid s t r a i n s  of rice and wheat which could s a f e l y  
absorb up t o  120 pounds of n i t r o g e n  p e r  acre. T r a d i t i o n a l  s t r a i n s  could 
do so but t h e  r e s u l t i n g  heads of g r a i n  were simply too  heavy f o r  t h e  t h i n  
stems and f e l l  o v e r  or "lodged" i f  more than 40 pounds of f e r t i l i z e r  was 
appl ied  to t h e  acre. This  increased  t o l e r a n c e  f o r  f e r t i l i z e r ,  combined 
w i t h  a q u i c k e r  per iod  f o r  maturing--only 120 days  compared w i t h  150 t o  
180 w i t h  older species--made t h e  new hybrids  two or three t i m e s  more pro- 
d u c t i v e ,  provided they received enough water, f e r t i l i z e r ,  and p e s t i c i d e s .  

Because the  new hybrid v a r i e t i e s  needed adequate  water sup- 
p l i e s ,  i t  was decided t o  c o n c e n t r a t e  p l a n t i n g  t h e  new v a r i e t i e s  on 32 
m i l l i o n  acres of irrigated land i n  t h e  Punjab r e g i o n .  I t  was estimated 
t h a t  p l a n t i n g  on such land would produce a 25 p e r c e n t  i n c r e a s e ,  as op- 
posed t o  a 10 percent  i n c r e a s e  on u n i r r i g a t e d  land .  

The new seed was quick ly  adopted by Indian  fa rmers ,  espe-  
c i a l l y  as to  wheat. For  example, t h e  area p l a n t e d  w i t h  h igh-y ie ld ing  
wheat increased  from 7,400 acres i n  1966 t o  15,100,000 acres i n  1971 as 
shown i n  Table  7.5. The rapid adopt ion af new seeds demonstrated t h a t  
t h e  peasants ,  c o n t r a r y  t o  expec ta t ions ,  were not  hopeless ly  bound t o  
t r a d i t i o n .  Given reasonable  government suppor t  p r i c e s  acl  reasonable  
assurance  of a large p r o f i t  on h i s  investment,  t h e  Indian fa rmer  proved 
w i l l i n g  t o  adopt new technology w i t h  amazing r a p i d i t y .  

dramatic  i n c r e a s e  i n  g r a i n  output  over  t h e  next  f o u r  y e a r s .  Aided by 
good weather, g r a i n  product ion rose 30 p e r c e n t  i n  1967 and 1968 t o  95.4 
m i l l i o n  tons ,  though it s t i l l  was only 7 percent  h ighe r  than  t h e  p r e v i -  
ous record reached t h r e e  y e a r s  earl ier.  I n  1968 and 1969, product ion  

New technology p l u s  the  new government strategy led t o  a 

* 
Fourth 

Plan S e c t  or Third 1966-1969 Plan 
( i n  Rs. crores) 

Agriculture and a l l i e d  sectors 1,088.9 1,166.6 2,728.2 
Irrigation and flood c o n t r o l  664. 7 457.1 1,086.6 
Power" 

Tota l  
1,252.3 1,182.2 2,447.6 
3,005.9 2,805.9 6,262.4 

* 
Although a g r i c u l t u r e  is not  t h e  sole b e n e f i c i a r y  of t h i s  o u t l a y ,  a 
large part of t h e  investment fo r  power c o n s t r u c t i o n  d i r e c t l y  bens- 
f i ts  t h e  farming populat ion and is therefore, included as p a r t  of 
t h e  t o t a l  e f f o r t s  of t h e  Indian  Government t o  improve I n d i a ' s  agri- 
c u l t u r a l  p o t e n t i a l .  

Source: Government of Ind ia ,  F o u r t h  F i v e  Year Plan,  1969-1974, 
Summary, January 1971, p.  20. 
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Table 7.5 

Crop Year 

1966 

1967 

1968 

1969 

1970 (est) 

AREA PLANTED WITH HIGH-YIELDING 
MEXICAN WHEATS IN I N D I A  

1966-1970 

( i n  tcres) 

7,400 

1,278,000 

6,681,000 

10,000,000 

15,100,000 

Rev o lu  t ion,  'I In t e mat i on8 1 
Conc i l i a t ion ,  No. 581, January 
1971, p. 6. 

f e l l  s l i g h t l y  t o  94.0 m i l l i o n  t o n s  because of unfavorable  weather i n  
same parts of the  country.  However, w i t h  three y e a r s  of good weather, 
food g r a i n  product ion  climbed t o  113 m i l l i o n  t o n s  by 1971. A t  t ha t  time, 
India  announced that she had reached her  goal of s e l f - s u f f i c i e n c y  i n  
g r a i n  and tha t  she would no longe r  need t o  import food g r a i n s  from t h e  
developed c o u n t r i e s .  I n  fact, she even spoke of a p o s s i b l e  8 m i l l i o n  t o n  
g r a i n  su rp lus .  

Since the  breakthrough i n  a g r i c u l t u r a l  technology, Ind ia  has 
boosted her overall growth i n  food product ion  t o  5 percen t  a year--double 
the previous  rate and almost double  t h e  p re sen t  popula t ion  growth of 2.6 
percent .  Wheat product ion,  i n  fact, a c t u a l l y  increasad  a t  an annual  rate 
of 21 percent  between 1967 and 1970. Despite the  o v e r a l l  improvement i n  
food product ion,  t he re  has been l i t t l e  or n o  expanded product ion  of o t h e r  
c rops  than  g r a i n s .  During the  same per iod ,  p u l s e s  bare ly  increased ,  and 
t h e  same was t r u e  of meats, eggs,  and milk--all  important  sources of pro- 
t e i n .  

a g r i c u l t u r i s t s  that i f  the  new hybrid g r a i n s  were p lan ted  on s u f f i c i e n t  
acreage, Ind ia  would have good p rospec t s  of f e e d i n g  her popula t ion  w e l l  
i n t o  the e ight ies ,  despite an expected popula t ion  growth of 153 m i l l i o n  
du r ing  t h e  decade 1970 t o  1980. 

Nevertheless ,  great optimism has been expressed by many Indian  

7.3.4 Can Ind ia  Sus t a in  a 5 Percent  Growth i n  Food Product ion? 

Many e x p e r t s  do no t  share I n d i a ' s  conf idence  tha t  t h e  G r e e n  
Revolution w i l l  be able t o  s u s t a i n  its growth t r end .  A number of reasons 
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a r e  ci ted.  F i r s t ,  t hus  f a r  i n c r e a s e s  i n  c r o p  y i e l d s  have been made where 
they  are e a s i e s t ,  among the  most p rogres s ive  farmers who are eager t o  i n -  
novate and who have better land and access t o  water and c a p i t a l .  These 
farmers  can apply t h e  f e r t i l i z e r ,  d r i l l  t h e  w e l l s  f o r  i r r i g a t i o n ,  and have 
access t o  t r a n s p o r t a t i o n  t o  move t h e i r  c rops  t o  market L 1 3 .  I t  is un- 
l i k e l y  t h e  Green Revolution w i l l  spread as r a p i d l y  among t h e  small sub- 
s i s t e n c e  farmers and sharecroppers ,  who have fewer resources ,  u n l e s s  
there a r e  fundamental  changes in  land t enure  and credit p o l i c i e s .  

over  75 percent  of I n d i a ' s  a r a b l e  land is without  assured  water s u p p l i e s .  
A t  the  p resen t  t i m e ,  t he  new seeds have been p l an ted  fo r  t h e  most part in 
East Punjab, where i r r i g a t e d  land a l r e a d y  e x i s t s .  To  b e n e f i t  t h e  majority 
of fanners ,  t h e  new g r a i n  v a r i e t i e s  would have t o  spread  t o  t h e  remaining 
cropland - This  would r e q u i r e  ei ther greater investment i n  i r r i g a t i o n  proj-  
ects or a breakthrough in  new v a r i e t i e s  s u i t a b l e  f o r  n o n i r r i g a t e d  a g r i c u l -  
t u r e .  

"miracle rice" has touched only a f r i n g e  of rice c u l t i v a t i o n  and has ba re ly  
taken root i n  the rice f i e l d s  of W e s t  Bengal, Oressa, and other major rice- 
growing areas [ 2 3 .  Since wheat accounts  for  15 percent  of t h e  t o t a l  8cre- 
age i n  food g r a i n s  as a g a i n s t  3 1  percen t  i n  rice, t h e  lat ter is yore impor- 
t a n t  i n  de te rmining  the  o v e r a l l  rate of a g r i c u l t u i a l  growth. 

b l e  t o  pests and disease, because they  are p r e s e n t l y  unsu i t ed  t o  I n d i a ' s  
climate. A l s o  because t h e  new g r a i n s  are coarse and t u r n  s t i c k y  on cook- 
ing, they  lack  consumer appea l  and sel l  a t  a d i scoun t .  F t r thermore ,  t h e  
lack of i r r i g a t i o n  and absence of dra inage  f a c i l i t i e s  i n  some of the  major 
rice-growing areas are l i m i t i n g  f a c t o r s  [31. The spread  of rice hybr ids  
t o  more parts of Ind ia  awaits s u b s t a n t i a l  investment i n  water s u p p l i e s  and 
d ra inage  comparable t o  that made i n  Japan and Taiwan over  the  past s e v e r a l  
decades. 

Fourth,  a g r i c u l t u r e  in  Ind ia  is heav i ly  dependent on the  mon- 
soon r a i n s .  With ba re ly  a f o u r t k  of the  c o u n t r y ' s  325 m i l l i o n  arable 
acres proper ly  i r r i g a t e d ,  a g r i c u l t u r a l  performance i n  I n d i a  s t i l l  c o n t i n -  
u e s  t o  be h ighly  s u b j e c t  t o  t h e  v a g a r i e s  of weather. Ore reason f o r  t h e  
improvement of g r a i n  output  i n  I n d i a  s i n c e  1969 has been t h e  unusual ly  
good weather it has enjoyed fo r  t h r e e  years i n  a row. There is no guar- 
a n t e e  that the  s p e l l  w i l l  not break a t  any t i m e .  

r e a l i y  d i f f i c u l t  t o  know how much of t h e  i n c r e a s e  i n  g r a i n  output  i n  t he  
p a s t  t h r e e  years can be a t t r i b u t e d  t o  the  new technology and how iwch t o  
the good weathor i n  I n d i a .  A drought  fol lowed by r a i n ,  t h e y  argue,  w i l l  
c ause  a spurt i n  nroduct ion w i t h  or without  new technology. In  the  t h r e e  
y e a r s  per iod  1969 t o  1971, Ind ia ,  f o r  i n s t ance ,  increased  h e r  product ion 
of bar ley ,  chickpeas,  tea, j u t e ,  co t ton ,  atxi tobacco by 30 t o  30 percent ,  
and d i d  so wi th  no new high-y ie ld ing  v a r i e t i e E  [43. 

k s t l y ,  t he  Green Revolution is p r e s e n t l y  be ing  monopolized 
only by w e a l t h i e r  fa rmers .  So f a r  the more advantaged fa rmers  have ob- 
ta ined  d i s p r o p o r t i o n a t e  sha res  of i r r i g a t i o n  water, f e r t i l i z e r s ,  seeds,  
and credit. Unwise f i n a n c i a l  policies have sometimes encouraged these 

Second, t h e  new high-yielding seeds r e q u i r e  i r r i g a t i o n ,  but  

Third,  only a wheat r evo lu t ion  has taken place i n  I n d i a .  The 

Why t h e  problem i n  rice? The new hybr ids  are h ighly  s u s c e p t i -  

Some critics of t h e  Green Revolut ion p o i n t  out  t h a t  it is 
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farmers t o  c a r r y  out  excess ive  mechanization, which has led t o  an inc rease  
i n  r u r a l  unemployment. In  India ,  a g r i c u l t u r a l  incomes are l a r g e l y  exempt 
from direct t a x a t i o n  and l a r g e  farmers have used t h e i r  w i n d f a l l  p r o f i t s  t o  
en la rge  t h e i r  farms even f u r t h e r .  What is f o r g o t t e n  is t h a t  sma l l  fa rmers  
o f t e n  work their  hold ings  more i n t e n s i v e l y  than  l a r g e r  fa rmers ,  and o f t en  
achieve  a h ighe r  output  p e r  acre. A l l  t h i s  sugges t s  t h a t  a reasonable re- 
d i s t r i b u t i o n  of land,  c u r r e n t l y  held i n  excess ive ly  l a r g e  b locks ,  t o  t h e  
l a n d l e s s  o r  t o  small farmers would be desirable no t  only on grounds of 
equ i ty ,  but  on grounds of e f f i c i e n c y  as w e l l  [SI. 

Mere land r e d i s t r i b u t i o n  by i tself ,  however, is n o t  l i k e l y  t o  
lead t o  more output  un le s s  those who rece ive  i t  are also given the  neces- 
sary a s s i s t a n c e  t o  f inance  and improve farming techniques .  This  w i l l  re- 
q u i r e  a change i n  t h e  s t r u c t u r e  of credit i n s t i t u t i o n s  and ex tens ion  ser- 
vices ,  which t y p i c a l l y  s e r v e  l a r g e  farmers. If t h e  poorer fa rmers  d o  not 
b e n e f i t  from the  Green Revolut ion 's  i n c r e a s e  i n  ou tput ,  they  cannot  i n -  
crease t h e i r  own food consumption, and the  whole d r i v e  toward g r e a t e r  
p roduc t iv i ty  w i l l  be diminished by a s l u g g i s h  msrket.  

7.3.5 Summary and Conclusion 

Although Indian food product ion has a t t a i n e d  a r ap id  growth 
of 5 percent  a year s i n c e  the  i n t r o d u c t i o n  of t h e  so-ca l led  Green Revolu- 
t i o n ,  there is no c l e a r - c u t  assurance  t h a t  t h i s  rate w i l l  con t inue  over  
the next  f e w  decades u n l e s s  a number of t echno log ica l ,  economic, and f i -  
n a n c i a l  problems are so lved .  For  example, Ind ia  must f i n d  high-yielding 
r ice seeds s u i t a b l e  t o  its climate. I t  must main ta in  p r i c e  i n c e n t i v e s  
and adequate s u p p l i e s  of t h e  necessary inpu t s ,  such as seeds, f e r t i l i z -  
ers, and p e s t i c i d e s .  I t  must r e o r i e n t  its i r r i g a t i o n  investment and 
p r a c t i c e s  so as t o  b r ing  assured  water s u p p l i e s  t o  t h e  "dry farming" 
areas. I t  must reorganize  its credi t  s y s t e m  t o  permit t h e  ma jo r i ty  of 
India.] farmers  who l ack  resources  t o  t a k e  advantage of the new a g r i c u l -  
t u r a l  technology. Moreover, it must devote  more funds t o  a g r i c u l t u r a l  
research t o  cope w i t h  a number of second gene ra t ion  problems such as new 
p l a n t  disease, d i f f  i c u l t l e s  i n  marketing, s to rage ,  and c rop  d i v e r s i f  ica- 
t i o n .  

income, there could w e l l  be a lack of e f f e c t i v e  demand because of t he  
low incane of the  Indian masses. The recen t  announcement by Ind ia  tha t  
s h e  is now s e l f - s u f f i c i e n t  i n  food, meaning independent of food imports ,  
i s  highly mis leading .  Se l f - su f f i c i ency  i n  t h i s  i n s t a n c e  j s  def ined  i n  
terms of e f f e c t i v e  demand--what people  can af f ord--not i n  terms of what 
they need. 
sumption is a t  least 25 percent  below health requirements" C61. Sta rva -  
t i o n  and m a l n u t r i t i o n  are major problems t h a t  the government has  been 
unable  t o  surmount. For  Ind ia  t o  a t t a i n  s e l f - s u f f i c i e n c y  i n  the  broader  
sense ,  t h e  p e r  c a p i t a  income of t h e  mass of people--presently under  $200 
pe r  year--would have t o  grow coneiderably  t o  a f f o r d  both  caloric and pro- 
t e i n  s u f f i c i e n c y  . 
higher  l e v e l  of g r a i n  product ion than  Ind ia  p re sen t ly  has .  

F i n a l l y ,  un le s s  there are basic improvements i n  p e r  c a p i t a  

The bulk of Indians  l i v e  i n  poverty and "per -capi ta  food con- 

"Self -8uff ic iency"  i n  food would then r e q u i r e  a much 
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A11 t h a t  can be said is t h a t  t h e  Green Revolution has pur- 
chased time. I t  has given Ind ia  a momentary r e s p i t e  in which (1) f u r -  
t h e r  a g r i c u l t u r a l  p rogress  can be made, ( 2 )  a l t e r n a t i v e  processes  such 
as a r t i f i c i a l  foods  can be developed t o  supplement a g r i c u l t u r e ,  and ( 3 )  
some s tar t  can be m a d e ,  hopefu l ly ,  i n  t h e  c o n t r o l  of p o p l a t i o n  i tself .  

7.4  Synthe t ic  Carbohydrates 

7 . 4 . 1  F e a s i b i l i t y  

The proposa l  developed f o r  t h e  s y n t h e t i c  product ion  of car- 
bohydrates p r e s e n t s  t w o  a l t e r n a t e  p l ans  o r  pathways. F i r s t ,  i s  t h e  cel- 
l u l o s e  process ,  named a f t e r  i t s  input  material. Second, is t h e  f o s s i l  
f u e l  process. 

Ind ia  is a foss i l  f u e l  importer ,  whereas it is t h e  world's  
l a r g e s t  producer  of bagasses, a prime inpu t  t o  the  c e l l u l o s e  p rocess .  
F o s s i l  f u e l  imports are under  s t r ic t  government quotas  and c o n s t i t u t e  
a scarce resource valued f o r  many purposes .  Bagasse on t h e  o t h e r  hand 
is a v a i l a b l e  i n  l a r g e  q u a n t i t i e s  from more than  120 p l a n t s  located i n  
e i g h t  areas of t h e  country which inc lude  sites i n  Uttar Pradesh, t h e  
major source  of bagasse, B i h a r ,  East Punjab, West Bengal, Maharashtra, 
Andra Pradesh, Madras, and Mysore. Because of t h e  facts o u t l i n e d  above. 
t h e  c e l l u l o s e  process  seems immediately preferable t o  a f o s s i l  f u e l  pro- 
cess i n  Ind ia .  

An adequate technology e x i s t s  i n  India  for  both  c o n s t r u c t i o n  
and opera t ion  of an  a r t i f  i c ia l  carbohydra te  f a c i l i t y .  S imi la r  conveyers ,  
feeders, motors, mixers,  s t a i n l e s s  steel v e s s e l s ,  and other necessary  
equipment as needed by t h e  f a c i l i t y  are p r e s e n t l y  be ing  manufactured for 
the c o u n t r i e s '  sugar  and mi lk  process ing  i n d u s t r i e s .  

The major chemical requirement  in the  process  is fo r  c a u s t i c  
soda. S ince  a l k a l i  products  are manufactured i n  large q u a n t i t i e s  i n  In- 
d i a  f o r  domestic demands, i t  is presumed t h a t  s u f f i c i e n t  q u a i l t i t i e s  of 
dry f l a k e  a l k a l i  would be a v a i l a b l e  f o r  t he  p rocess .  

7 .4 .2  C o s t s  and Financinn 

Cons t ruc t ion  costs of a complete chemical process  p l a n t  i n  
India  a r e  estimated t o  be 30 t o  40 percen t  above U.S. Gulf Coast f i g -  
u re s .  These costs are on t h e  basis of an o u t s i d e  c o n t r a c t o r  e r e c t i n g  a 
complete p l a n t .  They inc lude  al lowances f o r  problems i n  o b t a i n i n g  l i c -  
enses  and o t h e r  governmental approvals ,  d i f f e r e n c e s  i n  material s t anda rds ,  
import d u t i e s ,  d e l i v e r y  de l ays ,  labor c o s t s ,  and many other factors which 
inf luence  the  cost of doing  bus iness .  The cost of c a p i t a l  is also high.  
Even under  t h e  assumption t h a t  c o n s t r u c t i o n  and ope ra t ion  would be en- 
t i r e l y  indigenous,  it is l i k e l y  that  t h e  c o s t  of t h e  product would be a t  
least equal  t o  t h a t  f o r  U.S. product ion .  A l l  costs, w i t h  t h e  except ion  
of labor ,  are s u b s t a n t i a l l y  high. Low l a b o r  costs are o f f s e t  by low e f -  
f I C  ioncy , 
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India  has ind ica t ed  its s t r o n g  p re fe rence  fo r  i n t e r n a l  f i -  
nancing of h e r  p r o j e c t s  f o r  development. A t  page 8 of t h e  Fourth Five 
Year Plan it  is stated t h a t :  

"In regard t o  the f i n a n c i n g  of t h e  Plan,  emphasis is being  
placed on a d d i t i o n a l  mob i l i za t ion  of i n t e r n a l  resources  in 
a manner which  w i l l  n o t  g ive  rise t o  i n f l a t i o n a r y  pressures: '  

The p lan  f u r t h e r  s p e c i f i e s  (page 2 1 )  tha t  money f o r  p a r t i c u l a r  geograph- 
i c a l  reg ions  is a major factor i n  t h e  a l l o c a t i o n  of n a t i o n a l  resources .  
Among the r e c i p i e n t  reg ions ,  those which have been projected as poten- 
t i a l  sites f o r  s y n t h e t i c  carbohydrate p l a n t s  have been des igna ted  as 
major r e c i p i e n t  reg ions .  Thus money f o r  new p r o j e c t s  could probably 
be bound i n t o  these funds.  Fu r the r ,  a t  page 23, t he  criteria fo r  cen- 
t r a l  f i nanc ing  is set f o r t h .  These p r o j e c t s  should :  

(1) relate t o  p i l o t  programs 

(2  1 
(3) r e q u i r e  lump sum provis ion  

( 4 )  have o v e r a l l  Indian s i g n i f i c a n c e  

have a r eg iona l  character 

Under these criteria, the proposa l  he re in  envis ioned would q u a l i f y  o r  
s tand  a good chance of q u a l i f y i n g  fo r  c e n t r a l  f i n a n c i a l  suppor t .  

