
DESIGN, FABRICATION AND OPERATION OF 
A BIOMASS FERMENTATION FACILITY 

FIRST QUARTERLY REPORT 

D a n i e l  J .  O ' N e i l  
A l t o n  R. C o l c o r d  
Mahendra K .  B e r y  
S t e v e  W. Day 
R.S. R o b e r t s  
I . A .  El-Barbary 
S . C. H a v l i c e k  
M.E. A n d e r s  
D .  S o n d h i  

9 

NOTIC€ 

~bb ropon w u  pmpnd o .n rmunt d work 
1 

l p r m o r r d ~ y t h o ~ ( a d ~ ~ ~ ~ * e  uoltad sot- ,,Or the u w  stam ~sppmmnt ol I 

GEORGIA INSTITUTE OF TECHNOLOGY 

REPORTING PERIOD: O c t o b e r  1 - December 31, 1 9 7 8  

-.  8 

. . : ':'#I 

P r e p a r e d  for: 

THE U. S .  DEPARTMENT OF ENERGY 

g n d e r  C o n t r a c t  No. ET-78-C-01-3060 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



NOTICE 

This report war prepared as an account of work sponsored by the 
United States Government. Neither the United Statn nor the United 
Statn Department of Energy. nor any of their employees, makes any 
warranry, express or implied, or assumes any legal liability or 
responsibility for the dccuraCv, e m p l e t e W ,  Or usefulness Of any 
information. apparatus, prohct .  or procarc disclosed, or rapresents 
that in use would not infringe privately owned rights. Reference 
herein to  any specific commercial product. process. or service by 
trade name, mark, manufacturer, or otherwise, does not not-rily 
constitute or imply its endorsement. recommendstion, or fsvoring by 
the United States Government or any w n c y  thereof. The v i w  and 
opinions of authors expressed herein do not namsarily state or 
reflect those of the United States Government or any agency thereof. 

Availablc from: 



ABSTRACT 

The o b j e c t i v e  of t h i s  p ro j ec t  i s  t o  design,  f a b r i c a t e ;  and ope ra t e  a  

fermentat ion '  f a c i l i t y  which w i l l  demonstrate o n ' a  p i l o t - s c a l e  l e v e l  (3 

oven-dry tons  per  day of feedstock)  t h e  economic and t e c h n i c a l . f e a s i b i 1 i t y  

of producing anhydrous e t h y l  alcohol'from'lignocellulosic hiomass r e s idues  

(wood, corn s tove r ,  and wheat straw. p r i n c i p a l l y ) .  

The r e s u l t a n t  process  development u n i t  (PDU) w i l l  b e  f l e x i b l y  designed 

so a s  t o  eva lua t e  cu r r en t  and pro jec ted  u n i t  opera t ions ,  m a t e r i a l s  of con- 

s t r u c t i o n ,  chemical and enzymatic systems which o f f e r  t h e  p o t e n t i a l  of s ig -  

n i f i c a n t  technologica l  and economic breakthroughs i n  a lcohol  product ion from 

biomass. The p r i n c i p a l  focus of t h e  p r o j e c t  i s  t o  genera te  f u e l s  from bio- 

mass. A s  such, i n  a d d i t i o n  t o  a lcohol  which can be used a s  a  t r a n s p o r t a t i o n  

f u e l ,  by-products a r e  t o  be d i r e c t e d  where p o s s i b l e  t o  f u e l  app l i ca t ions .  

The p ro j ec t  c o n s i s t s  of two p a r t s :  (1) Conceptual Design, and (2) De-  

t a i l e d  Engineering Design. 