7.4.3 Compat ib i l i ty  w i t h  Nat ional  Po l i cy  

Synthe t ic  product ion  of food is not  an a l t e r n a t i v e  consid-  
ered by t h e  Indian p lanners  in the development of t h e i r  s t r a t e g y  t o  
meet t h e  emerging food shortage crisis. Y e t  the  p ro jec t ed  budget ou t -  
l a y s  under t h e  Four th  F ive  Year Plan d o  a n t i c i p a t e  cons ide rab le  sums 
being expended on a g r i c u l t u r a l  research. Thus it should be p o s s i b l e  
t o  f i n d  f i n a n c i a l  suppor t  f o r  t h e  planning of t h e  implementation of 
such a s y n t h e t i c  product ion p l a n t  in these funds.  Moreover, such a 
sugges t ion  would probably c o n s t i t u t e  a s i g n i f  i c a n t  and innovat ive  a l -  
t e r n a t i v e  t o  the  Indians  i n  t h e i r  e f f o r t s  t o  meet t h e i r  obvious cha l -  
lenge t o  produce more food domest ica l ly .  

The Indian C e n t r a l  Planning body is created pursuant  t o  
ob l iga t ion  of the Indian n a t i o n a l  government created by t h e  Indian 
c o n s t i t u t i o n .  That document r e q u i r e s  governmental p a r t i c i p a t i o n  in 
s o c i a l  and econamic planning and development. Thus the  Fourth F ive  
Year Plan and other similar documents, though no t  j u r i d i c i a l  in that 
they may not  became t h e  cause  of l i t i g a t i o n ,  do have a primary l e g a l  
basis. Hence, they c a r r y  t h e  f o r c e  of l a w  i n  gene ra l  implementation 
and admin i s t r a t ion .  An eva lua t ion  of the  a c c e p t a b i l i t y  of any new 
scheme f o r  the f u l f i l l m e n t  of recognized needs wi th in  Ind ia  must come 
wi th in  the  r e s t r a i n t s  set f o r t h  in these va r ious  pol icy  documents. 
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Indian f o r e i g n  trade and domest ic  development p o l i c i e s  would 
prabably have the m o s t  important  i m p a c t s  upon its p rospec t ive  u t i l i z a t  im 
of the  carbohydrate  product ion s y s t e m  found he re in .  That po l i cy  a n t i c i -  
pates that t h e  major industries w i l l  be l o c a l l y  c o n t r o l l e d ,  and tha t  f u r -  
t h e r  i n d u s t r i a l i z a t i o n  should be encaraged w i t h  governmental aid and 
p a r t i c i p a t i o n .  These policies direct  that any p ro jec t ed  Indian u t i l i z a -  
t i o n  of t h e  s y s t t m  a n t i c i p a t e  p a r t i c i p a t i o n  by t h e  Indian government and 
that the production p l a n t  be located wi th in  India and be p r imar i ly  i f  not 
exc lus ive ly  under Indian c . n e r s h i p  and c o n t r o l  (71. 

7.4.4 Product Acceptability and U t i l i z a t i o n  - 
The u t i l i z a t i o n  of s y n t h e t i c  starch i n  Ind ia  o f f e r s  t w o  a t -  

t r a c t i v e  possibilities: human foods and animal feeds. Human use  can  be 
considered as part of a noma1  diet, i n  which case i t  would need to  be a 
n u t r i t i o n a l l y  balanced product  i n  i t s e l f ,  or as an  epscrgency food, where 
energy t o  s u s t a i n  l ife w o u l d  be t h e  prime cons ide ra t ion .  U s e  of starch 
as a major component i n  animal f eeds  i; appea l ing  from t h e  s tandpoin t  of 
improving d ie t  q u a l i t y  w i t h  m e a t  p ro t e in ,  m o s t  l i k e l y  chicken.  A t  t h e  
same time, cereal g r a i n  f o r  human consumption would be m a d e  more f r e e l y  
ava i l ab le .  Glucose, an i n t e w e d i a t e  product  i n  starch s y n t h e s i s ,  can be 
used to  a l i m i t e d  e x t e n t  i n  e i t h e r  case t o  improve pa l a t ab i l i t y  and t o  
provide a r e l a t i v e l y  inexpensive energy source. 

7.4.4.1 Human U s e  

Macaroni products  are p a r t i c u l a r l y  s u i t e d  to  easy mass pro- 
duc t ion  and can be for t i f ied t o  sleet n u t r i t i o n a l  needs.  A s  d ry  p r d u c t s ,  
they can be e a s i l y  stored and t r anspor t ed  and n f f e r  consumer appea l  f o r  
convenience i n  p repa ra t ion  as w e l l  as permi t t i ng  f l a v o r i n g  t o  s u i t  re- 
g iona l  tastes. Among the  macaroni products ,  v e r m i c e l l i  is the  only one 
that has been t r a d i t i o n a l l y  produced i n  Ind ia  for a long time. I t  is 
w e l l  accepted, p a r t i c u l a r l y  for  dessert use,  which also l ends  a p r e s t i g e  
factor. This, and the success  of similar products  i n  t h a t  region of t h e  
world, appear  t o  i n d i c a t e  that p a s t a  products  would be a reasonable  choice 
for s t a rch  u t i l i z a t i o n  8s  human food i D  i nd ia .  

7.4.4.2 A n i m a l  Feeds 

The u t i 1 i ; t a t i o n  of s y n t n e t i c  starch iz animal f eeds  is 
a t t z a c t i v e  as a means of improving d i e t  q u a l i t y  i n  a p r o t e i n  de f i c i ency  
s i t u a t i o n .  Chicken is t h e  most widely accep tab le  meat form i n  India, and 
t h e  pou l t ry  indus t ry  is growing r ap id ly .  Chickens are also an extremely 
eff'cient convertor of feed to meat, and l ay ing  hens are e f f i c i e n t  "fac- 
tories" that use  feed to  t u r n  out F o n m i c a l  eggs.  Syn the t i c  s t a r c h  as 
a major poul t ry  feed  cmponent  offp-.s promise i n  a s s i s t i n g  the  develop- 
ment of t h e  Indian pou l t ry  1 !u3tr9 vithout absorbing a d i s p r o p o r t i o n a t e  
share  of t h e  food g r a i n s  needed foi-  human use .  
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The e f f i c i e n c y  poss ib l e  i n  t h e  pou l t ry  indus t ry  is w e l l  
i l l u s t r a t e d  by a common measure--the pounds of feed  requi red  to produce 
1 l b  of meat. For  b r o i l e r s ,  t h e  U.S. ratio, which was 4 i n  1948, has 
dropped t o  around 2.2. In add i t ion ,  t h i s  i ndus t ry  can be developed i n  
areas where t h e  land is not  s u i t e d  f o r  other a g r i c u l t u r a l  purposes .  
C l e a r l y ,  there is a p l a c e  for large q u a n t i t i e s  of s y n t h e t i c  starch and 
g lucose  i n  poul t ry  f eeds ,  p a r t i c u l a r l y  i f  t h e y  can be produced a t  p r i c e s  
compet i t ive  w i t h  t r a d i t i o n a l  feed materials. 

Poul t ry  fawing  be ing  labor in t ens ive ,  would c r e a t e  new 
jobs, r a t h e r  than d e s t r o y  e x i s t i n g  ones, would i n c r e a s e  t h e  woefully 
inadequate  supply of p ro te in ,  and would keep popula t ion  i n  rural a r e a s  
by s t r eng then ing  the  r u r a l  economy. N o t  only could starch p l a n t s  be 
located i n  these areas but also new industries f o r  process ing  and mark- 
e t i n g  pau l t ry .  Furthermore, t he  p a u l t r y  indus t ry  would h e l p  d i s t r i b u t e  
the g a i n s  of economic development m o r e  equ i t ab ly  s i n c e  its r e l a t i v e l y  
l o w  c a p i t a l  costs lends  itself t o  small-sized f a m i l y  o p e r a t i o n s  rather 
than large-scrled c o r p o r a t e  agr i -bus inesses  . 

F i n a l l y ,  it wauld p r o t e c t  t h e  environment compared w i t h ,  
f o r  example, i nc reas ing  t h e  c u l t i v a t i o n  of hybrid wheat  and r ice .  Poul- 
t r y  w a s t e  is biodegradable and less dangerous than  chemical f e r t i l i z e r s ,  
herbicides, and pesticides needed for  g r a i n  product ion.  Equally impor- 
t a n t ,  i t  would release land in lnd ia ,  a l r eady  i n  short supply,  s i n c e  f a r  
less acreage would be needed f o r  an equal amount of p r o t e i n  praduceci on 
a pou l t ry  farm us ing  i n p u t s  of s y n t h e t i c  starch compared w i t h  feed g r a i n s  
grown by convent iona l  agriculture. 

social value,  l o w  social cost, and permits an immediate response t o  in -  
mediate social and economic problems. Moreover, it is in complete har-  
mony wi th  t h e  basic g o a l s  af India--a r ap id  i n c r e a s e  in t h e  s tandard  of 
l i v i n g ,  and an  emphasis on t he  cormRon man, t h e  weaker sectors of t h e  
economy, and the  less p r i v i l e g e d .  

In s h o r t ,  a s y n t h e t i c  s t a rch -pou l t ry  ope ra t ion  has high 
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Appendix 4.1 

CHARACTERISTICS OF ENZYMES : GLYC IDALDEHYDE --$ GLUCOSE 

1. Tr iokinase  E.C. 2.7.1.30 

Deta i led  studies of t h e  k i n e t i c s  of t r i o k i n a s e  appa ren t ly  have not 
been made, due t o  t h e  l ack  of p u r i t y  of the  p r e p a r a t i o a .  
va lues  f o r  D-glyceraldehyde and DHA have been determined C2l f o r  t h e  beef 
l i v e r  enzyme as 1.2 x and 2.0 x r e s p e c t i v e l y .  The pH optimum 
is  around 7 C11. Some t y p i c a l  l e v e l s  i n  c rude  extracts of l i v e r  from 
va r ious  v e r t e b r a t e  sources are as fo l lows  ( i n  po le s /min /g  w e t  weight of 
l i v e r  a t  25OC) [31: 

However, ' K, 

man 2.07 
rat 1.65 
chicken 0.86 
hedge l i z a r d  0.36 
land toad 0 
guinea p i g  1.5 (has  been p u r i f i e d  

30 times) C41 

Taking 1.5 pmoles/min/g as a reasonable  estimate f o r  mammalian l i v e r ,  
i t  would appear  t h a t  lo6 l b s  of l i v e r  would be requ i r ed  t o  ob ta in  s u f f i -  
c i e n t  enzyme, or about 0.4 percent  of t h e  beef l i v e r  harves ted  annual ly  
i n  t h e  U.S. 

= 1 x 10 6 l b  700 moles/min # l b  = - 
1.5 x moles/min/g x 453 g / l b  

On t h e  o t h e r  hand, Lased on r a t h e r  sketchy data C43 about  140,000 l b s  of 
B. s u b t i l i s  would be requ i r ed .  Th i s  is based on an estimate of 12 pioles/ 
min p e r  gram of cel ls .  This  may be q u i t e  unduly p e s s i m i s t i c  stnce t h e  as- 
s a y  system w a s  f a i r l y  c rude ,  and no a t tempt  a t  opt imiz ing  enzyme product ion  
was made. 

2. TPI E.C. 5.3.1.1 1.53 - 
S p e c i f i c  a c t i v i t y  and tu rnove r  number: (MW = 56,000)  

4 

6 

4.9  X 10 

1.0 x 10 

moles/min/mole enzyme - DHAP 

moles/min/mole enzyme - GAId)-P 

or 

0.88  moles/min/g enzyme - DHAP 

18 moles/min/g enzyme - GALD-P 
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K va lues  -m - 
-3 GALD-P - 1.3 X 10 

DHAP - 1.2 x 

pH optimum 

Appears f a i r l y  sharp: between pH 7.0 and 8.0, wi th  a rap id  
dec rease  i n  a c t i v i t y  t o  n e a r l y  z e r o  a t  pH 5.5 and pH 10. 

I n h i b i t i o n s  

Campounds r e l e v a n t  t o  t h i s  process  (ADP or ATP nonphosphory- 
l a t e d  trioses) w e r e  no t  listed as i n h i b i t o r s .  

Level of a c t i v i t y  

I f  recoveries of a c t i v i t y  similar t o  t h o s e  obtained on a lab- 
oratory scale w e r e  poss ib l e ,  i n  order t o  o b t a i n  t h e  requi red  
amount of c r y s t a l l i n e  enzyme, only 48 lbs of dried y e a s t  would 
be necessary.  
hamagenates. One kg of dried y e a s t  y i e lded  1600 mg of crys- 
t a l l i n e  "PI of s p e c i f i c  a c t i v i t y  10,000 pmoles/min/mg. On 
t h i s  basis 

(The enzyme was purified 250 f o l d  from c rude  

# l b  = 350 moles/min required x 2.2 lb/kg = 48 I b s )  
.010 moles/min/mg x 1600 mg enzymedkg y e a s t  

3. Aldolase E.C. 4.1.2.13 161 

Spec i f i c  a c t i v i t y  or turnover  number (MW a 70,000) 

4 3.78 x 10 moles/min/mole enzyme 

or 

0.56 moles/min/g enzyme 

K va lues  -m 

DHAP - 2.4 x 

GALDP - 2 
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pH optimum 

About pH 7.3 app:ars opt imal  f o r  t h e  aldol s y n t h e t i c  reaction 
w e  are cons ider ing .  The a c t i v i t y  f a l l s  o f f  rather sha rp ly  on 
e i t h e r  s i d e .  This  d i f f e r s  from t h e  optimum of pH 6 for  t h e  
catalysis  of t h e  H3 exchange a t  C-1 of DHAP. 

I n h i b i t i o n s  

The enzyme is i n h i b i t e d  by substrate a t  l e v e l s  h igher  than  
t w i c e  t h e  K,,, va lue  b u t  no  data as t o  t h e  e x t e n t  of i n h i b i t i o n  
are  g iven .  S ince  t h e  enzyme has a f a i r l y  h igh  t u r n o v e r  number, 
it may be p o s s i b l e  t o  overcome t h i s  problem by i n c r e a s i n g  t h e  
concen t r a t ion  of enzyme i n  the reactor by a f a c t o r  of 10 or 
100. F o r  example, fructose-1,6-diphosphatase is s u b s t r a t e  i n -  
h i b i t e d  such  tha t  a f ive - fo ld  i n c r e a s e  i n  c o n c e n t r a t i o n  over  
K, causes  the  rate t o  decrease by a f a c t o r  of t w o .  If w e  were 
t o  run a t  0.1 M, t h i s  would r e p r e s e n t  a 15 fold i n c r e a s e  over  
t h e  I$,, f o r  aldolase. 

T r i s ,  imidazole,  and phosphate b u f f e r  systems are  i n h i b i t o r y ,  
and g lycy ig lyc ine  b u f f e r  is, t h e r e f  ore, r o u t i n e l y  used .  EDTA 
also i n h i b i t s ,  bu t  t h i s  can be reve r sed  by Znt+. 

Ac t iva t ion  

0.1 M Ki i o n s  g ive  m a x i m a l  a c t i v i t y  (about t e n  t i m e s  t h a t  i n  
t h e  absence of e). 

Level of a c t i v i t y  

Assuming l abora to ry  r ecove r i e s  are achieved,  about  0.8  t o n s  of 
y e a s t  would be necessary  t o  ach ieve  t h e  desired a c t i v i t y .  A l -  
dolase w s  p u r i f i e d  25 fo ld  from y e a s t  homogenates. 1.5 kg of 
d r i e d  y e a s t  y i e lded  X16,500 u n i t s  (by FDP c leavage  assay). T h i s  
would amount to  349,500 u n i t s  by the  aldol s y n t h e s i s  assay. 

350 moles/min r equ i r ed  x 2.2 lb/kg = 1, 480 lbs #Ib = 0.35 moles/min/l.5 kg y e a s t  

# tons  = 0.8 t ons  

I f  a cruder e x t r a c t  cou ld  be used, the amount of yeast needed 
could  d imin i sh  s i n c e  only a 22 percen t  recovery of aldolase 
w a s  ach ieved .  Although t h i s  is a s u b s t a n t i a l  amount of y e a s t ,  
i t  is a v a s t  improvement Over t h e  s i t u a t i o n  w i t h  spinach, which 
would r e q u i r e  38,600 t o n s  of r a w  material f73. 
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4.  A l k a l i n e  Phosphatase E.C. 3.1.3.1 

K i n e t i c s  and I n h i b i t i o n  

Inorganic  phosphate, a product of t he  r e a c t i o n ,  is a powerful 
campet i t ive  i n h i b i t o r  of t h e  r e a c t i o n  181. A t  pH 8 and depend- 
ing  OF t h e  ionic s t r e n g t h  of t h e  s o l u t i o n ,  t h e  K,,, f o r  Pi is 
0 . 6  t o  10 x [9]. ( I n c r e a s i n g  salt  concen t r a t ion  t o  lMSaC1 
seems t o  r a i s e  t h e  Ki f o r  Pi maximally.) 

A reasonable  expression f o r  t h e  forward r e a c t i o n  u s i n g  the  com- 
p e t i t i v e  i n h i b i t i o n  of Pi as a f a c t o r  seems t o  be 1103 

Km pi K v =  
+ - . -  m 1 + -  (FDP) (FDP) Ki 

and t h i s  was used f o r  s imula t ion  purposes .  The reverse reac-  
t i o n  was not cons idered .  

Spec if i c  a c t i v i t y  

3 . 4  poles/min/mg 

Turnover number 

2,700 

K value  -m - 
-5 FDP = 1.2 X 10 

DH oDtimum 

The enzyme is assayed a t  pH 8.0,  which ties up the  i n t e r m e d i -  
ate phosphate t o  a m i n i m a l  e x t e n t  [lo]. The pH optimum range 
is complex end dependent on s u b s t r a t e  and concen t r a t ion .  

Substrate  spec i f  i c i t y  

This enzyme hydrolyzes a wide v a r i e t y  of esters a t  roughly t h e  
same rate [91. Fructose-1,6-diphosphate is hydrolyzed a t  a 
rate 0 .6  of t h a t  f o r  the s t anda rd  p-ni t rophenyl  phosphate 1113. 
Unfortunately,  ADP is also hydrolyzed a t  roughly t h i s  r a t e  [SI 
al though earlier r e p o r t s  had indicated it was not  hydrolyzed 
1121. Had ADP not been attacked, i t  might have been c a r r i e d  
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5 .  

through the several reactors i n  the f o s s i l  fue l  process on t o  
the stage of fructose,  where i ts  separation and regenerat ion 
would have been simpler. 

Sources and levels 

Alkaline phosphatase has been prepared from mammalian and other 
microbial sources, but its preparation from E.  c o l i  is w e l l  
documented. 

On the basis of the purif icat ion table  given i n  t he  l i t e r a tu re  
1131, 250 liters of c e l l s  would prduce  suf f ic ien t  enzyme i n  
the crude extract  f o r  a 100 ton per day plant.  The yields of 
c rys ta l s ,  however, appear t o  be suf f ic ien t ly  low so that 620,000 
liters of c e l l s  w a u l d  be needed i f  the procedure could not be 
improved : 

(1) Crude extract  from crys t a l l i ne  enzyme : 

8 = 234,000 pmoles/hr/ml x 1000 m l  = 2.34 x 10 pmoles/hr u n i t s  

o r  

x IO+ moles/Dmole = 3.7 moles/min 8 moles 
w34 lo hr 60 min/hr  

= 250 l i t e r s  Liters req = 350 moles/min x 3.7 moles/min 2.5 liters 

( 2 )  Crystals from c rys t a l l i ne  enzyme : 

3 1 
60 min/hr  Total u n i t s  = 4.7 x 10 pmoles/hr/ml x 18 11i1 x 

-3 x IO+ mole/min = 1.4 x IO moles/min 

2.5e 

1.4 x moles/min 
Liters req = 350 moledmin x 

= 620,000 l i t e r s  

Glucose Isomerase C141 

The charac te r i s t ics  of the glucose isomerase have been determined 
chiefly wi th  respect t o  the  reverse reaction. I t s  relevant properties 
a re  : 
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Turnover number and Km 

?'he tu rnove r  number ( o r  Vma,) f o r  t h e  g lucose  + f r u c t o s e  
t ransformat ion  is 1070 moles/min/mole enzyme. The K, value  
f o r  g lucose  is 0.16 M. Since  t h e  reverse r e a c t i o n  has not  
been studied, w e  have assumed similar data i n  view of t h e  
iact  t h a t  t h e  K is close t o  1. 

eq 

pH optimum 

This was dependent on the  b u f f e r  used.  For  phosphate b u f f e r  
pH had a broad range between 7 and 10. 

I n h i b i t  ions and a c t i v a t i o n s  

So compounds l i k e l y  t o  be p resen t  i n  t h i s  s y s t e m  (other than 
heavy metal i o n s )  were found t o  i n h i b i t  t h e  r eac t ion ;  e .g . ,  
phosphate compounds. A combination of 0.001 M CO+' and 0.1 
hl hlg+' enhanced t h e  r a t e  of r e a c t i o n .  When these were cmi- 
p l e t e l y  removed, the  enzyme was i n a c t i v e .  

L e v e l s  

Since i t  is  suggested t o  u s e  heat treated whole cells, the  
amounts ob ta inab le  were c a l c u l a t e d  on t h i s  basis, rather than 
for  c r y s t a l l i n e  enzyme. Apparently t h e  ce l l s  from about 
100,000 liters of m e d i u m  would be requ i r ed .  T h i s  was cal- 
c u l a t e d  i n  t w o  ways :  

I 1) The highest ob ta inab le  a c t i v i t y  was 2.8 c;moles/min/ml 
broth . 

3.5 x 10' p o l e s / m i n  needed 
2.8 poles/min/ml X 1000 m l / l  #liters = 

(2 )  In a p i l o t  p l a n t  process ,  the  cells from 5000 l i ters 
brought 15 t ons  of glucose  t o  equ i l ib r ium i n  3 days.  