The f i r s t  q u a r t e r ' s  a c t i v i t i e s  have focused on a  c r i t i c a l  review of 

s eve ra l  a spec t s  of t h e  conceptual  des ign  of t h e  3 0 ~ ~ / d a y  PDU, v i z . ,  

(1) h i o m a ~ ~  Coct , A v a i l a b i l i t y ,  and Charac t e r i za t ion  

(2)  Pretreatment  Processes  f o r  L ignoce l lu los i c  Residues 

(3) Hydrolyt ic  processes  (Enzymatic and Acidic) 

( 4 )  Fermentat ion  Processes  

(5) A.l.c.ohol. Recovery Systems 

(6) By-Product Streams TJtil i x a t i o n  

(7) Process  E c o n o ~ i c s  
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1.0. INTRODUCTION 

The o b j e c t  o f '  t h i s  p r o j e c t  is t o  des ign ,  f a b r i c a t e ,  and o p e r a t e  f  ermen- 

t a t i o n '  f a c i l i t y  which w i l l  demonstrate on '  a p i l o t '  s c a l e  t h e  f e a s i b i l i t y  o f '  

producing a l coho l  from l i g n o c e l l u l o s i c  biomass. The f a c i l i t y  w i l l  a l s o  be 

used t o  provide processing and economic d a t a  which can be used t o  p r e d i c t  

t h e  c o s t s  of producing a l coho l ' f rom 'va r ious  c e l l u l o s i c  raw m a t e r i a l s  and t o  

provide d a t a  t o  base t h e  design of l a r g e  s c a l e  a l c o h o l ' p l a n t s .  This  f a c i l i t y  

w i l l  a l s o  o f f e r  t h e  opportuni ty t o  t e s t  and eva lua t e  d i f f e r e n t  processing 

concepts on a p i l o t  p l an t  s ca l e .  The f a c i l i t y  a s  envisioned is  divided 

i n t o  t h e  fol lowing processes;  pretreatment  , hydrolys is ,  fe rmenta t ion  , 

al.coho1 recovery, monitoring and eva lua t ion  of by-products produced. 
' 

The f i r s t  phase of t h i s  p ro j ec t  is  t o  develop t h e  conceptual  des ign  of 

t h e  PDU f a c i l i t y  followed by a d e t a i l e d  engineering design.  I n  order  t o  . 

develop t h e  b a s i s  f o r  t h e  conceptual  des ign  a review of t h e  proposed feed- 

s tocks  t o  determine c o s t s  and a v a i l a b i l i t y  has been made. A review'of  

chemical c o n s t i t u e n t s  of t h e  feeds tock  has a l s o  been made. The va r ious  

pr e t x  eatuent methods, hydro lys is  (ac id  and enzymatic) , fermentat ion,  a l coho l  

s epa ra t ion  and by-product u t i l i z a t i o n  processes  which would be included i n  

t h e  PDU have been reviewed. I n  a d d i t i o n  t o  t h e  review of t h e  technical as- 

pec t s  of t h e  va r ious  processes ,review of t h e  economics of s e l e c t e d  processes  

have been made. 



2.0. BIOMASS FEEDSTOCK 

2.1. Cost and A v a i l a b i l i t y  of Biomass 

The primary feed s t o c k  pro jec ted  f o r  u t i l i z a t i o n  by t h e  PDU a r e :  

wood (hardwoods: and softwoods ), wheat s t raw and corn  s tove r .  Other 

p o t e n t i a l  m a t e r i a l s  such a s ,  r i c e  straw, o a t  s t raw,  r y e  s t raw,  sugar 

cane  bagasse,  sorghum re s idue ,  and o t h e r  a g r i c u l t u r a l  waste ,  a r e  a l s o  

being i n v e s t i g a t e d  t o  determine what p o t e n t i a l  they might have a s  a  

feeds tock;  The work done during t h i s  q u a r t e r  has been p r imar i l y  d i -  

r e c t e d  toward t h e  wood, wheat s t r a w  and corn  s tove r .  The survey of 

wood r e sou rces  has  been completed f o r  both t h e  PDU and p o t e n t i a l  l a r g e  

s c a l e  f a c i l i t y .   he- survey of t h e  c o s t  and a v a i l a b i l i t y  of whe.at s t raw 

and co rn  s t o v e r  f o r  t h e  PDU is a l s o  complete. Some a d d i t i o n a l  i n fo r -  

mation r e l e v a n t  t o  l a r g e  s c a l e  u s e  of t h e s e  feed s tocks  remain t o  be  

done. 