3 100 tons/day x 5 x 10 
15 tOn8/3 days 

liters_ 
# liters = 

The broth c o n t a l m d  about 6 g / l  of p r o t e i n ,  so t h a t  t h e  
estimated w e t  cel l  weight would be about 70 t ons .  
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Appendix 4.2 

IMPORTANCE OF SEQUENCE IN COUPLED REACTIONS 

In proposing a reactor con ta in ing  a sequence of coupled r e a c t i o n s ,  
t h e  l a s t  r e a c t i o n  i n  t h e  sequence p l ays  a unique part in success  in con- 
v e r t i n g  r e a c t a n t s  completely t o  products ;  i .e.,  t h e  las t  reaction in a 
sequence must have So < -3 kcal/mole. To i l l u s t r a t e  what w i l l  happen 
i f  t h i s  is n o t  t h e  case, assume r e a c t i o n s  9 and 13 (of Table 4 .2)  are 
coupled 

- 

Rx. 9 = -2.4 kcal/mole SDP + H 2 0  r S5P + Pi 

Rx. 10 
c\c '30 

= +0.1 S7P + GALD3P <- R5P + X U S P  

= -3.3 kcal/mole 
i 1 dGonet  SDP + GALD3P + H20 4 R5P + Xu5P + P 

t React ion 
l K e q  = 300 

The n e t  energy change (-3.3 kcal/mole) is very f avorab le .  T h i s  
free energy change cor responds  t o  nn equ i l ib r ium c o n s t a n t  of about 300 
fo r  t h e  coupled r e a c t i o n s .  However, a l l  r e a c t a n t s  and products  of each 
r e a c t i o n  are in equ i l ib r ium w i t h  r e a c t a n t s  and products  of t h e  other 
r e a c t i o n .  Fu r the r ,  sog = -3.4 kcal and &3",, = +0.1 k c a l  must also 
hold. These free energy changes i n d i c a t e  t h a t ,  a l though  the  product  
"R5P - Xu5P -Pi ' '  is much more stable than  r e a c t a n t  
"S7P-PI" 
i c a l l y  below. 

"SDP - GALD3P - H20, 'I 

The s i t u a t i o n  is shown schemat- is more stable than  either. 

( l e a s t  stable ) 

R5P + Xu5P 

- 
(most stable 1 

Consequently, the  coupled r e a c t i o n s  9 and 10 w i l l  produce some R5P and 
XuSP, but  t h e  major product  a t  equ i l ib r ium w i l l  be S7P + P 

r e a c t i o n s  be highly favored  p lacee  s e v e r e  reetriction on any m u l t i p l e  
reactor des ign .  Nevertheleee,  there are a number of highly  f avorab le  
r e a c t i o n s  in t he  C02 f i x a t i o n  pathway. 

i '  
Thus, t he  requirement that t h e  laet  r e a c t i o n  of a series of l inked  

The important  ones are r e a c t i o n s  
1, 5, 6, 8, 9, and 13. 
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1 .  A l t e r n a t i v e  Groupings f o r  Mul t ip le  Reactors In the  C02 F ixa t ion  
Process 

Conf i p r a t  ion 1 

Suppose r e a c t i o n s  4 and 5 are coupled. Here t h e  n e t  free 
energy change is very f avorab le  [ s o n e t  = (-1.8) + ( - 5 . 6 )  = -7.4 
kcal/mole], and t h e  last r eac t ion  ha? Sonet = -5.4 kcal/mole. 
But, t he  r e a c t a n t  GALD3P must come from r e a c t i o n  3. Furthermore, 
t w o  GALD3P are needed: one each f o r  r e a c t i o n s  4 and 5 ,  S t i l l  no 
problem : 

2 x So3 = -0.54 kcal/mole 

@GQ4 = -1.8 kcal/mole 

f f i o 5  = -5.4 kcal/mole 

= -7.7 kcal/mole One t 

But there is a h i tch .  The r e a c t a n t  f o r  3, PPGA, must come from 2 .  
We need two moles of PPGA, and two moles of PPGA from r e a c t i o n  2 
are going t o  c o s t  +9.54 kca l .  The r e s u l t  now is  tha t  reactions 2, 
1, 4, and 5 must be coupled to  ob ta in  FDP, but  when t h i s  is done, 
sonet = +9,54 - 7.7 = +1.8 kcal/mole FDP. 

Sonet = -1.6 kcal/mole F6P. 
recycle perhaps a f a i r  y i e l d  of F6P could  be obta ined .  
r ecyc l ing  means a tough s e p a r a t i o n  f i r s t .  Besides there are worse 
problems. A quick in spec t ion  of t h e  r e a c t i o n s  i n  Table 4.2 shows 
tha t  GAI6)3P, or Its d i r e c t  product D W ,  appears i n  r e a c t i o n s  4, 
5, 7, 8, and 10, That means any m u l t i p l e  r e a c t o r  scheme must com- 
b ine  r e a c t i o n s  2 and 3 w i t h  each of the r e a c t i o n s  us ing  GALD3P o r  
DHAP. This requirement makes each m u l t i p l e  r e a c t o r  a f a i r l y  com- 
p lex  set of coupled reactions. 

2.  I t  is very appeal ing,  then,  t o  attempt t o  f o r c e  t h i s  r e a c t i o n  
to completion. The only way t o  achieve  t h i s  would be s e p a r a t i o n  
of the products ADP-PPGA and r ecyc l ing  of the  s t a r t i n g  materials 
ATP-3-PGA. Unfortunately,  n o  obvious method f o r  r e p a r a t i o n  pre- 
sents Itself. The products  would be p resen t  i n  very small amounts, 
and they  have p r o p e r t i e s  similar t o  the  reactants. Furthermore, 
as mentioned above, PFGA I s  highly  r e a c t i v e .  I t  is doub t fu l  t h a t  
i t  could s u r v i v e  even mild s e p a r a t i o n  procedures.  

T h i s  problem could almost be so lved  by adding r e a c t i o n  6 .  Now - 
The energy is such that  with a s i n g l e  

However, 

I t  can now be seen that t h e  major d i f f i c u l t y  lies I n  r e a c t i o n  

Conf igura t ion  2 

A l t e r n a t i v e l y ,  r e a c t i o n s  2, 3, and 4 could be coupled .  The 
A t  equi -  f r e e  energy change would be about +2.5 kcal/mole DHAP. 

l i b r ium a few percent  of DHAP could be expected. ADP (a long w i t h  
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A T P )  could be separated by ion exchange on a copper-containing 
resin.  The ADP could be regenerated and a f t e r  many recycle passes, 
perhaps, a f a i r  yield of DIiAP could be b u i l t  up. DHAP could then 
be converted t o  GALDYP v i a  reaction 4 when needed. T h i s  method, 
although feasible  chemically, is more an academic exercise than 
one of any prac t ica l  u t i ' i t y .  

Configuration 3 

S t i l l  another scheme would be t o  couple ATP synthesis (reac- 
t ions 17 and 18) w i t h  reactions 2, 3, and 4 t o  produce DHAP. En- 
erget ical ly ,  t h i s  gives : 

So2 = +4.77 kcal 

Sol8 = -0.44 kcal 

AGOl7 = -1.8 kcal 

AGO3 = -0.27 kcal 

So, = -1.82 kcal 

= +0.44 kcal AGonet 

The overall  reaction would be an equilibrium mixture of comparable 
amounts of an array of reactants and products. The separation 
problem would be immense on a massive scale  as contemplated f o r  a 
100 ton glucose plant .  

Configuration 4 

The transformation of ADP t o  ATP using acetylphosphate (reac- 
tion 19) is catalyzed by t h e  enzyme Acetate kinase (E.C.  2.7.2.1).  
The standard f r ee  energy change f o r  t h i s  reaction is about -3 kcal 
favoring ATP production. If reactions 2, 3, and 19 are  ccupled, 
the following n e t  reaction (reactioa 20) obtains : 

0 
CH380P-2 + 3PciA-3 + NADPH-4 + H' 

(ADP-2) tJ. (reaction 2 0 )  

CISCO2 + CiAId)3P-2 + NADP-' + Pi-2 
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The ne t  f r e e  energy change is not  f avorab le ,  bu t  i t  is the most 
f avorab le  energy change a v a i l a b l e  for producing GAlD3P-2. Sote 
t h a t  ADP/ATP does not  appear  e x p l i c i t l y  i n  r e a c t i o n  20, but is 
requi red  by v i r t u e  of r e a c t i o n s  2 and 3. Hence, i n  us ing  reac- 
t i o n  20 to cauple  w i t h  o t h e r  r eac t ions ,  t h e  presence of ADP and 
5 2  enzymes f o r  r e a c t i o n s  2, 3, aad 19 n u s t  be recognized.  

The main problems w i t h  this scheme are: (1) the l a r g e  nun:- 
ber .af p o t e n t i a l  i n h i b i t i o n  problems due t o  coupl ing  from 6 t o  s 
r eac t ions  wi th in  s i n g l e  reactors, and !2) the requi red  sepa ra t ion -  
of W P ;  ATP, acetic acid,  and P. f r a  F6P and RuDP. 

1 
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Appendix 4.3 

ENZYbE KINETICS FOR THE CARBON DIOXIDE FIXATION PROCESS 

1. Ribulose Diphosphate Carboxylan (4.1.1.39) Mw = 550,000 11 1 

where 

= 1.34 x 10 3 moles/min-mole enzyme 

= 1.3 x 10 -4 mole/liter (soybean) 

'max 

Kg 

K~ = 1.5 x 10 -4 mole/liter 

K~ = 1.1 x 1C -3 mole/liter 

mior Inhibitors 

RUDP (noncompetitive abave 5 x moles/liter) 

FDP (Ki = 8.8 x competitive wfth RuDP) 

3-PGA (K = 8.3 X noncompetitive with RuDP) 
i 

-3 (K. = 9.5 X 10 ; competitive with C02) 

(K. = 4.2 X loe3; 

1 

cumpetitive with RuDP) 'i 1 

Ru5P (38 percent inhibition at 1 mM) 

NADPH (46 percent inhbition at 5 mM) 

ATP (52 percent inhib5tion at 5 mM) 

2 .  Phosphoglycerate Kinase (2.7.2.3 1 Mw = 34,000 

All tabulated values except those noted are yeast enzyme. 

111 

11-61 

I6 1 

11 1 

171 

-4 K = 3.2 X 10 I 81 
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E (P-SPGA)(@ADP) ' m u  2 o E (3-PGA)(MgATP) 'max 1 o 

I - [(P-3PGA) + Kc 
\ : =  

[(3-PGA) + KA]bMg-ATP) + K 

where 

4 = 1.224 x 10 
5 = 1.03 x 10 
-4 

moledmin-mole enzyme 
'max 1 

'max 2 
moles/min-mole enzyme 

mole/liter KA = 6.3 x 10 

-4 
K = 4 x 10 m o l e / l i t e r  B 

K = 2 x 10 -6 m o l e / l i t e r  
C 

-4 
K,, = 2 x 10 mole/liter 

Major I n h i b i t o r s  

Mg++ ( i n h i b i t o r y  above 2 x m o l e s / l i t e r )  (pea s e e d )  1113 

3. Glyceraldehyde-3-Phosphate Dehydrogenase (1.2.1.13) Mw = 150,000 
1121 

K = 2.0 - mol8 (pH 7-01 
liter 

113 1 

where 

4 
* \  r a b b i t  = 1.49 x 10 mole/min-mole enzyme 

'max 1 
= 1.25 x 10 3 mole/min-mole enzyme*j muscle 

'max 2 

1141 

c141 
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I 
-6 = 4 x 10 m o l e s / l i t e r  

Kg 
-4 K = 2.57 x 10 m o l e / l i t e r  pH 8.5 pea 

C 

= 1.12 x loe4 m o l e / l i t e r  

-4 
K = 1.3 x 10 mole/liter* ( r a b b i t  muscle) E 

Major I n h i b i t o r s  

NADPH (Ki  = 3 X 10 ; compe t i t i ve  w i t h  bo th  NADP and GALD3P)~141 

GALd)3P (Ki = 6 X 

SDP (Ki = 6 X compe t i t i ve  w i t h  GALD3P) 

-7 

compe t i t i ve  w i t h  both NADPH and 3PGA)" 
1141 

C151 

4. Aldolase (4.1.2.13) Mw = 150,000 (Class I )  

4 K = 1.24 x 10 liter/mole 
eq A 

E (FDP) "max 2 o - "max 1 o - 
[(FDP) + Kc 

E (GALDSP)(DHAP) 

3 
- 
[(GAIDBP) + KA][(DHAP) + KB] 

where 

4 = 1 x 10 

= 3.9 x 10 

= No va lue  r epor t ed  

moles/min-mole enzyme" 'max 1 

"max 2 

"max 3 

3 moles/min-mole enzyme 

3 = 2.3 x 10 moles/minmole enzyme 

moles/liter* 

'max 4 
-3 K~ = 1 x 10 

1173 

C181 

1181 

1191 

* 
For NAD-linked enzyme (1.2.1.12) which is q u i t e  similar 
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-3 K = 2 x 10 moles/liter* 

Kc = 6 . 8  X 10 

K,, = N o  value reported 

-5 K = 1 . 7  X 10 moles/liter 

B 
-5 

moles/liter 

E 

5 .  Fructose-l,6-Diphosphatase (3.1.3.11 ) Mw = 143,000* 

E (FDP) 'max I o 

= [(FDP) + KA 1 
V E (SDP) m a x  2 o v =  
[(SDP) + KB] 

where 

3 
= 2.1 x 10 

= N o  value reported for  neutral enzyme 

mole/min-mole enzymeY Ynax 1 

'max 2 
-6 K = 2 X 10 moles/liter* 

KB = N o  value reported for neutral enzyme 

A 

Major Inhibitors 

FDP (inhibitory above approximately 10 -4 moles/liter) 

6 .  Transketolase (2.2.1.1) Mw = 140,000 

A l l  values are for yeast enzyme. 

K = 0.1 
eq A 

=q B 
K = 0.95 

rlel 

1201 

1201 

r201 

[ZOl 

* 
Rabbit l iver enzyme 
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' E (E4P) (Xu5P; 
m a x  2 o 

E (F6P 1 (GALD3P 1 
' =  'max 1 o - 

A [(,,PI + KA][(GALD3P) + KB] [(E,, + KC][(Xu5P) + KD] 

(R5P) (Xu5P 1 max 4 
E (S7P)(GALD3P) v 

- 'max 3 o - -  
\iB [(S7P) + KE][(6RLD3P) + KB] [ (R5P) + $][(XuJP) + KD] 

where 

= No va lue  given 

= No va lue  given 

= No va lue  given 

'max 1 

"max 2 

'max 3 

V = 3.4 x 10 moles/min-mole enzyme m a x  4 

A 

3 

-3 
K = 1.8 X 10 moles/liter 

K = No va lue  given B 
K = No va lue  given 

\ = 2 .I x 
C 

moles/liter 

5 = No va lue  given 

I$ =; 4.0 x moles/liter 

7 .  Ribose Phosphate I s m e m s e  (5.3.1.6) Mw = 53,000 

K = 0.30 

E (R5P) VmX E (Ru5P) 

[(RUJP) + K B ]  

'max 1 o 

[(RSP) + K A ]  
v =  

where 

5 = 1.2 x 10 

= No v a l u e  given 

moles/min-mole enzyme 'max 1 

'max 2 
-3 K~ 7 2.5  x 10 

K = No va lue  given 

molea/liter 

B 
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1233 

124-261 
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Major Inhibitors 

-2 ( K i  = 1.5 x 10 ) (R. rubrun and pea) 
'i 

8 .  Ribulose Phosphate 3-Epimerase (5.1.3.1) Mw = 46,000 ( y e a s t  1 1321 

K = 0.67 (Lactobacillus pentosus) 1331 

where 

[321 = 1.2 x 10 4 mole/min-mole enzyme ( y e a s t )  

= fi Y 10 -4 mtile/l.iter 

'max 1 

i-max 2 

Kg 

= N o  value given 

( 3 3  1 I C33 1 = 1 x 10 mole/liter 
[L. pentosus) 

K A 
-3 

9 .  Phosphoribulokinase (2.7.1.19) Mw = 240,000 (Chromatiurn) r341 

V E (Ru5P)(MgATP) 

[ (Ru5P) + KA][ (%ATP) + KB] 

max o v =  

where 

4 

-4 K = 2.2 x 10 moles/liter 

-4 K = 2 . 8  x 10 moles/liter 

= 2.16 x 10 moles/min-mole enzyme 'max 

A 

B 

1351 

[251 

C25 I 
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10. Phosphoglucose Isomerase (5 .3 .1 .9)  btw = 125,000 

K = 3.35 

(F6Pj + KA (G6P) + K B  

w h e r e  

5 
= 2 Y 10 moles/min-mole enzyme (human e r y t h r o c y t e s )  “max 1 

5 
= I .875 Y 10 moles/min-mole enzyme ( p e a )  ’max 2 

-5 
KA = 2 x 10 moi.; / l i ter  (human e r y t h r o c y t e s )  

-4 
= 2.7 x 10 m o l e / l i t e r  (pea )  

Kg 

Major I n h i b i t o r s  

A T P  (Ki  = 4 x 10 ; compet i t ive  i n h i b i t o r  of F6P) -4 

-3 
( K .  = 1.7 x 10 ; compet i t ive  i n h i b i t o r  of F6P) 

’i 1 

11. Phosphoglucomutase (2.7.5.1) Mw = 65,000 

K = .058 

(GlP) + KB 
A 

(G6P) + K 

[ 36-3 S 1 

IS91 

r37 

C3 8 

where 

- No value repor ted  

= 4.85 x 10 mole/sin-mole enzyme (bovine mammory g land)[421 

= No value  repor ted  

‘max 1 

‘max 2 

KA 

4 

r 43 -6 
KB = 8.5 x 10 

o r  

4 x m o l e / l i t e r  (shark o r  f lounder  muscle) r 44 

m o l e / l i t e r  (bovine mammory g l and)  
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1 2 .  Carbamyl Phosphokinase (2 .7 .2 .2)  Mw = 66,000 

A l l  values f o r  enzyme from Streptococcus f a e c a l i s .  

P = 40 

E (CP)(b@WP) 'max 2 E o (carbamate 1 (MgATP) - max 1 o V 

(CP) + KA][(DdgADP) + ICB] [(carbamate) + KC][(MgATP) + 

where 

4 = 8.76 X 10 

4 

moles/min-mole enzyme "mpx 1 

V = 1.1 x 10 moles/min-mole enzyme m a x  2 
-4 *' = 1 x 10 moles/liter 

"A 
-5 KB = 5 x 10 moles / l i ter  

-5 K = 8 x 10 moles/liter 

-6 
I$, = 8 x 10 moles/'iter 

C 

13. Other Reactions 

kl + 

k-l 

(1) C02 + H 2 0 2 H + HCO; 

V = kl(COZ) - k-l(H + ) (HCOi)  

-1 k = 2.16 m i n  1 

6 = 4.8 x 10 liter/mole-min k-l 

145 1 

1453 

r.151 

C45 3 

[45 1 

1.151 

[46,471 

[46,471 
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- k2 

k-2 

( 2 )  C02 + OH 2 HCO; 

V = k2(COZ)(OH-) - k-2(HC0i) 
k = 5.25 X 10 5 liter/mole-min C18,491 

k z k J k 1 )  

2 

-14 -2 -1 = 1.17 X 10 min (calculated by k-q = 10 k-2 

4 -1 = 7.2 x 10 m i n  k-3 

V = k (Mg++ )(ADP) - k-4(MgADP) 

= 1.8 X 10 8 liter,'mole-min 

5 -1 = 1.5 x 10 min 

4 

k 4 

k-4 

14.  Eauilibrlum 

4 
CATPH21 

[H+i [ATPH] 
( 2 )  = 2.24 x 10 llters/mole 

1503 

1503 

1503 

rsoi 
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CMgGIP1 = 50 liter/mole ( 7 )  
[hlg++] TG1Pl 

mole/liter -0.24 CH+I 
(9) = 10 

[NH:3 

-8 = 6.23 x 10 mole/liter 
CH+ I IHP0;I 

(10) 

i501 

1501 

1501 

1421 

1511 

[511 

15. Solubility Data 

-12.3 
(1 1 Ks MgNH W *6H20 = [Mg++] [NH;] [PO:] = 10 

1521 
4 4  

(above pH = 6.87) 
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(above pH = 6 .87)  
supersaturated as 

c m y  = 10 -23.5 

(This spec ie s  general ly  remains 
MgNH PO *6H20 prec ip i ta tes )  4 4  

-4.95 
(3) Ks MgW4 = [Mg++][HPO~I = 10 

(below pH = 6 . W l  

C52-J 

1527 
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Appendix 4.4 

CRITERIA FOR SELECTION OF GLL'COSE A STARCH PATHIVXS 

Th,?rc are t w o  p o s s i b l e  routes from glucose  t o  G-1-P, and two from 
C-1-P t o  s t a r c h ,  so a l i t t l e  arithmetic leads t o  f o u r  p o s s i b l e  r o u t e s .  
For  s i m p l i c i t y ,  we w i l l  d i s c u s s  t h e  t w o  c h o i c e s  from G-G-1-P f i r s t ,  and 
then  t h e  t w o  c h o i c e s  from G-1-P t o  starch. This  is an a r b i t r a r y  choice 
s i n c e  the  t o t a l  process is interdependent ,  bu t  an a t tempt  a t  i n t e g r a t i o n  
w i l l  be made i n  t h e  d i s c u s s i o n .  

Glucose + G-6-P G-1-P + G-ADP S t a r c h  

Gh~cose -, G-6-P --$ G-1-P + S t a r c h  

Glucose 4 C-1-P +. ,-ADP + S t a r c h  

Glucose + G-1-P + Starch 

1. G - + G - l - P  

Phosphorylat ion of g lucose  u s i n g  ATP and hexokinase (HK) followed 
by isomerizsLion v i t h  phosphoglucomutase (PGM) w a s  used t o  s i z e  and cost 
t he  proposed p l a n t ,  rather t h a n  the  phosphoramidate hexose transphospho- 
rylase (PHT) a l t e r n a t i v e ,  because i t s  d isadvantages  seemed t o  be somewhat 
fewer and less s e r i o u s .  There w e r e  d i f f i c u l t i e s  w i t h  ei ther a l t e r n a t i v e ,  
!icwever. 

The p o s i t i v e  a t t r i b u t e s  of t h e  HK-PGM process  fol low.  

(1) ATP is already requi red  ir. t h e  f o s s i l  f u e l  p rocess ,  S O  f a c i l i -  
ties to r e c y c l e  and r e p l a c e  it w o u l d  have to  be on hand i n  t h a t  
i n s t a n c e .  Such f a c i l i t i e s  have been designed, based on a f a i r  
amount of d a t a  regard ing  t h e  chemistry of t h e  process .  Infor -  
mation on phosphoramidate s y n t h e s i s ,  however, is  r e l a t i v e l y  
scarce. There are t w o  r e c e n t  p a t e n t s  g i v i n g  d i r e c t i o n s  f o r  
its s y n t h e s i s  from either P2O5 111 or Na(P0313 121, but  i t  
appears  t o  be u n a v a i l a b l e  as a commercial product  131. Work- 
ers s tudying  t h e  enzyme t h a t  u t i l i z e s  t h i s  compound o r d i n a r i l y  
s y n t h e s i z e  i t  themselves from pocl3 and ammonia. If t h e  cm- 
mercial cost of pocl3 were used as a very rough estimate of 
t h e  COST involved i n  recyc l ing ,  t h i s  process  w o u l d  add about 
6Ck$ p e r  pound t o  t h e  cost of t h e  f i n i s h e d  carb?hpdrate .*  Thls 

* 
A 100 ton/day f a c t o r y  u s i n g  t h i s  approach would r e q u i r e  1.7 x lo5 l b  
p e r  d a y  of wCl3 t o  be involved ic t h e  r e c y c l i n g  p r o c e s s .  The p r e s e n t  
cost of t h i s  chemical  is roughly 70d p e r  pound (P & B c a t a l o g  $9.00/6 
ky). The t o t a l  cost per 100 tons carbohydrate, then,  i s  $1  .2 Y lo5 or 
609' p e r  pound of s t a r c h .  
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figure may, i n  f a c t  be low, since t h e  process  would n o t  y i e l d  
phosphorous i n  i t s  most s u i t a b l e  form fo r  t h e  product ion of 
POCl3. Also, it  does not  t ake  i n t o  account t h e  f a c t  t h a t  t h e  
a c t u a l  amount of PNH needing r ecyc l ing  is  double  t h e  theore-  
t i ca l  amount. 2 - 
The reaction ca ta lyzed  by t h e  enzyme phosphoramidate-bexose 
t ransphosphorylase (PHT) is not  as s imple as d e s i r a b l e .  Besides 
t h e  d e s i r e d  r e a c t i o n :  PNH2 + glucose  --f G-1-P + SH3,  t h e  homo- 
geneous enzyme also c a t a l y z e s  t h e  breakdown of PNH2 i n  aqueous 
s o l u t i o n  a t  a comparable rate [47. Thus, twice a s  much PNH2 
is requi red  as G-1-P is produced, r a i s i n g  i t s  r ecyc l ing  costs 
by a factor of t w o .  In  add i t ion ,  t h i s  enzyme t r a n s f e r s  t h e  
phosphate from G-1-P t o  fresh g lucose  t o  g ive  G-6-P a t  about 
0.2 times t h i s  rate, and has  phosphatase a c t i v i t y  f o r  bo th  
G-1-P and G-6-P a t  about t h i s  same l e v e l .  This  combination 
of f a c t o r s  l eads  t o  t h e  requirement t h a t  c o n d i t i o n s  be regu- 
l a t e d  so as t o  minimize iA.ese side r e a c t i o n s .  

The  l eng th  of t i m e  i n  t h e  r e a c t o r  must be c o n t r o l l e d  c a r e f u l l ?  
r e q u i r i n g  monitor ing of t h e  r e a c t i o n .  The pH must be kept  a t  
8.7 ,  or a t  least i n  a high range, s i n c e  t h e  phosphoramidase 
a c t i v i t y  becomes much more s e r i o u s  as the  pH is lowered. T h i s  
makes t h e  r eac t ion  incompatable w i t h  t h e  G-1-P 4 s t a r c h  reac- 
t i on ,  which runs  b e s t  a t  pH 6 . 3  or 7.2 depending on t h e  enzyme 
source. A l s o ,  t h e  r a t i o  of g lucose  t o  PNHB must be kept  high 
( 4 : l )  t o  get maximum y i e l d s .  (Glucose i n h i b i t s  s e v e r a l  of t h e  
s i d e  r e a c t i o n s .  ) Constant  r ecyc l ing  of t h e  unused g lucose  
would be requi red ,  and most of the g lucose  is unused, s i n c e  
under optimum c o n d i t i o n s  only half  t h e  PNH2 goes t o  f o u r  G-1-P, 
t h e  rest being lost  due t o  t he  phosphoramidase a c t i v i t y .  

A decided drawback of the  IIX-Pal scheme, however, is t h e  equ i l ib r ium 
cons tan t  f o r  t h e  i somer i za t i an  of G-6-P to  G-1-P. I ts  va lue  i s  o n l y  0.05, 
so t h a t  even when coupled t o  t h e  phosphorylase r e a c t i o n  t o  make starch, 
t h e  ra t io  of G-6-P:G-1-P: starch is roughly 6:0.3:1. T h i s  r e q u i r e s  ex-  
t e n s i v e  r ecyc l ing .  On t h e  o t h e r  hand, t h e  PHT ca ta lyzed  r e a c t i o n  is e n -  
e r g e t i c a l l y  f avorab le .  (Ord ina r i ly  t h i s  would mean that  an uncomplicated 
mixture  of products--no reactants--would r e s u l t ,  but  t h i s  is modified i n  
t h i s  p a r t i c u l a r  case by the v a g a r i e s  of t h e  snzyme. As expla ined  e.bove, 
t he  g1ucose:PNHg ra t io  is high, so t he  l a r g e  fraction of unphosphcrylated 
g lucose  must a l s o  be recyc led .  ) 

An a d d i t i o n a l  drawback is t h e  c o f a c t o r  requirement of PGM, which 
needs G-16-diP t o  be e f f e c t i v e .  The cont inuous r ecyc l ing  of this reac- 
t i o n  mixture  w i l l  make it d i f f i c u l t  t o  keep t h e  l e v e l  of t h i s  c o f a c t o r  
up t o  its requi red  value,  and I t  is f a i r l y  expensive to replfice.  

rou te  was s e l e c t e d .  
c o l i .  

On the  basis of t h i s  r a t h e r  inconclus ive  ba lance  s h e e t ,  t h e  HK-PGM 
The enzymes can be obta ined  from yeast. and from E .  

- 
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2 .  G-1-P + S t a r c h  

Again, there was no clear p r e f e r e n c e  f o r  one r o u t e  or t h e  o t h e r .  
The phosphorylase c a t a l y z e d  direct conversion of G-1-P t o  s t a rch  has t h e  
advantage of r e q u i r i n g  only one enzyme, and no a d d i t i o n a l  s u b s t r a t e  which 
w u l d  need regenerat ion,  whi le  t h e  p a t h  involving t h e  conversion t o  G-ADP 
as a f i r s t  step r e q u i r e s  t w o  enzymes and ATP or an equimolar basls.  This 
would immediately add t h e  cost of r e c y c l i n g  and replzcement f o r  ATP, as 
w e l l  as t h e  s e p a r a t i o n  problems a t t e n d i n g  t h e  u l t i m a t e  release of ADP and 
pyrophosphate. However, t h e  phosphorylase route has a much lower equi  l i -  
brim c o n s t a n t ,  so t h a t  recyc : ing  is i n e v i t a b l e .  (The hq v a r i e s  from 
10.8 t o  2 i n  t h e  pH range of 3.0 t o  7 . 2 ,  and is about 3 a t  pH 6 . 9 . )  This  
i s  p a r t i c u l a r l y  s e r i o u s  g iven  C i t e  chosen r o u t e  to G-1-P. which needs a 
t u g  i n  t h e  d e s i r e d  d i r e c t i o n .  

a lso t o  g o  i n  t h e  d i r e c t i o n  of t he  phosphorylase pa th .  C a l c u l a t i o n s  based 
on p r e p a r a t i o n s  i n  t h e  l i t e r a t u r e  i n d i c a t e d  tha t  probably large amounts of 
s t a r t i n g  materials would be requi red  i n  e i ther  case, b u t  much more f o r  t h e  
two-enzyme system.  In t a b u l a r  f o m :  

A d e c i s i o n  based on t h e  r e l a t i v e  ease of a c q u i r i n g  t h e  enzymes t e n d s  

Enzyme 

Phosphorylase 

ADP-PPylase 

ADP-starch g lucocyl  
transferase 

Tons 

500 

36 

12,800 

400 

88,000 

S t a r t i n g  Material** 

p o t a t o e s  153 

E .  c o l i  C63 

corn  C73 

Athrobacter 183 

corn  191 

350 x lo6 pnoles/min Y l b  e x t r a c t e d  
pnoles/min obtained A l l  based on t o n s  = 

On these bases ,  then,  t h e  pathway chosen w a s  t h e  d i rect  conversion 
of C - 1  -P t o  starch u s i n g  phosphorylase.  
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Appendix 4.5 

CHARACTERISTICS OF ENZYMES--GLUCOSE ---* STARCH 

1. Hexokinase E.C. 2.7.11 

Turnover number and V max 

750 moles/min/mg p r o t e i n  

or 

75,000 moles/min/mole enzyme 

(For  g lucokinase  t h e  sp .  
act .  is 59 moles/min/mg) 

K va lues  -m 
-4 -4 

-4 

glucose  1.5 x Average of 1.67 x 10 + 1.45 x 10 

ATP 1 Average of 2.00 K 10 + 9.5 X 

p H  optimum 

The optimum is  broad between pH 8 and pH 9 [2]. The assay  has 
been run at pH 8.5 C31 b u t  also a t  7.6 [l] when coupled t o  an- 
other enzyme. 

I n h i  b i  t ors 

ADP is a noncompeti t ive i n h i b i t o r  of g lucose  and t h e  is 
1.14 Y M. Glucose-6-P also i n h i b i t s  the r e a c t i o n  at a 
concen t r a t ion  Ki = 9.1 x as do h igh  concl . . i t ra t ions  of 
Mg++. 

Ki 

A c t i v a t o r s  

Mg++ is e s s e n t i a l  for t h e  a c t i v i t y  of t h e  enzyme. 

A c t i v i t v  l e v e l  and other sources 

C r u d e  extracts from 8 l b  y e a s t  cakes conta ined  360,000 u n i t s  
of hexokinase a c t i v i t y .  The c r y s t a l l i z e d  enzyme has been 
prepared i n  14 percen t  y i e l d .  O t h e r ,  less convenient  sou rces  
are b r a i n  and l i v e r ,  as w e l l  as microbial systems.  
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S t a b i l i t y  

2 .  

Soluble  hexokinase ( i n  s o l u t i o n )  loses almost a l l  i t s  a c t i v i t y  
a f t e r  a day a t  25OC, and 80 percent  of its a c t i v i t y  a f t e r  n i n e  
days at  0°C 143. However, i n s o l u b i l i z a t i o n  on PEI s i l i c a  i n \ -  
proves i ts  s t a b i l i t y  somewhat. 

The  k i n e t i c s  of t h i s  enzyme have been s tud ied  ex tens ive ly  [1,51. 

Phosphoglucomutase E.C. 2.7.5.1 C63 

Turnover number and SD. act.  

5.9 poles/min/mg or 370 moles/min/mole* 

-1- 

Calcula ted  on t h e  basis of: 

G-6-P --f 'i-1-iJ K = 0.05 
eq 

Iim G-6-3 es t imated  by assuming t h e  same r a t i o  for E.  c o l i  enzyme as for 
bovine mammary gland enzyme : 

5 X G6P 3 . 5  

V (6  Y max 
0.05 = 20 pmoles/min/mg - 3.5 x 10 -4 

T.N. = 5.9 poles/min/mg x 63,000 mg/m mole 

= 3.7 x lo2 moles/min/mole 

This is c a l c u l a t e d  assuming a pH of 7.5 and a IG16diP) = 8.5  x 
A t  (G-16diP) = 1.3 x loe6, t h e  K, va lues  are d i f f e r e n t .  A t  pH 9, 
t h e  s p e c l f i c  & c t i v i t y  of t h e  enzyme is twice as h igh .  
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K values  

3. 

-4 G-6-P = 3.5 X 10 (pH 7.5 ,  G16diP = 8 *: 

G-1-P = 6 X 10 same c o n d i t i o n s  
(see previous f o o t n o t e )  -5 

Between 8.5 and 9. About ha l f  maximal a t  p H  7.5. 

I n h i b i t o r s  

-3 G-1-P a t  concen t r a t ions  8 x 10 i n h i b i t  t h e  r e a c t i o n  G-1-P 
G-6-P. The e f f e c t  on t h e  desired d i r e c t i o n  has  not  been t e s t e d .  

Ac t iva t ion  

~ g + +  a t  1 y 
su l fhydry l  compound. Cys te ine  is t h e  most e f f e c t i v e  a t  
2 x M. C a t a l y t i c  amounts of G16diP a r e  a l s o  necessary 

M is necessary fo r  a c t i v i t y ,  as w e l l  as a 

Level of a c t i v i t y  and sources 

PGM is found i n  a v a r i e t y  of t i s s u e s ,  animal and mic rob ia l .  
I t  is p resen t  i n  yeast and i n  muscle. In  E .  col i ,  a c rude  
extract of 300 g of cells conta ined  2100 u n i t s  ( p o l e s / m i n )  
of a c t i v i t y  (based on t h e  assumptions implicit i n  t h e  s p e c i f -  
ic a c t i v i t y  c a l c u l a t i o n  above). This  means 55 tons  of E. c o l i  
would be requi red  t o  ob ta in  t he  d e s i r e d  a c t i v i t y .  

S t a b i l i t y  

The enzyme can be stored a t  4' a t  pH 6 f o r  3 t o  4 weeks,  Jut  
60 percent  of t he  a c t i v i t y  is gone a f te r  10 weeks.  

Phosphory lase--E . C o l i  2.4.1.1 

Turnover number and s p .  act .  

Data a r e  given f o r  t h e  r e v e r s e  r e a c t i o n  173 ( s t a r c h  breakdown) 
as fo l lows  : 4 .8  pnoles/min/mg p r o t e i n ,  o r  650 moles/min/mole 
enzyme. Based on t h e  Haldane assumption, and assuming a Km 
ra t io  f o r  G-l-P/Pi similar t o  p o t a t o  phosphorylase,  the ca l cu -  
l a t e d  va lues  f o r  t h e  forward reaction are 6.8 ~ol .es /min/mg 
enzyme and 910 moles/min/mole ( a t  pH 7 . 3 ) .  
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K value  
-m - 

-4 -4 Given f o r  P = 8 x 10 , d e x t r i n  = 7 x 10 . Assumed f o r  
G-1-P = 4 x 10-4. 

I n  h i  b i t ors 

Glucose and maltose were tested and found not  t o  i n h i b i t .  

A c t  i va t  ors 

1 Iilole of pyr idoxal  phosphate is requi red  per mole of enzyme. 

pH optimum 

Sharp between 6 and 8,  with  a maximum a t  7.2.  

S tab1 1 i t v  

Can be stored fo r  a t  least a y e a r  a t  -20°, and can su rv ive  a t  
25" f o r  apprec i ab le  pe r iods .  
and above. 

Begins t o  be inac t i l 7a t ed  a t  5 0 ' c  

About 36 t o n s  of E .  c o l i  would be requ i r ed  f o r  the amount 
needed i n  a 100 ton/day p l a n t .  T h i s  Is based on t h e  y i e l d  
obtained by Schwartz [71. 

4 .  Phosphorylase--Potato 2.4 .l. 1 

Turnover number 

Given [SI as 6700 moles/min/mole p r o t e i n  f o r  t he  forward 
( s t a r c h  syn thes i z ing )  reac',.ion a t  pH 6.3, 3OOC. 

K va lues  -m 

-3 G-1-P = 3.5 X 10 M 

P. = 7.5 r: 10 M 

d e x t r i n  = .13 mg/ml 

-3 
1 
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In h i  b i  t ors 

No inh ib i t ion  by relevant materials were l i s t e d .  

Activators 

Requires 2 moles pyridoxal phosphate per mole eneyme. 

pH optimum 

6.3 

S t a b i l i t y  

Stable  at  30" for at least 17 hours, but inactivated a t  6 5 " .  

About 500 t o  600 tons of potatoes would be required for t h i s  
process 191. 

247 



REFEKNCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8.  

9. 

H. J .  Fromm and V. Zewe, Journa l  of Biologica l  Chemis t ry  237, 3027 
(1962 1.  

- 

M. W. S t e i n  e t  a l ,  Methods in Enzymology 5, 154 (1957). 

N. R. Lazarus e t  a l ,  Biochemistry 5, 4003 (1966). - 
D. Marshall ,  3rd Quarter Report NAS2-5956, p.  16. 

G. G. Hammen and D. Kochavis, Journa l  of American Chemical Society 
84, 2069 (1962). 

J .  G. Joshi  and P. Handlei, Journa l  of Bio log ica l  Chemistry - 239, 
2741 (1964). 

- 

M. Schwartz and M .  Hofnung, European Journa l  of Biochemistry 2, 133 
( 1967 1. 

Y .  P. Lee, Methods i n  Enzymology 8, 550 (1966). - 
D .  Marshall ,  F i r s t  Q u a r t e r  Report, October 27, 1971, p. 14. 

2 48 



Appendix 4.6 

GENERAL METHODS OF ENZYME PREPARATION AND IhIhlOBILIZATIOS 
AND SPECIFIC EXAhIPLES OF SEPARATION AND PURIFICATIOX 

1. SeDarat ion and PreDarat ion 

There are common p repa ra t ive  methods t h a t  can be appl ied  t o  s e p a r a -  
t i o n  and p u r i f i c a t i o n  of most enzymes, i f  not a l l ,  t h a t  a r e  requi red  f o r  
t h e  product ion of carbohydrate .  These common techniques a r e  l i s t e d  i n  
Table 1. The physico-chemical p r o p e r t i e s  of enzymes which t h e  sepa ra t ion  
methods are based on a r e  a l s o  shown i n  Table 2 .  (Deta i led  p u r i f i c a t i o n  
procedures f o r  r i b u l o s e  diphosphate  carboxylase  and phosphoribulokinase 
are descr ibed .  These  two enzymes a r e  unique t o  the  photosynthe t ic  path-  
way.  ) 

Ribulose diphosphate  carboxylase  (E.C.  4.1.1.39) 

(1) Ammonium s u l f a t e  f r a c t i o n a t i o n  (37%):  
226 g ammonium s u l f a t e  = 1 l i t e r  of e x t r a c t  
I hour s tanding  and p r e c i p i t a t i o n  c e n t r i f u g e  as 9000 g 
f o r  30 min; p r e c i p i t a t e  is d i sca rded .  

( 2 )  Ammonium s u l f a t e  (50%) : 
The superna tan t  is brought t o  50 percent  s a t u r a t i o n  w i t h  
ammonium s u l f a t e .  Cent r i fuged .  The p r e c i p i t a t e  is d i s -  
so lve3  i n  0.1 M potassium phosphate b u f f e r ,  pH 7.6,  con- 
t a i n i n g  0.1 mM EDTA and 10 mM mercaptoethanol ,  Cen t r i -  
fuged.  The p r e c i p i t a t e  i s  d i sca rded .  

(3  1 Sephadex G-25 column chromatography : 
with  5 mM potassium phosphate bu f fe r ,  pH 7.6, con ta in ing  
0.1 mM EDTA and 10 mM 2-mercaptoethanol. 

( 4 )  DEAE-cellulose chromatography : 
with  0.5 M potassium phosphate b u f f e r  pH 7.6, then washed 
wi th  5 mM potassium phosphate bu f fe r ,  pH 7 . 6 .  The enzyme 
is p r e c i p i t a t e d  by br inging  t h e  s a t u r a t i o n  t o  55 percent  
wi th  s a t u r a t e d  ammonium s u l f a t e .  Cent r i fuged .  The p re -  
c i p i t a t e  is d i s so lved  i n  5 mM potassium phosphate b u f f e r ,  
pH 7.6. 

( 5 )  Sephadox G-25 
This s o l u t i o n  is subjec ted  t o  g e l  f i l t r a t i o n  on a sephadex 
G-25 column. 

( 6  1 Hydroxyapatite chromatography : 
The g e l  f i l t e r e d  enzyme is appl ied  t o  a hydroxyapat i te  
column. The r i b u l o s e  diphosphate  carboxylase i s  e l u t e d  
wi th  25 mM potassium phosphate bu f fe r ,  pH 7.6, con ta in ing  
0.1 mM EDTA and 10 mM 2-mercaptoethanol. 
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'fable 1 

ENZYhlE SEPAIAIUTIOS hlETHODS 

1. Molecular Weight and Molecular S i z e  

2 .  Charge C h a r a c t e r i s t i c s  

3 .  Isoelectric P o i n t  

4 .  S t r u c t u r e  and Composition 

5 .  Dielectric Cons tan t  

6 .  A f f i n i t y  t o  S u b s t r a t e  and Other  P r o t e i n  
c 

1 
1. Separa t ion  Based on  S o l u b i l i t y  

A .  So lvent  System 
B. C r y s t a l l i z a t i o n  

2 .  Separa t ion  b y  hlolecular Size 
A .  G e l  F i l t r a t i o n  
B. Chromatography 

3. Separa t ion  Based on Immuno Adsorbent 
A .  Aft  i n i t y  Chromatography 

( Inc lud ing  Enzyme-Substrate A f f i n i t y )  

4 .  Separa t ion  Based on Charge C h a r a c t e r i s t i c s  
A .  Ion Exchange Chromatography 

5.  Sepa ra t ion  Based on I s o e l e c t r i c  Character is"cs  
A .  I s o e l e c t r i c  Focussing 
B. E l e c t r o  Decanta t ion  

6. Separa t ion  Based on Both Charge and S i z e  
A .  E l ec t rophores i s  

7 .  Separa t ion  Based on Molecular Weight and S i z e  
A .  U l t r a c e n t r i f u s e  
B. U l t r a f i l t r a t i o n  
C .  Zonal  Cen t r i fuge  

Table 2 

PWS ICO-CHEM ICAL PROPERT I FS IMPORTANT 
TO SEPARATION AND PURIFICATION 
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( 7 )  The enzyme is  brought t o  55 percent  s a t u r a t i o n  w i t h  ammcnium 
s u l f a t e  t h a t  c o n t a i n s  EDTA and 2-mercaptoethanol (0.1 mX, 
and 10 mM, r e s p e c t i v e l y ) .  The enzyme is s t o r e d  a s  a sus- 
pension a t  0" - 2 ' ~ .  