Large producers .of  ch ips ,  sawdust, shavings and bark  were sur-  

veyed i n  t h r e e  d i f f e r e n t  a r ea s .  The f i r s t  a r e a  was w i th in  a 10  m i l e  

r a d i u s  of Georgia Tech, t h e  second wi th in  a  30 mi l e  r a d i u s ,  and t h e  

t h i r d  marg ina l ly  w i t h i n  40 m i l e s .  

Green chips are t h e  ha rdes t  r e sou rcc  t o ' a c q u i r c  becausc the  Georgia 

. Kraf t  pulp and paper m i l l  i n  Rome seems t o  buy a l l  ch ips  a v a i l a b l e  with- 

i n  a t  l e a s t  100 m i l e s  of t h e  m i l l .  Southwire Wood Products  i n  Car ro l l -  

t o n  and Black Sawmill i n  Dal las  seemed t o  be  companies most open t o  

supplying 6-7 t ons  of g reen  c h i p s  per day t o  Georgia Tech. Almost a l l  

of t h e  companies contac ted  so ld  ch ips  t o  Georgia Kra f t  exc lus ive ly .  

However, i f  Georgia Tech made a  f i rm  o f f e r  f o r  t h e  r e l a t i v e l y  small  



supply of ch ips  needed (6-7 tons lday)  they  may cooperate .  sou thwire  

s e l l s  only hardwood'chips whi le  Black sells  hardwood'and softwood. 

Georgia Tech has  d e a l t  wi th  Black i n  t h e  p a s t  and has  had some d e l i v e r y  

problems. The c o s t  of ch ips  de l ive red  to 'Tech  would l i k e l y  run  $33- 

$35/cord which i s  $13.20-$14.00/ton f o r ' m o s t  companies. The c o s t  of 

t h e  chipped wood'without t r a n ~ ~ o r t a t i o n ' c o s t  is roughly $20.00/cord 

t o  $25/cord which i s  $7'.50-$10.00/ton. However, Harry Van Lock o f '  

Buckeye Ce l lu lo se  i n  Oglethorpe, ~ e o r g i a  s a y s - t h e  c o s t  i s  $15/ ton 'which 

is  $37.50 per  cord.  That seems very  h igh  i n  l i g h t  of a l l  t h e  o t h e r  in- 

formation c o l l e c t e d .  ~ r a n s p o r t a t i o n ' c o s t s  seem t o  run  5- .6~/ ton-mile  

though t h e r e  were some dev ia t i ons  from t h i s  average higher  t han  t h i s  

(14-16c/ton-mile) . 

The amount of c h i p s  supp l i e s  by t h e  companies t h a t  would g ive  t h i s  

iaforrnation ranged from a low of 20 tons/day t o  a h igh  of 85  tons lday .  

Therefore  t h e  amount of ch ips  t h a t  would have t o  be d i v e r t e d  from Georgia 

Kraf t  t o  Georgia Tech (6-7 tons lday)  would be  8%-35% of t o t a l  d a i l y  

volume of any one of t h e  i nd iv idua l  p l a n t s  surveyed. 

Sawdust is a v a i l a b l e  t o  Georgia Tech from 4 o r  5 v a r i o u s  companies. 

McClure Brothers  of Col lege Park,  t h e  c l o s e s t  source  t o  Tech, could guar- 

a n t e e  6-7 t ons  per  day d e l i v e r y  t o  Tech a t  a c o s t  of $45 per  de l ive red  

load ($6.00-$6.43/ton). O f  t h a t  $45, $35 is  f o r  t h e  sawdust ($4-$5/ton) 

and $10 is f o r  d e l i v e r y  (10-14~/ton-mile) .  The c o s t  of t h e  sawdust a t  

$4.00/ton be fo re  de l ive ry  checks o u t  w i t h  another  source ,  Hardwoods of 

Georgia. Separated softwood and hardwood sawdust can be  provided by 

Black sawmill a s  w e l l  a s  McClure Bro thers  f o r  $45/load (weight of t h e  

load is unknown). Good c o s t  d a t a  was d i f f i c u l t  t o  compile because most 



companies could only  quote  a p r i c e  per  load ,  of which they knew ne i the r  

t h e  weight nor  t h e  volume. 