( 8 )  The s p e c i f i c  a c t i v i t y  of t h e  p u r i f i e d  enzyme is about 1 . 4  - 
1 . 6  u n i t s  p e r  mg. 

Phosphoribulokinase (E  .C. 2.7.1.19) 

Crude extract  from sp inach  is t r e a t e d  wi th  ammonium s u l f a t e .  
The p r e c i p i t a t e  is  d i s c a r d e d .  

Subsequently,  two ammonium s u l f a t e  f r a c t i o n s  ( I ,  40%; 11, 55#.) 
were used. In  each  treatment t h e  p r e c i p i t a t e ,  f i r s t  cen- 
t r i f u g e d ,  is d i s s o l v e d  i n  2 mM t r ie thanolamine  b u f f e r ,  pH 
8.5.  

Acetone (-2OOC) is added t o  t h e  s o l u t i o n  and cen t r i f i i ged .  T h e  
p r e c i p i t a t e  i s  e x t r a c t e d  wi th  tr is  b u f f e r  pH 7 . 7 .  

Ammonium s u l f a t e  f r a c t i o n  I1 I : 
The s o l u t i o n  is t r e a t e d  wi th  t h i r d  ammonium s u l f a t e  f r a c -  
t i o n .  The p r e c i p i t a t e  is c o l l e c t e d  and d i s s o l v e d  i n  0.1 
M tris b u f f e r ,  pH 7 . 7 .  The enzyme a c t i v i t y  of t h i s  prep- 
aration is about 310 units/mg, and 40,000 u n i t s  were ob- 
ta ined  from 475 g sp inach .  

2. Immobilization 

Immobilizing i s o l a t e d  enzymes is advantageous when they are t o  be 
used as product ion c a t a l y s t s :  t h e  enzyme can be f i l t e r e d  out of t h e  
r e a c t i o n  mixture  and used repea ted ly ,  and s t a b i l i t y  can be improved. 

t h e  p r o p e r t i e s  of immobilized photosynthe t ic  enzimes have bee. . '.arac- 
te*ized only s k e t c h i l y .  

s t r u c t u r e :  amino a c i d  sequence)  and of t h e  a c t i v e  s i t e  are very h e l p f u l  
i n  s e l e c t i n g  t h e  suppor t  matsrial f o r  t h e  enzyme and t h e  method of i m m o -  
b i l i z a t i o n .  Information on t h e s e  p r o p e r t i e s  of t h e  photosynthe t ic  enzymes  
is scarce. Thus, t h e  choice  of t h e  enzyme carr ier  and t h e  methods of l m -  
mobil iz ing t h e s e  p a r t i c u l a r  errzvmes, appears  t o  be l a r g e l y  e m p i r i c a l .  

So f a r  very few photosynthe t ic  enzymes have been immobilizea ma 

Knowledge of t h e  s t ruc ture  of t h e  enzyme ( e s p e c i a l l y  t h e  primary 

General methods f o r  im,.iobilization i i iclude : 

(a  1 Adsorpt i o n  

Enzymes can be adsor,bed onto  both  charged r e s i n s  and neu- 
t r a l  s u r f a c e s .  A s u i t a b l e  adsorbent  should possess  high a t f i n -  
i t y  f o r  t h e  enzyme and cause  minimal d e n a t u r a t l o n .  The enzyme 
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is r e a d i l y  desorbed by the  fol lowing f a c t o r s :  change i n  ptt, 
h igh  concent ra t ion  of s a l t ,  i o n i c  s t r e n g t h ,  and change i n  
temperature .  Thus, c a u t i o n  mst be taken t o  minimize desorp-  
t i o n  of t h e  enzyme. Desorption of enzymes from t h e  adsorbent 
can be overcome, i n  some i n s t a n c e s ,  by c r o s s - l i n k i n g  i h e  e n -  
zyme subsequent t o  its a d s o r p t i o n .  F i x a t i o n  of t h e  adsorbed 
enzyme could be accomplished by in te rmolecular  c r o s s - l i n k i n g  
w i t h  t h e  u s e  of such c r o s s - l i n k i n g  agents  as diazobenzidine-2 
2 ' - d i s u l f o r n i c  ac!d, and g lu ta ra ldehyde .  

amples of ion-exchange r e s i n s  t h a t  have been used as the a d -  
s o r b e n t .  Glass beads, q u a r t z ,  c h a r c o a l  p a r t  ie les ,  d i a l y s i s  
tubing, mil l ipore f i l t e r s ,  s i l i c a  g ~ l s ,  c o l l o d i o n  membranes, 
are other examples of adsorbents .  

DEAE -c e 1 l u  1 ose , DE4E -s e p  hadex, CN-c e 1 1 u 1 os e a re some es - 

(b) Entrapment 

Enzymes can  be entrapped wi th in  a c ross - l inked  gel n a t r i y  
by c a r r y i n g  aut t h e  polymerizat ion r e a c t i o n  i n  an aqueous so- 
l u t i o n  c o n t a i n i n g  t h e  enzyme. Polyacrylamide is w i d e l y  used 
f o r  t h i s  purpose w i t h  N,N-methylene b i s  (acrylamide)  as the 
c r o s s - l i n k i n g  agent .  The r e s u l t i n g  enzyme entrapped i n  t h e  
polymer g e l  can be d i s p e r s e d  i n t o  p a r t i c l e s  of def ined  s i z e .  

Some disadvantages of entrapment method are: ( 1 )  l e a k a p i  
of enzyme occurs  due t o  uncont ro l led  and nonuniform pore s i z e  
of polymer gels, (2) mass t r a n s f e r  cf s u b s t r a t e  and product i n  
and out  of polymer mat r ix  could  become t h e  rate l i m i t i n g  f a c t o r  
and t h z  r e s i s t a n c e  t o  mass t r a n s f e r  could create a microenvir-  
onment of t h e  enzyme t h a t  is s i g n i f i c a n t l y  d i f f e r e n t  f r o m  iiic 
bulk environment of t h e  r e a c t i o n  mixture ,  

Microencapsulation of enzymes wi th in  a t h i n  semipermeable. 
membrane (i.e.,  nylon, c o l l o d i o n )  is a n o t h e r  method of en t rnp-  
ping enzyme. The entrapped enzymes have been shown t o  have 
good a c t i v i t y  when l o w  molecular  weight s u b s t r a t e  is used .  

(c) Covalent Binding 

C e r t a i n  f u n c t i o n a l  groups of enzymes are s u i t a b l e  f o r  CU- 

v a l e n t  binding t o  suppor t  material as long as t h e  f u n c t i o n a l  
groups of t h e  enzyme are not  e s s e n t i a l  f o r  i ts  catalyt ic  ac- 
t i v i t y .  examples of t h e  support  materials t h a t  have been 
used f n r  ? m o b i l i z a t i o n  of enzymes by covalen t  binding are:  
(1) carboxyl ic  polymers w i t h  amino groups of enzymes, (3) ce l -  
l u l o s e  w i t h  amino groups of enzyme by a c t i v a t i n g  c e l l u l o s e  by 
t r i c h l o r o t r i a z i n e ,  ( 3  1 sephadex and sepharose,  a c t i v a t e d  by 
cyanogen bromide, and t o  t h i s  the  amino groups of enzymes can 
be bound, ( 4 )  Copolymer, e thylene-maleic  anhydride (1 : l ) ,  can 
be used as an a c y l a t i n g  agent  of enzymes, ( 5 )  Aminoethpl cel-  
lulose or  o t h e r  r e s i n s  c o n t a i n i n g  primary a l i p h a t i c  amines can 
be bound wi th  enzymes by  t h e  carboxyl  group of enzymes, (6) 
Polydiazr  %ium sal ts  of L -aminobenzyl c e l l u l o s e  and poly-p-m,ino 
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s t y r e n e  can be used t o  bind enzymes possess ing  t r i o s i n e  resi- 
dues t h a t  are not  e s s e n t i a l  f o r  c a t a l y t i c  a c t i v i t y ,  ( 7 )  g l a s s  
is a c t i v a t e d  by coupl ing  w i t h  8-aminopropyl t r i e t h o x y s i l a n e  
and used as enzyme suppor t  material. This  method of covalen t  
b inding  is p r e f e r r e d  s i n c e  t h e  c o v a l e n t l y  bound enzyme does 
not  leak out  of t h e  support  material. The s e n s i t i v i t y  of en- 
zymes t o  chemical  modi f ica t ion ,  however, i n  some cases l i m i t s  
t h e  u s e  of t h i s  method. 

(d 1 In te rmolecular  Cross-Linking 

Enzymes can  be immobilized making u s e  of b i f u n c t i o n a l  
reagents .  These are g lu ta ra ldehyde ,  bisdiazobenzidine-2,Z ' -  
C i s u l f  o n i c  a c i d ,  t r i c h l o r o - s - t r i a z i n e ,  bisdiazobenzidine-2,2 ' - 
d i s u l f o n i c  acid, etc. 
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Appendix 5 . 1 

REACTOR DESIGN 

The purpose of t h i s  appendix is t o  present  i n  some d e t a i l  t h e  meth- 
ods used fo r  determining t h e  reactor s i z e  and o p e r a t i n g  c h a r a c t e r i s t i c s  
used i n  t h e  d e s i g n  a n a l y s i s .  Due t o  l imited a v a i l a b i l i t y  of f i r m  chemi- 
c a l  information and t i m e  f o r  t h e  p r o j e c t ,  no a t tempt  has been made a t  a 
s o p h i s t i c a t e d  and complete reactor d e s c r i p t i o n .  R a t h e r ,  t h e  broad out-  
l i n e s  of volumes, f lows, and c o n c e n t r a t i o n s  have been looked a t  parzms- 
t r i c a l l y  i n  an e f f o r t  t o  d e f i n e  problem areas and t o  p o i n t  the way toward 
opt imal  des ign .  

1. Types of Reactors 

Chemica l  p rocess ing  can be discussed i n  terms of t h e  t ime-oehavior 
of t h e  reactors (i.e., d iscont inuous  or batch, and cont inuous or  s teady-  
s t a t e )  and the n a t u r e  of t h e  mixing process  (i.e.,  no mixing or "plug 
f l o w ,  and complete mixing).  These v a r i a b l e s  g i v e  f o u r  k inds  of p o s s i -  
ble reactor c o n f i g u r a t i o n s  and these r e p r e s e n t  l i m i t i n g  cases. kea1  
systems f a l l  somewhere between t h e  v a r i o u s  extremes.  (This d i c c u s s i o n  
is l imi ted  t o  processes which might be used f o r  l a r g e  chemical p l a n t s ;  
these are nuIT.Erous labora tory-sca le  techniques  which can be devised  
which d o  n o t  r e a d i l y  lend themselves t o  large scale process ing  f o r  
reasons of energy cost, p r e c i s i o n  of c o n s t r u c t i o n ,  or u n a v a i l a b i l i t y  
i n  large q u a n t i t i e s  of exotic materials. 

A .  Batch-Plug Flaw 

An i on  exchange or chromatography column is t y p i c a l  of t h i s  
form. The f l u i d s  e n t e r  one end of t h e  column, which is u s u a l l y  packed 
w i t h  beads, r i n g s ,  or other s t r w t u r e s ,  and pass  thrmgh the cclur?.? w i t h  
l i t t l e  back-mixing. The r e a c t i o n  progresses  u n t i l  e i ther  (1) t he  packing 
material is exhausted and t h e  d e v i c e  is s h u t  down f o r  regenera t ion  or re- 
f i l l i n g ,  or  (2) the  requisite amount of product has been made and a new 
cycle is begun a t  a later t i m e .  In  t h i s  device ,  t h e  l e n g t h  of the column 
i s  d i r e c t l y  p r o p o r t i o n a l  to t h e  t i m e  requi red  f o r  t h e  r e a c t i o n ,  t h e  pa- 
rameters being t h e  volumetr ic  f l o w  rate and t h e  c r o s s - s e c t i o n a l  flow area 
of t h e  column. 

B. Batch-ComDlete MixinR 

This is t h e  classical laboratory process  i n  which t h e  r e a c t a n t s  
are added t o  a vessel, t h e  c o n t e n t s  stirred, and time is allowed t o  pass  
u n t i l  t h e  r e a c t i o n  reaches t h e  requi red  degree  of completion. The v e s s e l  
is emptied aiid t h e  precess  i s  repeated as o f t e n  as is requi red .  In t h i s  
s y s t e m ,  t h e  c o n c e n t r a t i o n s  of r e a c t a n t s  and products  are changing w i t h  
t i m e  and approaching thermodynamic e q u i l i b r i u m  asymptot ica l ly .  



C .  Cont inuous-Plug Flow 

Packed columns f o r  ca t a lyzed  r e a c t i o r s  a r e  an example of t h i s  
type, s i n c e  t h e  f l u i d  e n t e r i n g  passes  over  t h e  c a t a l y s t  p a r t i c l e s  and 
leaves t h e  bottom of the  column without caus ing  any l o s s  of capac i ty  of 
t h e  c a t a l y s t .  The important parameters a r e ,  t y p i c a l l y ,  t h e  amount of 
s u r f a c e  a r e a  which can be packed i n t o  a given volume of column and t h e  
p re s su re  drop o r  energy required t o  f o r c e  the  f l u i d  through t h e  packing.  
I n  labora tory  systems, t h e s e  parameters a r e  secondary o r  t e r t i a r y  con- 
s i d e r a t i o n s ;  i n  f u l l - s c a l e  chemical p l a n t s ,  however, what is done read- 
i l y  on t h e  bench may be economically impossible .  

D .  Cont inuous-Complete Mixing (CSTR 1 

T h i s  is s i m i l a r  t o  Sec t ion  B except t h a t  t h e r e  is a s teady 
flow of r e a c t a n t  i n t o  t h e  v e s s e l  and a mixture  of r e a c t a n t s  and products  
out of t h e  v e s s e l .  The flows a r e  ad jus t ed  so t h a t  t h e  r eac t ion  volume 
remains cons t an t  and a s t i r r i n g  device  is used t o  maintain e s s e n t i a l l y  
uniform concen t r a t ions  throughout t h e  volume. Because of t h e  complete 
mixing, it is p o s s i b l e  t o  show" t h a t  t h e  r e a c t a n t  c o n c e c t r a t i m  is t h a t  
of the  outgoing stream. '"us, CSTR's  t y p i c a l l y  a r e  l a r g e r  i n  volume 
than plug flow r e a c t o r c ,  ~ i n c e  t h e  r eac t ion  r a t e  depends on t h e  r eac t an t  
concen t r a t ion .  

2. Assumptions i n  Design Equations f o r  Reactors  

For f i n a l  des ign ,  prepara tory  t o  a c t u a l  c o n s t r u c t i o n ,  c a r e f u l  and 
d e t a i l e d  ana lyses  of a l l  n o n i d e a l i t i e s  and p i l o t - p l a n t  d a t a  are requ i r ed .  
However, due t o  t h e  l imi t ed  scope and time a v a i l a b l e  f o r  t h i s  s tudy ,  s i m -  
p l i f y i n g  assumptions were made a t  a p p r o p r i a t e  p o i n t s  i n  an  e f f o r t  t o  de-  
t e rmine  t h e  gene ra l  dimensions of r e a c t o r s  and t h e i r  o p e r a t i o n s .  The 
assumptions comprise those  i n  t h e  k i n e t i c s  (chemis t ry)  and t h o s e  i n  en -  
Tineer ing ( t e c h n o l o g i c a l ) .  In some c a s e s ,  t h e  assumptions could be re- 
ilioved by a d d i t i o n a l  mathematicai e i f o r i  ( a a a l y t t c  a r  cc*np%ter!, In o the r  
cases ,  only l abora to ry  and p i l o t  p l a n t  s tud ie s  would s e r v e .  

The fol lowing is a l i s t i n g  of major assumptions,  i n  no s p e c i a l  o r d e r :  

(1) Mixing i n  CSTR's is  p e r f e c t ,  

( 2 )  Packing p a r t i c l e s  i n  columns a r e  sphe res .  

(3) The f l u i d  p r o p e r t i e s  a r e  those  of water .  

( 4 )  P a r t i c l e s  i n  CSTR's do not  agglomerate t o  form l a r g e ,  s u r i a c e  

( 5 )  Diffus ion  e f f e c t s  i n  CSTR and plug-flow a r e  minor. 

a r e a - d e f i c i e n t  aggrega tes .  
+* 

* 
** Levenspiel ,  0.. "Chemical Reactor Engineer ing,  " W i l e y  . 

July 1972 issue, "Biotech. & Bioeng. l1 
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Reaction k i n e t i c s  f o r  i n s o l u b i l i z e d  enzynes are similar t o  
those  f o r  s o l u b l e  s p e c i e s .  

I n h i b i t i o n s  and c o n p e t i t i v e  r e a c t i o n s  can be minimized a t  
o p e r a t i n g  c o n c e n t r a t i o n s .  

CSTR's o p e r a t e  a t  atmospheric p r e s s u r e ,  or near i t ,  2nd t h e  
temperatures  and pH's are t h o s e  requi red  b y  t h e  enzymes. 

Degradation l o s s e s  of eni.j.mes are l inear  wi th  t i m e  o r  nonex- 
i s t e n t  and s e o a r a t i o n  processes  a r e  h ighly  e f f i c i e n t  f o r  e n -  
zyme conserva t ion .  

Thermoiynamic e q u i l i b r i u m  is  adequately def ired by published 
v a l u e s  of f r e e  energy changes f o r  t h e  given r e a c t i o n ,  even i f  
t h e s e  publ ished va lues  are measured i n d i r e c t l y  an? i n  complex 
environments.  

impact of t h e s e  assumptions w i l l  become apparent  i r  t h e  fol low- 
i n g  s e c t i o n s  on des ign .  

3. Comparison of CSTR's and Plug-Flow Reactors  

CSTR's and Plug-Flow reactors o f f e r  i n d i v i d u a l  advantages which pre-  
dominate i n  p a r t i c u l a r  d e s i g n s .  

Generally speaking, plug-f l o w  reactors r e q u i r e  t h a t  onl-. t h e  f l u i d  
r e a c t a n t s  be processed, s i n c e  t h e  catalyst  or enzyme can be immobilized 
on so l id  p a r t i c l e s  which remain i n s i d e  t h e  r e a c t o r  u n t i l  regenera t ion  or 
replacement became necessary .  Thus, t h e r e  i s  no r e q u i r e m i i t  t o  s e p a r a t e  
enzyme from product o r  s u b s t r a c t s .  This  can be very important s i n c e  en-  
zyme and product  molecular  s i z e s ,  whi le  q u i t e  d i f f e r e n t  from each  o t h e r ,  
are very small on an a b s o l u t e  s c a l e  and may r e q u i r e  extremely p r e c i s e  
membrane o r  ion  exchange s e p a r a t i o n s .  Low s p e c i f i c  flow rates and high 
p r e s s u r e s  requi red  f o r  membranes can make sucil p rocefses  p r o h i b i t i v e l y  
expensive.  Ion exchange columns can p r e s e n t  l a r g e  p r e s s u r e  drops  a t  h igh  
flows and i n i t i a l  c o s t ,  regenera t ion ,  and loss of resins can be very se- 
r ious  economic f a c t o r s .  

C S T R ' s ,  on t h e  o t h e r  hand, t y p i c a l l y  have small pressure  d r o p  re- 
quirements  and can be operated a t  p r e s s u r e s  which allow simple and inex- 
pens ive  vessel des ign .  However, i t  is necessary t o  s e p a r a t e  t h e  enzyme 
from t h e  reactants and recycle t h e  enzyme. In a d d i t i o n ,  t h e  mixing of 
r e a c t a n t s  and products  t o g e t h e r  produces, g e n e r a l l y ,  a lower concent ra -  
t i o n  of r e a c t a n t s ,  thus  reducing t h e  r e a c t i o n  rate and i n c r e a s i n g  t h e  
requi red  volume. ( I n  some cases, however, t h i s  can be an advantage.  
For  example, i n  enzyme r e a c t i o n s  which can be s u b s t r a t e  i n h i b i t e d ,  t h e  
immediate reduct ion i n  s u b s t r a t e  c o n c e n t r a t i o n  caused by t h e  mixing can 
cause a n  i n c r e a s e  i n  e f f e c t i v e  r e a c t i o n  rate and a d e c r e a s e  i n  requi red  
volume. ) 

Por t h e  p a r t i c u l a r  processes  cons idered  here ,  t h e  packed columns 
r e q u i r e  very high pressure  e n e r g i e s  and p r e s e n t  o t h e r  problems i n  c o s t .  
Therefore,  t h e  CSTR-type was chosen ear ly  i n  t h e  s tudy and a l l  d e s i g n s  
and models are based on t h e  l a t te r .  I f  s u b s t a n t i a l l y  lower f low rates 
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and h ighe r  enzyme a c t i v i t i e s  can be achieved due  t o  advances i n  chemical 
technology i n  t h e  f b t u r e ,  a re-examination of  this d e c i s i o n  may becun1.c- 
necessary .  