Shavings could a l s o  b e ' d e l i v e r e d  by McClure Brothers  a t  t h e  same 

p r i c e  as sawdust bu t  hardwood'and softwood'could n o t ' b e  separa ted .  

Harr i son  Lumber Company could d e l i v e r  a t ruckload o f '  softwooh' shavings 

25-30 mi les  f o r '  $80/load (18 f t .  t r u c k  bed) . J o e '  K.  Smith Trucking 

Company i n  G a i n e s v i l l e  could poss ib ly  d e l i v e r  a load a t  $35/load (25 

ydJ) which (assuming a dens i ty  range o f .  14-24 l b / f t J )  is $20-$11.73/ton 

and seems expensive. 

McClure Brothers  i s  w i l l i n g  t o  sel l  bark a t  t h e  same p r i c e  a s  saw- 

d u s t  and they  can s e p a r a t e  softwood from hardwood. Hardwoods of Georgia 

i n  Coweta Co. w i l l  s e l l  hardwood'bark a t  $4/ ton ( they don ' t  d e l i v e r )  

which i s  s i m i l a r  t o  McClure Brothers  d e l i v e r y  p r i c e .  They have 75 tons /  

day of bark produced which they a t  p resent  don ' t  s e l l  but  would l i k e  t o  

d i spose  of.  J o e  K. Smith Trucking of Ga inesv i l l e  w i l l  s e l l  bark a t  

3 3 
$11.25/yd which (assuming a dens f ty  range  of 14-24 1 6 / f t  ) comes out  

t o  $60-$35/ton, extremely high. Southwire Wood Products  is  w i l l i n g  t o  

sel l  hardwood bark though they don ' t  a t  p re sen t .  However, Georgia Kraf t  

is  soon going t o  s t a r t  buying sawdust and bark from them which may forbode 

.a t r end  of Georgia Kra f t  consuming a11 r.easonably. a v a i l a b l e  sawdust, 

shavings and .bark j u s t  as they p re sen t ly  do wi th  ch ips .  

I n  summary McClure Brothers  may b e  t h e  b e s t  be t  f o r  bark,  sawdust, 

and poss ib ly  shavings,  Hardwood shavings may be hard t o  acqu i r e  from 

any source. Chips could probably be obtained from Black Sawmill and 

Southwire Wood Products  (hardwood only) bu t  i f  t h e  r i g h t  kind of approach 

is taken o t h e r  companies such a s  McClure Brothers  may a l s o  s e l l  t o  



Georgia Tech some of what they norxially se l l  t o  Georgia Kra f t .  Both 

hardwood'and s o f t ~ o o d ' c h i ~ s  a r e  a v a i l a b l e  f r o m ' ~ r i f f i n  Lumber Company 

i n  Cordele,  bu t  a  premium p r i c e  must be  paid t o  o b t a i n  them ($40-$45/ 

ton  de l ive red ;  $17 .78 -20 / ton ' fo r ' t he  wood and 13.9 - 15 .6~1 ton -mi l e  

f o r  t r a n s p o r t a t  ion) . ~ e o r g i a  Tech has  used a  G r i f f i n  Lumber Company 

i n  t h e  p a s t  a s  a  s u p p l i e r .  

A l l  t h e  information 'compiled on'  t h e  eleven companies researched 

is  contained on t h e  fol lowing t a b l e s .  

A 1000 oven d ry  ton'(0DT) per  day p l an t  opera t ing  350 days per  year  

would r e q u i r e  700,000 tons  o f '  green wood' (50% mois ture  con ten t )  per 

year t o  opera te .  This  p l an t  would r e q u i r e  233,333 a c r e s  of softwood 

t o  provide a  cons tan t  supply i n  pe rpe tu i ty .  Th i s  i s  based on t h e  assump- 

t i o n ' t h a t  a t h r e e  ton]year/acre  sus ta ined  y i e l d  can be  ob ta ined .  The 

same s i z e  would r e q u i r e  double t h e  acreage,  466,667 a c r e s ,  i f  suppl ied  

w i th  hardwood, because t h e  sus ta ined  y i e l d  of hardwood is  only 1 . 5  t ons  

per  ac re .  I n  an i dea l i zed  s i t u a t i o n ,  t h e  1000 ODT per  day p l a n t  would 

r e q u i r e  a l l  t h e  softwood wi th in  a  10.8 m i l e  r a d i u s  o r  a l l  t h e  hardwood 

wi th in  a  15.2 mi l e  r a d i u s ,  assuming t h e r e  is nothing but  commercial 

f o r e s t  surrounding t h e  p l a n t .  I n  a c t u a l i t y ,  it would b e  very  u n l i k e l y  

t h a t  a  p l a n t  could be loca ted  i n  t h e  c e n t e r  of t h a t  much f o r e s t  land.  

There always w i l l  be competing uses  f o r  nearby wood and not  a l l  a v a i l -  

a b l e  timber would be  f o r  s a l e  o r  d e d i c a t e d ' t o  a  s i n g l e  purpose. 

Assuming green woodchips as feed t o  t h e  p l a n t  and a  p r i c e  c e i l i n g  

of $2.00 per  m i l l i o n  BTU f o r  de l ive red  ch ips ,  a  p l a n t  could a c q u i r e  c h i p s  

f rdm 'a s  f a r  a s  100 m i l e s  away a t  today ' s  p r i c e s  and s t i l l  be economically 

f e a s i b l e .  This  i s  assuming a s  average pre-transportation'price of $10.00 



Table 2.1. 

HES)llRCE COST AND AVAILABILITY FOR PDU, 

1 0  M i l e s  o f  30 M i l e s  o f  
Ga. Tech.  Ca.  Tech.  U a r q i n a l l y  W i t h i n  3.1 Ui.  o f  G e o r y i a  T e c h .  0 3 - 4 0  Ui. Fouglbly) O t h e r  S o u r c e s  
MccLure Bros .  S i n s  B r o s .  H a r d v o o t s  H a r r i s  J .  P. t laynes  S o u t h w i r e  B l a c k  w t  lliams J o e  K. S m i t h  H a r r i s o n  G r i f f i n  I n f o r m a t i o l  
L M e r  Co. L u m k r  Co. o f  Ca. L u m h e r C o .  L u m b e r C o .  W o o d r r o d u c t s  Sawmil l  8ros .Lbr .Co.  T r u c k i n q  Co. Lbr. Co. ' Lumber Co. f r a n  
F u l t o n .  Co. C w i n 2 e t t  C a  C w e t a  Co. C h e m k e e  Co. C h e r o k e e  Co. C a r r o l l  Co. P a u l d i n g  Co. Newtom 0. H a l l  Co. . Walton Co. C r i s p  Co. H a r r y  ~ a n l d c k  
C o l l e q e  P a r k  Swannee Raymond B a l l  Ground C a n t o n  C a r r o l l t o n   alla as C o v i n q t m  . G a i n e s v i l l e  Uonr0e . . . . . . - . .- . . - .- .- . - . , . . . . . . . - . . - . . - - . - - -. . 

C o r d e l l e  Buckeye C e l l u l o e e  -- .. .,.,. ... . . . -- -. . -. - - - . . . . . . - . - - 
Yes Yes Yes Yes Yes Yes  Yes y e s  Yes Yes Yes ' Yes 

- - . -- - ..- .. - - . - - . 
1 )  Do you s e l l ?  

Ga. - a f t  
E x c l u s i v e l y  

Ga. K r a f t  Under  con-  Ca. l r a f t  
E x c l u s i v e l y  t racz .Wou1d ' E x c l u s i v e l y  

n o t  i d e n t i f y  
48-50 t o n s f  
d a y  g r e e n  

Ga. K r a f t  
E x c l u s i v e l y  

Ga. K r a f t  Ga. K r a F t  J a c k  Smith 
Truck:nq Co. 

T o  p u l p  m i l l  Anyone 
i n  Uacon 
e x c l u s i v e l y  

20-25 t o n s /  , 

d a y  
3) N w  much d o  you 

h a v e  a v a i l a b l e ?  

48-50 t o n s f  1 t r a i n  c a r /  
d a y  . d a y  ( a b o u t  

8 4  t.>ns,'day) 

4 )  H w  much d o  you 
' s e l l ?  