5 .  Mathematical ExDressions f o r  Reactor S i z i n g  

A .  S i n g l e  Enzyme, S i n g l e  S u b s t r a t e  I<eaction w i t h  High F r e e  k:nerg> 

The  basic equa t ion  f o r  deve lcp ing  t i l e  reactor desigr. i s  t h c  
mass ba lance  on s u b s t r a t e  or product e n t e r i n g  the reactor. In g e n e r a l :  

input-output --: accumulation r e a c t i o n  

F o r  t h i s  stud)-,  c o n s t a n t  volume, sieady-state reactors were 
chosen. Thus, the accuK,ulation term vanishes  and tile expres s ion  becomes 

input  -out put = react ion  

Input 1 

L Output 

If t h e  r e a c t i o n  occurs  i n f i n i t e l y  r ap id ly ,  there is no  reactor 
volume requ i r ed  s i n c e  no  t i m e  is requi red  f o r  t h e  r e a c t i o n .  Furthermore,  
i f  t h e  r e a c t i o n  is i r r e v e r s i b l e  and h ighly  e n e r g e t i c  ( i n  t h e  chemical 
sense ) ,  i t  is p o s s i b l e  t o  have complete conversion of r e a c t a n t  t o  pro- 
d u c t .  Thus, one l i m i t i n g  case is  t h a t  of a very  rapid,  h igh ly  i r r e v e r -  
sible r e a c t i o n .  Such a system r e q u i r e s  only  very  small reactor -.olumes. 

A t  t h e  o t h e r  extreme, a r e a c t i o n  which proceeds very slowly 
and i n  which t h e  e n t e r i n g  stream is n e a r l y  a t  thermodynamic equ i l ib r ium 
between r e a c t a n t  and product ,  r e q u i r e s  ho ld ing  times approaching inf  i n i t )  
(or inf  i n i t s  volume). 

Furthermore, conse rva t ion  of expens ive  r e a c t a n t  r e q u i r e s  t h a t  
tr r e c y c l e  stream be provided t o  r-process unreac ted  material. F o r  some 
cond i t ions ,  t h e  r e c y c l e  stream can  be very  large, t h u s  i n c r e a s i n g  t h e  
reactor s i z e  f u r t h e r  and a lso req: i i r ing a d d i t i o n a l  pumps, p ip ing ,  con- 
t rols ,  e tc .  

In  t h i s  s tudy ,  t h e  h ighly  v a r i a b l e  n a t u r e  of t h e  enzymes used,  
t h e  g r e a t  range of thermodynamic equ i l ib r ium of t h e  r e a c t i o n s ,  and chem- 
ical  c o n s i d e r a t i o n s  v is -a -v is  r e a c t a n t  c o n c e n t r a t i o n s  lead  t o  a very 
large ranee  i n  reactor s izes  for d i f f e r e n t  p a r t s  of t n e  processes. 
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Returning t o  the computation, d e f i n e  the  input  and output  con- 
c e n t r a t i o n s  i n  m o l a r i t y  and t h e  flow, F, i n  liters/sec. I f  the sub- 
strate c o n c e n t r a t i o n  is des igna ted  as [SI, or  more s i m p l y ,  S, t h e  
input  and output  terms are: 

Input  = FS Mols/sec i’ 

Output = FS Mols/sec 
0’ 

The r e a c t i o n  term depends on k i n e t i c s  and is d e f i n e d  t o  g i v e  moles/liter- 
sec. This  is the r e a c t i o n  rate p e r  u n i t  volume of CSTR. The to ta l  reac- 
t i o n  rate is t h e  volumetr ic  rate t i m e s  t h e  reactor volume. 

r e a c t i o n  = ( ra te)(volume) = r V t  

The rate term can take on many forms. If t h e  r e a c t i o n  is independent of 
c onc en  t rat i o n s  , 

For a 1st order r e a c t i o n  

For a 2nd order r e a c t i o n  

r = c o n s t a n t  

(S -@) 

r = kS 

(S + s +PI 

2 r = kS 

and so f q r t h .  

is t h e  Michaelis-Menton form : 
For enzyme r e a c t i o n s ,  t h e  simplest form of t h e  r e a c t i o n  term 

where 

r = m a x i m u m  r e a c t i o n  rate, moles/liter-sec 

S = s u b s t r a t e  concent ra t ion ,  mols/liter 

Km = Michaelis c o n s t a n t ,  molsjliter 

k = turnover  number, mols/sec/mol Enzyme 

E = Enzyme concent ra t ion ,  m o l d l i t e r  

‘he mas8 balance equat ion  is t h u s  : 
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v 0 
kES 

F ( S  - s ) = 
1 o K m + S  t 

0 

Figure  1 is taken from these r e l a t i o n s .  S e v e r a l  q u a l i t a t i v e  
conclus ions  can  be made : 

(1) Increases  of enzyme c o n c e n t r a t i o n  have i n v e r s e  effect  on 

(2) Increases  i n  i n l e t  c o n c e n t r a t i o n s  reduce reactor volume. 

(3) Increases  i n  conversion requi red  i n c r e a s e  r e a c t o r  volume. 

( 4 )  For r e a c t i o n s  w i t h  a l o w  Km and low s u b s t r a t e  concent ra -  
t i o n s ,  t h e  reactor s i z e  does not  depend g r e a t l y  on conver- 
s i o n  d e s i r e d .  Put another  way, such  s y s t e m s  g i v e  high 
conversion ( s u b j e c t  t o  thermodynamic l i m i t a t i o n s ,  d i scussed  
below 1 .  

reactor volume. 

B. S i n g l e  Enzyme, S i n g l e  S u b s t r a t e  Reaction w i t h  Low F r e e  Energy 

The e q u i l i b r i u m  cons tan t  for  a r e a c t i o n  can be r e l a t e d  t o  t h e  
f r e e  energy of r e a c t i o n  by t he  fo l lowing:  

-So = RT pn K e  

1." = free energy of r e a c t i o n ,  calories/mol 

K e  = e q u i l i b r i u m  c o n s t a n t  = Po/S, a t  I n f i n i t e  t i m e  i n  
a batch reactor (P = m o l a r i t y  of product  a t  o u t p u t )  

0 

Expressing -43" i n  Kcal/mol and t a k i n g  a temperature  of -5O"C, t h e  
equat ion  can be w r i t t e n :  

-1.55 So Ke = e 

This  express ion  p l a c e s  a c o n s t r a i n t  on t h e  maximum convers ion  p o s s i b l e  
i n  a reactor w i t h  no r e c y c l e  and d e f i n e s  t h e  r e c y c l e  necessary t o  achieve 
a s teady  product ion rate of a chosen v a l u e .  

An examination of t h e  Michaelis-Menton express ion  shows no l i m -  
i t a t i o n s  on t h e  r e a c t i o n ,  y e t  i t  must be true t h a t ,  as t h e  r e a c t i o n  pro- 
ceeds and t h e  substrate concent ra t ivn  decreases ,  t h e  product concent ra t ion  
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increases u n t  1 1  t h e  equi l ibr ium r e l a t i o n  above is  s a t i s f  led and t h e  
reac t ion  stops. F o r  purposes of t h i s  c a l c u l a t i o n ,  an altered form of 
tile \lichael is-Menton equat ion  is proposed : 

kE(So - Se) 
> O  r = -- 

K m + S  - 
0 

where S is the equi l ibr ium concent ra t ion  under t h e  given c o n d i t i o n s .  
'ilie denogiiiator is lef t  unchanged s i n c e  it  is presumed t h a t  
i \ l len rhe react ion ceases. NOH' w e  can write : 

Km = S o  

X 

1 - x  
'oe ss m K e = - -  - - = -  

oe m 

w h e r e  Sm is the maximum conversion which can be achieved i n  a once- 
through operat ion .  

Proceeding from here w e  can d e r i v e  an  express ion  f o r  t h e  l i m -  
i t i n g  conversion 

-1.55 so 
e - 

-1.55 3-o l + e  xm - 

A plo t  01 t h i s  express ion  is  shown i n  F i g u r e  2.  Note t h a t  99 percent  
is  the maximum conversion i n  once-through when -so = 3 Kcal/mol. T h i s  
r e su l t  h a s  s i g n i f i c a n t  consequenc2s f o r  some of the  r e a c t i o n s  i n  t h e  
C02-f  i x a t i o n  2nd foss i l  f u e l  processes and i n  the glucose  +starch s y s t e m .  

h ~ c o m e  large because the  r e a c t i o n  rate decreases r a p i d l y  clcse t o  equi-  
l ib r ium.  'l'his e f f e c t  can be examined by c o n s i d e r i n g  the  volume ratio,  
l o r  tiic same product ion &nd i n l e t  condi t ions ,  of t h e  a c t u a l  reactor com- 
pared to one f o r  which t h e  f r e e  energy was ignored i n  t h e  c a l c u l a t i o n .  
This \,olurne ra t io  can be found t o  be 

?:\en f o r  ccnvers ions  less than maximum, the  reactor volume ma:; 

1 
-1.55 so 

(1 - X o ) ( l  + e 
-1.55 so I : =  

(1 - Xo)(l + e 1 - 1  

A p l o t  of t h i s  express ion  is shown i n  F igure  3. The f i g u r e  demonstrates  
t h a t  t h e  i n c r e a s e  i n  reactor volume f o r  r e a c t i o n s  w i t h  -So < 3 can be 
v e r y  s e r i o u s  when h igh  conversions are d e s i r e d .  Fo r  example, a t  87.5 
percent  conversion f o r  a r e a c t i o n  w i t h  -1G = 2 Kcal/mde, t h e  a c t u a l  
r e a c t o r  must be more than  50 percent  l a r g e r  than  a s imple c a l c u l a t i o n  
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might i n d i c a t e .  Indeed, ignoring t h e  equ i l ib r ium c o n d i t i o n s  could r e s u l t  
in s p e c i f y i n g  a r e a c t o r  which could never achieve t h e  production o r  con- 
ve r s ion  d e s i r e d .  

Using the  d a t a  In F i g u r e  2 and t h e  va lue  f o r  a s imple  o r  " ideal"  
r e a c t o r ,  t h e  a c t u a l  a b s o l u t e  s i z e  can be computed. For  t h e  c a s e  of a to- 
t a l  production of product (H) of 6 mol/sec (roughly t h a t  of a 100 ton,' 
day starch p l a n t ) ,  the  " idea l "  reactor equa t ion  is shown in Figure 1. 
Note t h a t  as Km/Si dec reases ,  t h e  ' ' ideal"  reactor s i z e  approaches a 
f i x e d  v a l u e  f a r  any conversion allowed by t h e  thermodynamics.  

C.  Sing le  Enzyme, Two S u b s t r a t e  Reaction w i t h  High Free Energy 

Many enzyme systems c a t a l y z e  r e a c t i o n s  i n  which two s u b s t r a t e s  
react t o  form t h e  product .  An example of a r e a c t i o n  w i t h  u n i t  stoichom- 
e t r y  is t h e  conversion of g lucose  t o  glucose-6-phosphate i n  the  presence 
of ATP and t h e  enzyme hexokinase: 

Kcal G + ATP Z G - 6 - P  + ADP - so IT 3.8 - MOLE 

E 

A + B Z C  + D 

The r e a c t i o n  rate can be w r i t t e n :  

Assume that t h e  r e a c t a n t s  are added stolchometrically so t ha t  

i ,  
A i  = B A = B  

0 0 '  
g e n e r a l l y  A = B . 

Mass balance 

Ai + B = C  + D  + A o + B o  
0 l o  

Co = Ai - A. 

Define 

i 
Xo = Co/A 

.*. X = 1 - Ao/Ai or Ao/Ai = 1 - X 
0 0 
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S i m i l a r l y ,  

Lo/Bi = 1 - ;Y 
0 

S u b s t i t u t i n g  and manipulat ing 

For t h e  special case where KMA = KmB, 

D. 

viewpoint 

Two Enzyme React ions Occurring i n  Same Tank, Product of One 
is S u b s t r a t e  of t h e  O t h e r  

T' "coupling" of enzyme r e a c t i o n s  is a t t z a c t i v e  from t h e  
of minimizing t h e  number of reactors and s e p a r a t f o n s  r e q u i r e d .  

Furthermore, f o r  r e a c t i o n s  which  have h i g h l y  unfavorable  equi l ibr ium,  
t h e  "attachment" of a r e a c t i o n  which removes the product as r a p i d l y  as 
i t  is formed causes  t h e  coupled s y s t e m  t o  achieve conversion rates un- 
a t t a i n a b l e  w i t h  t h e  s i n g l e  reaction a lone .  

consider t h e  process  of t a k i n g  a g lucose  s o l u t i o n  and producing starch. 
One proposed scheme r e q u i r e s  t h e  phosphorylat ion of t h e  glucose t o  make 
G-6-P.  The next  s t e p  is t o  conver t  t h e  G-6-P t o  G-1-P so that  polymeri-  
z a t i o n  t o  starch can proceed. However, t h i s  conversion is h i g h l y  unfav- 
orable t o  G-1-P. The conversion is only aburlt 5 percent  a t  e q u i l i b r i u m .  
Thus, a reactor us ing  t h i s  reaction would have very h igh  recycle and 
l a r g e  volume requirements .  However, t h e  liext r e a c t i o n ,  G-1-P 4 s ta rch ,  
i s  highly e n e r g e t i c  torard starch formation.  The r e s u l t  1s t h a t  G-1-P 
i s  formed i n t o  starch very completely,  thereby unbalancing t h e  f i rs t  
r e a c t i o n  and causing more G-1-P formation.  In  the  s t e a d y - s t a t e  c o n t i n -  
uous f low condi t ion ,  then, t h e  COP i t r a t i o n s  of G-6-P and s tarch are 
r e l a t i v e l y  h igh  i n  t h e  reactor whr& G-1-P c o n c e n t r a t i o n  is low. By 
removing G-6-P and starch from t h e  reactor, s e p a r a t i n g  t h e  two and re- 
turn ing  t h e  G-6-P t o  t h e  reactor, the  product ion r a t e  is raised tn t h e  
desired l e v e l  and t h e  e f f e c t i v e  conversion of e n t e r i n g  g lucose  is 100 

An example p e r t i n e n t  t o  t h i s  s tudy  i l l u s t r a t e s  t h e  concept :  
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percent  b a r r i n g  losses i n  s e p a r a t i o n .  A reactor w i t h  a poor equi l ibr ium 
reac t ion ,  then, can produce as much product as a reactor w i t h  a good 
equi l ibr ium and high energy s y s t e m ,  t h e  d i f f e r e n c e  being t h a t  t h e  former 
reactor is  much l a r g e r  and has a much h igher  inventory of r e a c t a n t  pres -  
e n t .  If t h e  i n i t i a l  r e a c t a n t  is c o s t l y ,  t h e  amor t iza t ion  of t h i s  inven- 
tory may be a s i g n i f i c a n t  i t e m  i n  t h e  f i n a l  product cost .  

Consider t h e  fo l lowing  r e a c t i o n  sequence: 

Assume t h a t  there are no molecules S2 o- P i n  t h e  i n l e t  t o  t h e  reac- 
tor ( e i t h e r  t h e  r e a c t i o n s  proceed r a p i d l y  t o  completion, or t h e  recycle 
s e p a r a t i o -  s t e p  is e s s e n t i a l l y  p e r f e c t  and only S1 and minute q u a n t i -  
ties of S2 a r e  r e t u r n e d ) .  A mass balance giges: 

+ s  + P  = s13 20 0 
i 

A t  s teady  opera t ion ,  t h e  c o n c e n t r a t i o n s  of a l l  components are i n v a r i a n t  
w i t h  t i m e .  Therefore ,  t h e  rate of product ion of S 2  must e q u a l  t h e  
rate of product ion of P. If we u s e  t h e  Michaelis-Menton express ion  
f o r  each reac t ion ,  w e  g e t :  

k2E2S20 --- k l E I S I O  - K + S  
20 Km + S 

1 10 m2 

or 

k E S Kml 
- - 2 2 20 

k E (Kmz + S - ’- 
slo 1 1 20 .\2E2S20 

But t h e  mass balance r e q u i r e s  t h a t  Slo + Szo = SI i  - P  
0 

An o v e r a l l  “conversion“ of SI A P can be def ii:ed as : 

Yo = conversion = P /S 
0 l i  
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I IlUS, 

s - ?  0 = S 1 ( 1 - Y )  0 

i 1 i 

l’urt!./.-r manipulation gives  : 

-a + J-5 
2 s =  

20 

The r e s u l t s  of t h e s e  equat ions  can L e  calculated f o r  any given 
pair of r e a c t i o n s  f o r  which t h e  k i n e t i c s  are a v a i l a b l e .  Furthermore, i f  
the equi l ibr ium c o n s t a n t s  or t h e  free e n e r g i e s  are a l so  available, t h e  
rnxicium conversion without  recycle can be computed. I f  i n  s d d i t i o n  t h e  
d e s i r e d  i n l e t  c o n c e n t r a t i o n  t o  t h e  reactor is f i x e d  and is a v a l u e  great- 
e r  than t h e  feed s t ream suppl ied ,  t h e  recycle stream is f i x e d  w i t h  re- 
s p e c t  to  c o n c e n t r a t i o n  and f l o w .  The volume of t h e  reactor comes directl!  
from the rate express ion:  

= - H 4 /SI (1 - Yo) + 1) 
klEl I ml i 

t o r  example, r e t u r n i n g  t o  t h e  g lucose  t o  s ta rch  s y s t e m ,  and u s i n g  ~ r o d u c -  
t i o n ,  k i n e t i c ,  and thermodynamic v a l u e s  a p p r o p r i a t e  t o  t h i s  s tudy  (see 
main body of t h e  r e p o r t ) ,  w e  have t h e  fo l lowing:  
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Equil ibr ium C o n s t a n t s  : G-6-P + G-1-P, keq % 1.17 

G-1-P 4 s t a r c h ,  keq Y 5 .7  
(based on phosphate 1 

Kine t i c s :  G-6-P +G-l-P, k = 370 rnols,/min/moi E 1 
-4 

Kml = 3 X 10 

k2 = 6400 

moles/liter 

-5 F =6\(10 moles/liter 
m2 

L e t  A = G-6-P 
B = G-1-P 
C = s t a r c h  (o rphospha te )  

Flows: I n l e t  0.694 TM/day 
G-6-P 
775 TM/day 

H2° 
M o l a r i t y  = 0.05 M 

: K K  = C / A  . K o v e r a l l  ? 2 
Keql = B/A , Keq2 = C/B , 

Assume t h a t  t h e  reactor is run t o  very  close t o  equ i l ib r ium.  
Concent ra t ions  can then  be approximated as equ i l ib r ium va lues .  The f low 
s h e e t  i s  as fo l lows  : 

775 TIU H20 F 

X = 0.05 M 

0.694 TM G-6-P 

X = 0 . 1  M 

I Reactor  

R 

x K  

a r c h  

+ 775 TM H20 

- 0.694 TM starch 
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Starch Concentration a t  Outlet of Reactor 
G-6-P Concent rat ion a t  Out let 

- 

starc. .  ,oncentration a t  o u t l e t  = (;%)( 0 . 1  h ~ - ~ )  
18 Y 10 

1 = inctor t o  convert to  molarity 

( S  F + S R) - 0.694 - G-1-P 
F R 

(F  + R) 
b 4 - P  Concentration a t  Outlet = 

i n  ::oi*ds, ti-6-P is e i t h e r  unreacted, i n  the form of starch, or i n  t h e  
A.'3**.i~ of ti-1-P . Thus, 

- - 0.694 
' 0  ( S  F F + X R R )  - 0.681 - (G-1-P) 0 

(G-6-P) (X F + S R) - 0.694 - (G-1-?) 
0 -  € R 0 ( C - 1 - P )  x - 

0 1 /K1 l/K1 

Itearrang ing 

+ !G-1-P) = (X F + XRH) - 0.694 (G-l-P)o K 0 F 1 

(X F F + XRR) - 0.694 
(G-1-P) = 

0 1 + l / K 1  

s ~ ~ b s i t t t i t i ~ i g  irto !C : 
0 

I 0.694 
(XFF + S R) - 0.694 H (Xy€ + S R) - 0.654 - 

R 1 + l / K 1  

-- 0.694 - 
1 K O  =- -- 

1 + 1/K, '1 - 0*6c34  ( S  F t X R ) ( 1  - 
'., 

F 
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0.694 

but 

S F = 0.694 
X 

- 0.694 ... KO - 
1 .  + l / K 1  

or 

0.694 

' 0 1 1  + l / K 1 l  

X R =  
R l / K l  

KO = KlK2 

0.694 (1  + l/K1) 
- - 0.694 X R =  

K2 K2 R 

1 + l / K 1  

0 .694 (1 + K, ) 
X R =  I 

K1K2 R 

K1 = 1/17, K = 5 . 7  2 

0.694 ( 1  + 1/17) = 2.18 
5.7/17 ... X R = 

R 

Thus, the G-6-P entering the reactor i s :  

0 .694  + 2.18  = 2.874 
process recyc le 

The entering molarity is  chosen as 0 .1  M .  
strevc can be calculated : 

T~us, the water i n  the recycle 

2.874 0 . 1  
(775 + R) (18 lo-4) = 
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2.874 

18 '.: 10 
!773 + l i )  = = 1600 -4 

.'. R = 160C - 775 = 825 Thl/day 

= 0.147 M 2.1& 0.1 x - 
-4 825 18 '< 10 

r't.:r:tor vol-ume can be estimated from the k ine t i c  parameters 
of the s l o . . i s t  and least frvorable reaction,  t h e  f i r s t  

r \  = product ion 
T 

In rile ca lcu la t ions ,  

Z = 0.147 x = 0.147 (E) 
10 ( F  + R )  

5 = 0.071 hl 
10 

! I  : 350 moles,'min, k = 370, E z 3 Y 10 -6 

350 ( 3  . 
+ 0.071) = 320,000 liters . ,  1- = 

?' 370 x 3 x '1; 0.071 

i = 84,000 gal lons 'I. 

A rc-?.ct~i- ot 150,000 gal lons  capacity was spec i f i ed  to  allow f l e x i b i l i t !  
and s a i e t y  fac tors ,  as  w e l l  as  head space for Internal equipment, foaming, 
e t c .  

272 



E .  S i n g l e  Enzyme ,&action w i t h  Product I n h i b i t i o n  

There are f r e q u e n t l y  systems i n  which one or  more products  and/ 
o r  nonreac t ing  s p e c i e s  i n h i b i t  t h e  enzymatic process. The n e t  e f f e c t  is 
t o  slow down the  r e a c t i o n  rate, sometimes, s e v e r e l y ,  p a r t i c u l a r l y  w i t h  
product  i n h i b i t i o n s  a t  h igh  convers ions .  The r e a c t i o n  equat ion  is m o d i -  
f i e d  t o  inc lude  an a d d i t i o n a l  term as follows: 

kE S 
S + K + K Fi/Ki m m  

r =  

The same algebraic a n a l y s i s  as used previous ly  can be a p p l i e d  t o  such 
s y s t e m s .  For  example, suppose a r e a c t i o n  i s :  

P i  is a p r G u c t ,  perhaps phosphate, and i n h i b i t s  t h e  r e a c t i o n .  The reac- 
tor  des ign  equat ion  becomes : 

t K m K 
m VT = - {l 1- si(l  - Xo) + -  Ki 'iXo ICE 

Thus, t he  n e t  e f f e c t  is to  make t h e  requi red  reactcr larger by  an  addi- 
t i v e  term : 

The r a t io  of reactor volume w i t h  i n h i b i t i o n  of t h i s  sort t o  t h e  reactor 
volume without  i n h i b i t i o c  is  t h e n :  

Increases  i n  St, Xo, or K,,, tend t o  make t h e  problem worse. Decreases 
i n  Ki hzve a similar e f f e c t ,  
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l o r  t he  case of &,,/Si -: 0, Ki/Si = 5 0 ,  Figure  4 g i v e s  tile 
CSTR volume. lliis volume must be m u l t i p l i e d  w i t h  t h e  fac tor  given 
i n  Figure 5. 

F .  S i n g l e  Enzyme, S i n g l e  Product ,  S u b s t r a t e  I n h i b i t i o n  

Again, t h e  algebraic manipulat ions are s t r a i g h t f o r w a r d .  Xs-  
b u n i e  a r e a c t i o n  rate e q u a t i o n :  

r =  
kES 

K + S + S/Ki  m 

'lhe r e s u l t i n g  reactor des ign  express ion  is : 

1 K 

i f  
+ 1 + 1 / K  - H , f  m 

' T  - kE S. (1 - Xo) I 1  

lhe volunie is, thus,  l a r g e r  by t h e  fo l lowing  amount : 

G. Keactors and Fermenters f o r  C e l l u l o s e  Process  

The des ign  of t h e  main reactor i n  t h e  c e l l u l o s e  process  was 
c a r r i e d  ou t  d i f f e r e n t l y  than  t h e  techniques  d i s c u s s e d  here, p a r t l y  be- 
cause t h i s  reactor w a s  the  f i rs t  one examined d u r i n g  t h e  s tudy but mostly 
because k i n e t i c  and product ion date. were a v a i l a b l e  only i n  a form n o t  
s u i t a b l r  €o r  iiiethods of t h i s  apperd ix .  

The reactor and fe rmenter  were cons idered  t o  form a coupled 
s y s t e m  s i n c e  it is expected that the  enzyme a c t i v i t y  w i l l .  decrease w i t h  
time, r e q u i r i n g  make-ap, and t h a t  losses i n  t he  end s e p z r a t i o n  w i l l  a l so  
occur .  In a d d i t i o n ,  as i n  a l l  proposed enzyme processes ,  i t  is important 
t o  conserve enzyme, so recycle is  mandatory and f u r t h e r  couples  t h e  reac- 
tor and t h e  fe rmenter .  

The v a r i a b l e s  examined here  inc lude  the  product ion of enzyme, 
t h e  degrada t ion  losses, t h e  s e p a r a t i o n  losses, and the enzyme a c t i v i t y .  
The resu l t s  of Mandel, e t  a1 a t  Nat ick  Labora tor ies  have been used a s  
t h e  basic express ions  f o r  enzyme a c t i v i t y  and product ion.  
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These va lues  are:  

A -  
degrada t ion  

loss 

= product ion  of fermenter 1 gm enzyme 
l i t e r - d a y  

React or 
V 

.. 

4 gm-Glucose = a c t i v i t y  of f r e s h  enzyme @-Enzyme -He 

1.25 gm E/li ter = concen t r a t ion  i n  tank  

For a 100 ton/day p l a n t ,  t h e  flow rate is about  154 gal lons /minute  of a 
10 percent  by weight c e l l u l o s e .  

and that half of t h e  a c t i v i t y  is lost  i n  
Assume the enzyme a c t i v i t y  decreases l i n e a r l y  w i t h  its "age" 

el days .  

A t o  = A b - $ - ]  

Wri t ing  a ba lance  on " a c t i v i t y "  : 

dA FAo - FAt + V d 9  - = 0 

inpu t  ou tput  "react ion 'I 

.'. A t o  /A = 1 - (E)(+) 
FAt = loss in separation 

VAt = a 2 t i v i t y  in t ank  

FAt F 
VAt V f r a c t i o n  lost i n  separat io% - = - =  
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As is seen l a t e r ,  t he  re t ic tor  volume and flow is such tha t  the 
reaidence time of t h e  c e l l u l o s e  stream is approximately 1 day.  Thus, 
FA' = L r ep resen t s  t h e  f r a c t i o n  of t a n k  enzyme inventory l o s t  per  day 
i n  the  sepa ra t ion  s t e p  (removing enzyme from glucose and c e l l u l o s e ) .  
L e t  F/V = L. 

The  volume of r e a c t o r  requi red  i s  d i r e c t l y  p ropor t iona l  t o  t h e  a c t u a l  
enzyme a c t i v i t y .  Thus, a s  At/Ao decreases  due t o  l o s s e s  o r  t o  degrad- 
a t i o n ,  t h e  main r e a c t o r  volume inc reases .  

The r a t i o  is: 

v A O  

vo At 
- = -  

where 

Yo = r e a c t o r  volume i f  enzyme lasts i n d e f i n i t e l y  and none i s  l o s t  

v = a c t u a l  volume requi red  

can be est imated from t h e  known enzyme a c t i v i t y .  

6 
100 tons/day Glucose = 3.78 x 10 gm/hr 

6 gm-G 1 gm-enzyme/hr 
.*. @-Enzyme = 3.78 X 10 - X HR 4 gm Glucose 

5 
= 9.5  x 10 gm enzyme 

w i t h  an enzyme r a t e  of 1.25 gm enzyme/ l i te r  

. 9.5 x lo5 g m  E 
' *  1.25 gm E/li ter 

5 = 7.6 x 10 liters 

I - 200,000 ga l lons  

278 



\- = 200,000 (?) = 2n0,000 (;+) - 
L 2p1 

LQ 

2LP - 1 
5 1 

2LP1 
= 4 x 1 0  v = 200,000 2Lp1 - 1  

A p l o t  of t h i s  expression is shown in Figure  6. For t h e  cond i t ions  
est imated f o r  t h i s  p l an t  ( e  = 700 days,  L = 0.003) w e  ge t  a r e a c t o r  
s i z e  of 270,000 ga l lons ,  a s i g n i f i c a n t l y  l a r g e r  number than t h a t  computed 
f o r  t h e  c a s e  of no enzyme degrada t ion  o r  loss. Without enzyme r ecyc le ,  
t h e  age of the  enzyme remains near  zero,  s o  t h e  main r e a c t o r  can be smal- 
ler .  However, t h e  enzyme producer becomes ve ry  l a rge  and may dominate 
the  cos t  of product.  The n e x t  s t e p ,  then,  is t o  s i z e  t h e  fermenter re- 
qu i r ed .  

required t o  supply t h e  main r e a c t o r .  The fermenter  can make: 

1 

The fermenter  is d i r e c t l y  r e l a t e d  t o  t h e  enzyme productioir 

1 gm E/5 l i t e r s - d a y  

The makeup rate is r e l a t e d  t o  t h e  r e a c t o r  size, t h e  s e p a r a t i o n  l o s s e s ,  
and t h e  enzyme l i f e - t ime .  The l o s s  due to  degrada t ion  is 1/291 f r a c -  
t i on  of t h e  tank a c t i v i t y  per  d a y .  T h e  s epa ra t ion  l o s s  is  IA f r a c t i o n  
of the  t a n k  enzyme holdup per  day. Thus, t h e  enzyme makeup requi red  is: 

where 

v - = t a n k  volume/"ideal" volume 1 
0 

E = enzyme holdup i n  equiva len t  grams of f r e s h  enzyme 

tank volume 
i d e a l  volume 2 Y 10 

5 and t h e  enzyme load equiva len t  i s  9.5 X 10 gm fre;h enzyme. 
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4 Glucose 
Assume: Fresh Enz>rne Activ i ty  = 

AI!; E n  7ymc -111' 

E:nz:;me Load -~: 1 . 2 5  gins I.nzymc l i t e r  

tnr\me Decays Linearl? -. = thlf-Gme 1 

I ,  = Loss of Enzyme in Scparatiors I n  
Terms C J f  Fraction o l  Reactor 
Inventor? per I )ay 

Base Case:  So PIctivity or Separation 
Loss. Reactor Volume - 200,000 g a l s  
f o r  Glucose Rate of 100 Tons/I)ay . 
Reactor €low = 150 GPM 1 1  10~' Glucose. 

L = 0.01 

0 . 0 2  
0.05 - 
0.101 L 

50 100 150 no0 250 300 

1 
Enzyme "Hall -Li fe" ,  Days ,  9 

Figure 6 .  CELLCLOSE PROCESS REACTOR SIZI.:. 
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For L = 0.003, 6, = 700, Wl = 2.1, 

llatreup Rate = 4700 gms/day 

The f e r r e n t o r  can d e l i v e r  about 1 gm Enzyme/S d a y - l i t e r  

volume = S x 4700 = 23,500 liters 

= 6200 gall- - 
The size of 6OOO gallaos was chosen 01) the  basis that op t imiza t ion  of 
design can effect at least m o d e s t  increases i n  p r o d u c t i v i t y  of cellulose 
f e m e n t a t i o a .  

The volume ab f e r r e n t e r  required i n  general is: 

elL + 1 
V F = 1.39 X 10 L (€IlL - 1) 

H. C a m w W  -. 

I t  is possible to show that volume sav ings  can  be realized by 
use of packed t o w e r s  compared to  CSTR's i f  

(1) 

(2) the enzyme Rconcen tmt ion ,  moles E/wolume reactor can  be made 

the enzyme can  be imobilized 011 a support suitable f o r  tower 
-king, 

W 

the same. 

W e  proceed as follows: 
t i o n s )  

( ignor ing  t h e m d y n a m i c  and i n h i b i t i o n  limita- 
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For packed column: 

I 
i .  

F 

flow v e l o c i t y  of 

t'o t s  tLe f h i d  of 
L -  

E Cross-sec t iona l  
area = A 

d 

Stds 
0 

&la=+ on element dz:  

Input of S = FS 

Output - F ( S  + dS) 

Accumulation = 0 

kES Reaction a A de - 
0 K m + S  

kES FS - F(S + d s )  = A dz - o K m + S  

kES -FdS = Aodz - Km + S 

0 
dSCK, + SI A 

= - - dz kE S F 

Integrating fr- Si - tS  0 and z = o to z = L: 

0 kE - 
P F  

S 
K~ en S. + (So - Si) = -V 

1 

S . o  
xO 

.. - = I  - 
si 
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S u b s t i t u t i n g :  

b u t  FSiXo = H , as before 

H 
.*. F = - 

iKo 

Divide by : 'i 

V X kE 
- - n  (1 -Xo) - X  = - -  Km P O  

si 0 H 

Solv ing  €or V : 
P 

t In (1 - Xo) 

The ratio of volumes is: 

T h i s  r a t i o  is shown in Figure  7 .  I t  can be seen that,  f o r  a g iven  va lue  
of IQ, the  plug-flow reactor seems advantageous a t  l o w  i n l e t  concent ra -  
t i o n s  and high convers ions .  

Unfortunately,  packed bed reactors can have very  high p r e s s u r e  
d rops  for  flows encountered i n  high production p l a n t s  when t h e  allowable 
reactaut c o n c e n t r a t i o n s  are low,  as i n  enzyme r e a c t o r s  w i t h  inh ib i ted  re- 
a c t i o n s .  The volume of carrier f l u i d ,  i n  t h i s  case water, which must be 
processed can be very  large. For example, a t  c o n c e n t r a t i o n s  of 0.001 M 
s u b s t r a t e  i n  the fossil f u e l  or C02-f ixat ion processes ,  a 100 ton/day 
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p l a n t  r e q u i r e s  f lows  of about 100,000 gpm. When these flows are passed 
through columns c o n t a i n i n g  beds w i t h  small particle sizes (necessary t o  
achieve  high s u r f a c e  areas and high enzyme loadings) ,  t h e  p r e s s u r e  drops 
and r e s u l t a n t  horsepowers are unacceptab le  t o  econamic des ign .  

Using the E r g u n  equat ion  for p r e s s u r e  d rop  t h r m g h  a packed 
bed; 

where 

u =  
0 

d p  = 

c I =  

- 
gc - 

0s - 
- 

L =  

m =  

and us ing  

2 
(1 - E) G o  

3 E 3 CSdP 

2 No + 1.75 - (1 - G) gc = 150 
E 1 

L 

s u p e r f i c i a l  tower v e l o c i t y ,  cm/sec 

particle diameter, c m  

f l u i d  v i s c o s i t y ,  gm/cm-sec 

980 gmf/gmn cm/sec 

f l u i d  d e n s i t y ,  gm/cm 

bed depth,  c m  

&cm p r e s s u r e  d r o p  

2 

GS = s p h e r i c i t y  3 

= 1, f o r  spheres 

2 

s p h e r i c a l  p a r t i c l e s  i n  water,  w e  have p = 0.01, p = 1, Q = 
S 1, E I 0.4, we get 

8 - -3 0 

dP 

U 
(in ps / f t )  = 3.73 x 3 + 7.3 x IO 

dr 
L i 

conver t ing  flow, F, i n  gallons/min t o  Uo us ing  the tower diameter D : 
T 

F2 + 47.3 - 4 
DGdP 

for a tower 100 f e e t  t a l l ,  t h i s  becomes 

tAP)dp3 = 2.6 x 10 5 6 )  + 3.5 x iO'* (F /A)2  

2 85 



2 where 1 = s u r f a c e  area requi red  fo r  enzyme, c m  . I f  Co = m o l a r i t y  of 
output  and molecular  weight glucose = 180, 

3 7 15 2 
d p  = 2.4 x 10 /CoA + 3 X 10 / (C  A )  

0 

Assume a r e a c t i o n  rate of R, L-mole G/mgm Enzyme-HR and a n  
enzyme load of CE, mgm E/cm2 surface.  For a product ion  of 100 t ons  
glucose/day, w e  have 2.1 x 1O1O ~-if~ol/HR. Thus, 

& dp3 = 1.13 x 1 0 - 3 E ]  + 6.73 X 10 -6 [T] 
The horsepower is p r o p o r t i m a 1  t o  f low x p r e s s u r e  drop .  F i n a l l y ,  

A f o r e s e e a b l e  reaction rate w o u l d  be of t h e  order of 

R = 3 x 10 4 p-mol G/mgm E - HR 
C = I O  -3 M 

0 

For CE, take a va lue  of 109 mgm enzyme/gm glass w i t h  a article diame- 

dens i ty  is 2.2 gm/cm3. 
i s  on t h e  surface, the  enzyme w e  can fix is about: 

ter of 0.0462 c m .  The volume of t h i s  particle is n/6 d p  s , cm3 and t h e  

If w e  assume no p o r o s i t y  so t h a t  a l l  t h e  enzyme 

Enzyme 7l -2 x 2.2 x - (O.O462I3 21.13 x 10 mgm E 6 

-3 2 The s u r f a c e  area ndp2 = 6.7  x 10 cm 
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E = 1.69 - 1.13 Y mgm 
2 :. CE - 

6.7 x c m  

The horsepuwer f o r  t h i s  set of c o n d i t i o n s  (100 tons/day, 100 foot deep  
bed, particles 0.0462 CI, e tc . )  is: 

2 
3.6 x 

(0.0462 l3 
6.05 X 10 

np = 

r h i s  is so absu rd  that i t  is d i f f i c u l t  t o  see hoar any reasonable  change 
i n  parameters  could e v e r  make packed towers acceptable. No f u r t h e r  con- 
s i d e r a t i o n ,  t h e r e f o r e ,  was given t o  t h e s e  and only CSTR's were cons idered .  

I .  Enzyme Kine t ic  Equat ions U s e d  fo r  Simulat ion 

In  order t o  compute reactor r e s idence  t i m e s  and t h u s  the  s i z e s  of 
t h e  reactor v e s s e l s  needed, it is necessary not only t o  d e s c r i b e  t h e  f low 
f i e l d  behavior  w i th in  t he  reactor (e.g., CSTR or plug flow) but  also t o  
d e s c r i b e  t h e  k i n e t i c s  of the  r e a c t i o n s  involved. In  the  case of enzyme 
reactors, expres s ions  which d e s c r i b e  such  k i n e t i c s  may be s imple,  or t h e y  
may be r e l a t i v e l y  c m p l e x ,  depending upon t h e  r e a c t i o n  t o  be described 
and a s s o c i a t e d  s impl i fy ing  assumptions.  Such expres s ions  d i v i d e  i n t o  
only a few classes of mathematical  problem areas, a l though from t h e  po in t  
of view of t h e  chemistry involved, the  express ions  may be d i f f i c u l t ,  i f  
no t  impossible ,  t o  c o n s t r u c t .  

chemical rkac t ion .  One widely accepted m o d e l  for  such a r e a c t i o n  is [ l l :  
As an example, cons ide r  a s i n g l e  s u b s t r a t e ,  monomolecular enzymatic 

O s  dS max dP 
d t  Km + S d t  

V - - - -  - v =  A -  

i n  which : 

P = product concen t r a t ion  a L  t i m e  t i n  moles/liter 

S = s u b s t r a t e  concen t r a t ion  a t  time t in moles/liter 

V = reaction rate ( v e l o c i t y )  i n  moles / l i t e r /minu te  

= m a x i m u m  r e a c t i o n  rate i n  moles / l i t e r /minute  'max 

m K = Michael is  constant i n  moles/liter 
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As w i t h  any mathematical model of a phxdical  r e a l i t y ,  assumptions 
are inherent  i n  t h e  formula t ion  of the model; t h e s e  itlap r e f l e c t  phys ica l  
r ea l i t y ,  or may be introduced i n  t h e  i n t e r e s t s  of mathematical  s i m p l i c i t y  
I21 - 

Equation (1 1, known i n  t h e  l i t e r a t u r e  as t h e  Michaelis-Mentun equa- 
:ion, c o n s t i t u t e s  t h e  s i m p l e s t  p o s s i b l e  m o d e l  of an enzymatic chemical 
reaction. The  chemistry involved in  t h e  formation of product i n  such a 
r e a c t i o n  is c l e a r l y  def ined  and no p o s s i b l e  ambigui t ies  e x i s t  w i t h  regard 
t o  t h e  mechanism of its formation [l]. L-nfortunately,  such a s i n p l e  
m o d e l  is, i n  many cases, e i ther  obviously not correct or hopeless1)- ide-  
a l i s t i c .  Broadly speaking, there a r e  three s i t u a t i o n s  i n  w h i c h  t h e  use  
of Michaelis-Menton k i n e t i c  m o d e l s  are i n a p p r o p r i a t e  : 

(1) Khen multisubstrate/multiproduct reac - i o n s  occur  

( 2 )  Khen i r h i b i t i o n  of catalysis t a k z s  p l a c e  

( 3 )  When a s i g n i f i c a n t  "back r e a c t i o n "  e x i s t s  due t o  unfavorable  
t hermod)-namic equ i 1 ibrium 

For i31 above, c o n s i d e r  t h e  case of a r e a c t i o n  i n  which t w o  sub- 
strates combine t o  form a s i n g l e  product,  a not - inf requent  Occurrence 
i n  t he  processes  of i n t e r e s t  i n  t h e  manufacture of s y n t h e t i c  food.  In 
such a case, t w o  models or pathways f o r  t h e  formation of product can be 
imagined [-I], ordered and nonordered. The t w o  chemical rate equat ions  
and t h e i r  a s s o c i a t e d  mathematical models are q u i t e  d i f f e r e n t ,  depending 
upon which pathway is used t o  r e p r e s e n t  t h e  r e a c t i o n .  

Secondly, it is possible (and, i n  f a c t ,  h ighly probable)  that  reac- 
t i o n  i n h i b i t i o n  e f f e c t s  w i l l  occur i n  enzymatic chemis t ry .  I n  such a 
s i t u a t i o n ,  product or s u b s t r a t e  c o n c e n t r a t i o n  above a c e r t a i n  threshold  
l e v e l  slows down c a t a l y s i s  and a f f e c t s  a r e a c t i o n  rate slower than t h a t  
p r e d i c t e d  by s imple k i n e t i c  models which do n c t  inc lude  such  i n h i b i t i o n  
e f f e c t s .  Often t h e  mechanism and/or k i n e t i c  data a s s o c i a t e d  w i t h  i n h i -  
b i t i o n  are d i f f i c u l t  t o  o b t a i n  f o r  reasonable  ranges of o p e r a t i n g  condi-  
t i o n s .  

The e x i s t e n c e  of a s i g n i f i c a n t  "back reac t ion"  (conversion of de-  
sired product  back i n t o  o r i g i n a l  s u b s t r a t e )  causes  few conceptua l  d i f f i -  
c u l t i e s  from t h e  viewpoint of mathematics, a l though from a computat ional  
s tandpoin t  such a r e a c t i o n  may c m . p l i c a t e  t h e  a l g e b r a  involved.  Back 
r e a c t i o n s  are u s u a l l y  assumed t o  have t h e  same form as t h e i r  a s s c c i a t e d  
forward r e a c t i o n ,  perhaps wi th  some cha:iges i n  i n h i b i t i o n  tern,:. and/or  
number of products  and s u b s t r a t e s .  

product r e a c t i o n s  are i n  no wa!, mutually e x c l u s i v e .  Many enzymatic 
chemical r e a c t i o n s  arxI p r w e s s e s  e x h i b i t  a l l  three of t h e s e  complicat-  
i ng  e f f e c t s  t o  some degree ,  and t h e r e f o r e  involve extremely cumbersome, 
though mathematically t r a c t a b l e ,  express ions .  

Most publ ished information regard ing  enzymatic react ions  is i n  t h e  
f orni of f i r s t - o r d e r  d i f f e r e n t i a l  equat ions  which d e s c r i b e  t h e  rate of 

Katura l ly ,  i n h i b i t i o n s ,  back r e a c t i o n s ,  and m u l t i s u b s t r a t e ,  mul t i -  
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formation of product  of t h e  r eac t ion .  An example of such a d i s p l a y  of 
r e a c t i o n  rate information is equat ion  (1) .  More gene ra l ly ,  such equa- 
t i o n s  t a k e  the  form: 

dP - -  - V = f (S S ... S ,P P . . . P n , K 1 , K 2 ,  . . . Kn,K11,K12, . . . Kin) d t  1' 2' n 1' 2' 

(2 1 

i n  which 

S1,S2, . . . Sn = s u b s t r a t e  concen t r a t ions  a t  t i m e  t i n  moles/liter 

PI, P2, . . . P = product concen t r a t ions  a t  t i m e  t i n  moles,'liter n 
K1,K2, . . . K = chemical r e a c t i o n  rate c o n s t a n t s  i n  m o l e s / l i t e r  

= i n h i b i t i o n  c o n s t a n t s  (when p r e s e n t )  i n  moles/liter 
n 

K I 1 , K I 2 ,  ... K1l: 
I t  is important  t o  no te  that t h i s  information may not  be d i rec t ly  

usab le  by t h e  des igne r  qf a chemical reactor. Continuous f low CSTR's, 
f o r  example, require rearrangement of such data i n t o  a form s u i t a b l e  f o r  
use  by such a des igne r  (see t h e  d i s c u s s i o n  on CSTR's). This  d i f f i c u l t y ,  
a l though somewha t  s u b t l e ,  is none the le s s  real .  The format of presenta-  
t i o n  of chemical m o d e l  information cannot  be d ivorced  from the  type  of 
reactor and/or  p l a n t  which is t o  be designed t o  house t h e  r e a c t i o n ( s 1 .  
This fo l lows  d i r e c t l y  fram t h e  assumptions inhe ren t  i n  t b -  zhoice of a 
reactor type  which describe the  f low f i e ld  wi th in  such  a e a c t o r .  

J.  Reactor  S i z i n g  Calculat!.ons and Numerical So lu t ion  Techniques 

As has been p rev iaas ly  stated, a n a l y t i c a l  de te rmina t ion  of r e a c t o r  
s i z e s  is tractable only when a s i n g l e  (or perhaps double)  r e a c t i o n  takes 
p lace  i n  a reactor v e s s e l .  When it becomes desirable t o  p l a c e  more t h a n  
one r e a c t i o n  i n  a g iven  v e s s e l  (u sua l ly  t o  take advantage of f avorab le  
r eac t ion  e n e r g e t i c s  and thermodynamics 1, t h e  complexity of t h e  r e s u l t i n g  
mathematics dictates t h e  u s e  of automated, numerical  s o l u t i o n  techniques .  
Conceptually,  t h e  mathematical  expres s ions  themselves do not  change or 
become more complex, bu t  t ne  number of coupled v a r i a b l e s  involved pre- 
c ludes  hand computat ional  methods. The type  of numerical technique t o  
be u t i l i z e d  of cour se  depends on the form of t h e  equat ions  t o  be so lved .  
T h i s  form, i n  t u r n ,  is dependent upon t w o  f a c t o r s :  

(1) The form of t h e  mathematical k i n e t i c  m o d e l  r ep resen t ing  t h e  
r e a c t i o n  (does it c o n t a i n  i n h i b i t i o n ,  does i t  have a back re- 
ac t ion ,  is it mul t i subs t r a t e ,  etc . ). 

(2 )  The type  of r e a c t i o n  v e s s e l  t o  be used (CSTR, plug flow, con- 
t inuous ,  ba t ch  process ,  e tc  . ). 
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For reactors u s e f u l  f o r  volume product ion of s y n t h e t i c  food, i t  is  
a n t i c i p a t e d  t h a t  a l l  such reactors w i l l  be cont inuous flow, perhaps w i t h  
c e r t a i n  amounts of recycle of reactor output .  The reactors themselves 
may u t i l i z e  CSTR technology, or may be plug f low r e a c t o r s .  These react or 
types and assumptions,  together w i t h  k i n e t i c  models which d e s c r i b e  t h e  
r e a c t i o n s  t a k i n g  p l a c e  wi th in  the v e s s e l s ,  c o n s t i t u t e  a mathematical 
m o d e l  of coupled r e a c t i o n / r e a c t o r  food product ion.  We note  here t h a t  food 
product ion schemes which u s e  s i n g l e  r e a c t i o n  reactors are also mathemat i- 
c a l l y  modeled; t h e  s a l i e n t  characteristic of t h i s  d i s c u s s i o n  i s  t h e  f a c t  
t ha t  s o l u t i o n  of coupled r e a c t i o n  m o d e l s  is i n t r a c t a b l e  by hand caLcula- 
t i o n  techniques.  

1. Coupled React ion Plug Flow Reactors : Simulat ion Techniques 

As previously described, p lug  f l o w  reactors assume only l o n g i t u d i n a l  
motion of r e a c t a n t  'rplugs'f down t h e  l e n g t h  of t h e  reactor. Because this 
motion can be expressed i n  terms of reactor l e n g t h  and, through f low ve- 
i w i t y ,  i n  terms of reactor res idence  t i m e ,  i t  is pcssible t o d e s i g n  ( s ize)  
a z e a c t o r  f o r  a s i n g l e  plug f l o 3  reactioa d i r e c t l y  from a d i f f e r e n t i a l  
rate equat ion d e s c r i b i n g  the  r e a c t i o n  k i n e t i c s ;  t h i s  d i f f e r e n t i a l  equa- 
t i o n  is  of t h e  fcrm of Equation ( 2 ) .  

#hen more than  one r e a c t i o n  t a k e s  p l a c e  w i t h i n  a p lug  f low r e a c t o r ,  
s e v e r a i  d i f f e r e n t i a l  equat ions  are involved, each d e s c r i b i n g  a p a r t i c u -  
l a r  r e a c t i o n  w i t h i n  the  reactor v e s s e l .  Assuming t h a t  the r e a c t i o n s  are 
coupled, :hat is, assuming that the p r o d u c t ( s 1  of one r e a c t i o n  c o n s t i -  
t u t e  the  s u b s t r a t e ( s 1  of a subsequent r e a c t i o n ,  t h e i r  d e s c r i b i n g  d i f f e r -  
e n t i a l  equat ions  w i l l  also be coupled.  Thus a mathematical model f o r  a 
plug f l o w  reactor c o n t a i n i n g  coupled enzymatic r e a c t i o n s  c o n s i s t s  of t h e  
set of f irst-order, nonl inear  d i f f e r e n t i a l  equat ions  : 

* 

dPi - = V = f (Si,Ki, and perhaps K 1 i = 1,2, ... n 
d t  i I i  

n = # of r e a c t i o n s  

t o g e t h e r  w i t h  t h e  i n i t i a l  c o n d i t i o n s  : 

* 
This  is  not  really an assumption; t h e  only reason f o r  p l a c i n g  more than 
one r e a c t i o n  i n s i d e  a given v e s s e l  i s  t o  t a k e  advantage of f a v o r a b l e  
coupl ing  k i n e t i c s .  I t  can therefore be stated a p r i o r i  t h a t  any  reac- 
tor conta in ing  more than one reaction w i l l  a r range  those r e a c t i o n s  so 
t h a t  t h e  p r o d u c t ( s )  of one become t h e  substrate(s)  of another .  
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and t h o  coupl ing r e l a t i o n s h i p s  : 

P = s  
i j '  

which describe how products  of ,  s a y ,  t h e  ith r e a c t i o n  are s u b s t r a t e s  of 
the jth reac t ion ,  and thus  s e r v e  t o  couple  the  n equat ions  (1) t o  one 
another .  Usually Pio = 0 f o r  a l l  i (no product of any of the n 
r e a c t i o n s  e n t e r s  t h e  top of t h e  r e a c t o r )  a l though t h i s  is not the  case 
when a recycle stream e x i s t s .  The d e t a i l e d  mathematical form of equa- 
t i o n s  (1) is determined by t h e  a c t u a l  k i n e t l c  models a t  hand f o r  each 
of t h e  r e a c t i o n s  t o  be used. 

d i f f e r e n t i a l  equa t ions  is a wel l - inves t iga ted  problem. Many techniques  
can be used t o  determine the  t i m e  history of product  formation wi th in  
t h e  reactor. Among the easiest t o  u s e  and most r e a d i l y  a v a i l a b l e  are 
Runge-Kutta and Eu le r  numerical  i n t e g r a t i o n  schemes. Since i t  i s  ex- 
pected t h a t  t h e  formation of products  w i t h  t i m e  w i l l  be a r e l 3 t i v e l y  
smoothly-behaved func t ion ,  e l a b o r a t e  predictor-corrector techniques  are 
not  warranted.  Accuracy of such a s o l u t i o n  can  readi ly  be tested by 
s t e p s i z e  v a r i a t i o n  wi th in  t h e  numerical  i n t e g r a t i o n  r o u t i n e  selected. 

The s o l u t i o n  t o  a set of f i r s t - o r d e r ,  coupled, n m l i n e a r  o r d i t a r y  

Output for  such a s imula t ion  would c o n s i s t  of t h e  time h i s t o r y  
of a l l  of t h e  products  and s u b s t r a t e s  w i th in  t h e  v e s s e l .  Based on 
some d e s i r e d  f i n a l  conversion percentage  of t h e  f i n a l  (nth)  product ,  
t h e  r e s idence  t i m e  requi red  can t h e n  be determined and thus  t h e  ac-  
t u a l  s ize  of t h e  r e a c t o r  established. 

2 .  Coupled React ion CSTR's: Simulat ion Techniques 

A CSTR ope ra t e s  a t  t h e  o u t l e t  c o n c e n t r a t i o n ( s )  of t h e  r e a c t a n t s  
and s u b s t r a t e s  p re sen t  wi th in  t h e  r e a c t o r .  Because of t h i s  assump- 
t i o n  (dependent upon t h e  assumed p e r f e c t  mixing v i t h i n  t h e  CSTR) the  
e f f e c t i v e  r e a c t i o n  rates are governed by s u b s t r a t e  l e v e l s  a t  q u i t e  a 
l o w  l e v e l .  If o..e could,  f o r  example, ope ra t e  a CSTR w i t h  a 99 per- 
c e n t  conversion of s u b s t r a t e  t o  product ,  t h e  r e a c t i o n  w o u l d  then op- 
erate a t  only a 1 percent  s u b s t r a t e  concentrat ion--a  l o w  l e v e l  of 
concen t r a t ion  indeed. I t  is thus  clear tha t ,  f o r  h igh  conversion 
rates w i t h  a CSTR, t h e  r e a c t i o n s  conta ined  wi th in  such a vessel w i l l  
n o t  ope ra t e  anywhere nea r  s u b s t r a t e  s a t u r a t i o n  l e v e l s .  T h i s  obser -  
va t ion  allows s i m p l i f i c a t i o n  of t h e  mathematical express ions  gwern- 
ing  t h e  behavior  of r e a c t i o n s  wi th in  CSTR's. 

Consider a CSTR opera t ion  w i t h  n r e a c t i o n s  of t h e  Michael is-  
Menton form. In such a reactor, there w i l l  be n equat ions  of t h e  
form of Equation (1). If t h e  r e a c t o r  ope ra t e s  a t  reasonably high 
conversion rate, t h e  s u b s t r e t e  o u t l e t  concen t r a t ions  w i l l  be low. 
Therefore ,  It  is p o s s i b l e  t o  l i n e a r i z e  t he  Michaelis-Menton equat ion  
as fo l lows  : 
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v * s  
S f o r  small S - - max - -  - v =  dP 

d t  Km + S 'max 

In order f o r  +,he reactor t o  be opera t ing  a t  s t e a d y - s t a t e ,  a l l  of t h e  
r e a c t i o n s  wi th in  i t r e  rebctor must operate a t  t h e  same r e a c t i o n  r a t e ,  
thus there W i i l  be (n -1) equat ions  of t h e  form: 

v .  = v i = 1,2, ... (n - 1) 
1 (i+l)  

The n unknowns i n  these (n -1) e q i a t i o n s  a r e  t h e  s u b s t r a t e  lebels 
p r e s e n t  a t  t h e  s t e a d y - s t a t e  o p e r a t i n g  c o n d i t i o n .  The n th  r e l a t i o n -  
s h i p  between the s u b s t r a t e  l e v e l s  is determined from a mass balance 
on t h e  o v e r a l l  reactor: 

'in 1 
+ + 

Sout 2 
... + Soutq + Pout 

i n  which t h e  s u b s c r i p t s  " in"  and "out" r e f e r  t o  i n p u t  and output  of t h e  
r e a c t i o n  v e s s e l .  S u b s t i t u t i o n  of Equation (6) i n t o  any of t h e  (n - 1) 
r e l a t i o n s h i p s  of ( 5 )  w i l l  y i e l d  a s y s t e m  of (n  - 1) e q u a t i o n s  i n  t h e  re- 
maining (n -1) s u b s t r a t e  concent ra t ions ;  t h e  n t h  s u b s t r a t e  concentra-  
t io r  [ t h e  one f o r  which Equation ( 6 )  was s u b s t i t u t e d 1  is determined d i -  
rectly from t h e  mass balance equat ion  ( 6 ) .  Because t h e  k i n e t i c  equat ions  
( 4 )  are l i n e a r i z e d ,  t h i s  set of equat ions  can  be w r i t t e n  i n  mat r ix  form: 

i n  which A is ab (n -1) x (n -1) matrix, S is an (n -1) v e c t o r  
of s u b s t r a t e  concenl ra t ions and C is an (n --1) v e c t o r  of known v a l -  
ues of s u b s t r a t e  i n l e t  c o n c e n t r a t i o n s  and d e s i r e d  product o u t l e t  concen- 
t ra t  ions  (a  cons tan t  v e c t o r ) .  

Solu t ion  of Equation ( 7 )  f o r  t h e  ( n  - 1) unknown s u b s t r a t e  concen- 
t r a t i o n s  proceeds d i r e c t l y  Prom matr ix  theory of s o l u t i o n  of s imultaneous 
l i n e a r  a l g e b r a i c  equat ions  : 

-1 
S = A  C (8) 

The comput.:.tion of Equation (81, coupled w i t h  a s o l u t i o n  f o r  t h e  
n t h  s u b s t r a t e  concent ra t ion  from Equation ( 6 )  determines t h e  rates of 
each r e a c t i o n  w i t h  a coupled-react ion CSTR d i r e c t l y  from Equat ions (4). 
These rates, i n  t u r n ,  establish t h e  s i z e  of t h e  reactor s i n c e  they re- 
q u i r e  c e r t a i n  res idence  times f o r  running r e a c t i o n s  t o  completion or 
desired l e v e l  of completion. 
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I t  is  conceivable  t h a t  a CSTR may be run a t  a r e l a t i v e l y  low l e v e l  
of completion of d e s i r e d  product due  t o  s i z e  and/or pumping requirements 
a s s o c i a t e d  w i t h  high completion l e v e l s  of given r e a c t i o n s .  In such a 
c a s e ,  t h e  l i n e a r i z a t i o n  of Equation ( 4 )  is obviously i n v a l i d .  Two pos- 
s ibi i i t ies  are e v i d e n t :  

The problem may be solved w i t h  (obviously i n v a l i d )  l i n e a r i z e d  
k i n e t i c  equat ions  anyway; t h i s  is  A t t r a c t i v e  because of t h e  
mathematical  s i m p l i c i t y  t h u s  a f forded  t h e  r e a c t o r  d e s i g n e r .  

The f u l l  n o n l i n e a r  k i n e t i c  express ions  may be used.  T h i s  would 
fo l low t h e  above development up to  t h e  p o i n t  of s o l u t i o n  for  
t h e  s u b s t r a t e  c o n c e n t r a t i o n s  i n  Equations ( 7 )  and ( 8 ) .  Some 
form of s o l u t i o n  technique  amenable t o  nonl inear ,  coupled a l -  
g e b r a i c  equat ions  would then  need t o  be employed. 

Because of t h e  complexity of s o l u t i o n  techniques f o r  n o n l i n e a r  a l -  
g e b r a i c  equat ions  (and even t h e i r  a v a i l a b i l i t y ) ,  strategy (1) is  t h e  more 
a t t r a c t i v e  a t  t h i s  p o i n t .  Obviously a trade-off e x i s t s  between computa- 
t i o n a l  d i f f i c u l t y  and accuracy of r e s u l t s ,  as i n  any s imula t ion .  The 
d i r e c t i o n  chosen would be most dependent upon t h e  oEtlet c o n c e n t r a t i o n  
chosen; a very l o w  outlet concent ra t ior ,  ( s a y ,  10 p e r c e n t  product  or so) 
would probably r e q u i r e  n o n l i n e a r  e q c a t i o n s  and s o l u t i o n  techniques t o  be 
used i n  order that  anything l i k e  meaningful answers r a d u l t .  

substrate and/or product,  the  l i n e a r i z a t i o n  of Equation ( 4 )  must be ex- 
tended t o  m u l t i s u b s t r a t e ,  mult iproduct  r e a c t i o n s .  Uscal ly  i n  such a re- 
a c t i o n ,  one o r  the  other product or s u b s t r a t e  w i l l  dominate.  If t h i s  is 
n o t  t h e  case, mat r ix  techniques  of fe r  n o  p o s s i b i l i t y  f o r  s o l u t i o n  and 
aga in  nonl inear  techniques  must be used .  

A f i n a l  n o t e :  s i n c e  not a l l  k i n e t i c  express ions  involve only one 
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Appendix 5.2 

SElTLER DESIGN 

In an ideal rectangrrlar z n v i t y  s e t t l i n g  bas-a t h e  p a t h s  of a . 
settleable discrete p a r t i c l e s  rill be s t e i g h t  l i n e s  and particles k i t h  
similar s e t t l i n g  v e l d c i t i e s  rill move i n  parallel paths. The diagram 
below s h a r s  a s e t t l i n g  p a t t e r n  for a t y p i c a l  l o n g i t u d i n a l  s e c t i o n  of an 
i d e a l  rectaugular basin.  Any particle settling i n  a moving l i q u i d  rill 
be d i sp laced  i n  a d i r e c t i u n  and w i t h  a v e l o c i t y  that is t h e  v e c t o r  sup 
of its own s e t t l i n g  v e l o c i t y ,  V2. and t h e  ve loc i t j - ,  VI, of t h e  sur- 
r d i n g  l i q u i d .  For a b a s i n  dep th  D1, a bas in  l eng th  L, is requi red  
t o  rerove the  s e t t l i n g  particle. A t  t h e  s- f low v e l o c i t y  VI and 2 

basir, dep th  D p ,  a b a s i n  length r a u l d  be requi red  to remove the 
particle. 

IDEALIZED SE'ITLING PATAS OF DISCM3E PARTICLES I N  A 
HORIZONllAL F U N  TANK. 

In such a system, 88 s h m  above, t h e  s e t t l i n g  t i m e  is expressed as 

t = D/V2 - 
where 

D = basin depth,  f e e t  

V2 = s e t t l i n g  v e l o c i t y ,  f e e t  p e r  minute 

t = t i m e ,  mlautes 
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K i t h  a b a s i n  d e p t n  of Dl, the  required b a s i n  l e n g t h  or h o r i r o n t e l  l ength  
of s e t t l i n g  p a t h  t o  r e m o v e  these particles frm t h e  f lowing l i q u i d  is a 
f u n c t i o n  of h o r i z o n t a l  liquid f low v e l o c i t y  V, and settlitg t i m e  t : 

L = V t  1 

where 

L = length of s e t t l i n g  path or bas in ,  f e e t  

= surrounding liquid v e l o c i t y ,  f e e t h i n u t e  

( 2 )  

Frap m u a t i o n  (1) it is seen  that a d e c r e a s e  of b a s i n  d e p t h  D w i l l  
r e s u l t  i n  a decreased s e t t l i n g  t i m e .  Equation ( 2 )  indicates that a re- 
d u c t i o n  of v e l o c i t y  
i n  a reduced l e n g t h  

In cons ider ing  
t h e  c r o s s - s e c t i o n a l  

\', and/or a decrease i n  s e t t l i n g  t i m e  t r e s u l t s  
of s e t t l i n g  path L. T h i s  is expressed by 

V D  1 L = -  
v2 

(3) 

a n  ideal s e t t l i n g  bas in  w i t h  wid th  W and l e n g t h  L, 
area A i n  a p lane  perpendicular  t o  the  d i r e c t i o n  

of s e t t l i n g  is expressed by 

F e r  continuaus-flaw sedimentat ion,  the  particles settle a t  a char- 
acteristic s e t t l i n g  v e l o c i t y  and t h e  l i q u i d  a t  any depth becomes clay!- 
f i e d  as s m .  as t : rose  particles i n i t i a l l y  a t  t h e  s u r f a c e  pass through i t .  
The L a t e  of c l a r t f i z a t i o n  q is 

Fram Equation (5 )  it  is obvious that t h e  rate of c l a r i f i c a t i o n  is a 

The d e t e n t i o n  t i m e  requi red  t o  c l a r i f y  a volume of l i q u i d  is now 

f u n c t i o n  of b a s i n  s e t t l i n g  area and particle s e t t l i n g  v e l o c i t y .  

expressed as 
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where 

T = detention t i m e ,  minutes 

Q = volume of l iquid,  cubic feet 

with detention t i m e  being dependent only upon s e t t l i n g  v e l o c i t y  and set- 
t l i n g  area. 

Vz, the particle s e t t l i n g  v e l o c i t y ,  is more normally expressed as 

Q v = -  
2 TA ( 7 )  

with the  u n i t s  normally being g a l l o n s  per square foot per minute. 
expression of the particle s e t t l i n g  v e l o c i t y  is c a l l e d  the overflow rate. 

This 
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