Abouz. 20  
c o r d s / d a y  
12 t r a i l e r s )  

1 t r a i n  c a r /  
d a y  l a b o u t  
8 5  c o n s / d a y )  

5 )  Would you s e l l  D o u b t f u l  
6-7  g r e e n  t o n s /  
d a y  t o  Ga.Tech.7  

D o u b t f u l  D o u b t f u l  D o u b t f u l  D o u b t f u l  Yes Yes 

tull.ll 

Yes 

D o u b t f u l  P e r h a p s  P e r h a p s  i f  
a r r a n g e  f o r  
t r a n s p o r t a t i o n . *  

U o s t  l i t e l y  
hardwood 

6 )  I!; : ine wood s o f t -  P r o b a b l y  
w w l ,  hardwood,  Bo th 
o r  b o t h ?  

Hardwood 
o n  bf 

Sof twood .Both 

7 )  Can hardwood 

Q\ a n d  s o f t w o o d  be 
s e p a r a t e d ?  

Yes 

8 )  What would  b e  
a )  d e l i v e r e d  c u s t  

t o .  Ga. Tech.?  
$35/cord  SPOo/load 
$14/ ton  f o r  $40-45/ ton  
BO m i l e s  

5 0  m i . d e l .  
$20.60/cord 
$11.44/ ton  
by ; ruck 
a n d  $22/cord  
1$11.RO./ton) 
by  t r a i n  

40 mi.de1.  
1 7 . 5 0 - S 1 O . W  . 
t o n  

b )  Wood c o s t ?  S25/cord  S lO/ ton  $17.78-520/ $ 1 5 / t m  
t o n  

C)  T r a n s p o r t a t i o n  c o s t  SE/ton m i l e  U n k n m  5 t  i m a t e d  
2 - W / t o n  mi .  

5E t o n - m i l e  13.9-15.6/ 5-6E/ 
t o n - m i l e  t o n - m i l e  



Table 2.1. (cont 'd . ) 
USSOURCE COST AND AVAILABILITY M)R PDU 

SAWDUST 

10 Miler of 30 Miles of 
Ga. TecL. ;a. Tec!~. Marginally Within 30 Hi. of Georgia Tech. (30-40 Mi. Roughly1 Other Sources 
McClure 810s. Sims Bros. Hardwoods Harris J. P. lldyncs Southwire Black Williams Joe K. Smith Harrison Griffin Informstim 
Lvmber CO. ~unber CO. of Ca. Lumber Cc. Lumber Co. Wood Products sawill Bros.Lbr.Co. Trucking Co. Lbr. Co. Co. f r m  
Pulton Co. ;\.innett Co. Cweta Co. Cherokee Co. Cherokee Co. Carroll to. , Paulding Co. Neb-ton Co. Hall Co. Walton Co. Criap Co. Harry Vanlock 
College Park Srannee R a ~ o n d  Ball Grcmd. Canton --  .. .. .. . Carrollton Dallas Covinqtm Gsinesville Monroe . . -- . - .- . .-. . ..- Cordelle Buckeye Cellulose -.- 

1) Do you SSll? 

3) H w  much do you 
have available? 

41 H w  much do you 
sell? 

5)  Would 'to? sell 
6-7 gree.1 tons/ 
day to Gs.Tech.? 

6) Is the woad soft- 
wood, hardwood. 
or both? 

7) Can hardwood 
and softrood be 
separated? 

4 8) what would be 
a) delivered cost 

to Ga. Tech.? 

No Yes (but Yes Yes No (use Will sell Yes Yes 
don't deli-er for fuel (bur don't 

Rnyone Any- Iafally at present Anyone Joe K. Smith 
Rnyone, Ga. Trucking CO. 
Waft h w n  to Exclueively 
start buying 80.000/ 

lb./day' 

5-6 loa.3s/day 
05-40 zonal 
of savdast. 
shavinga, bark 
Yes 

Yes 

Not likely 

S45/truck 
load 

Yes 

S85/load S75/load 
( 2 5  load cu.yd./ (25-30 mi. 

18 ft. truck 
load 

c) Transportation cos $lo/load 

10-144 



Table 2.1. (cont 'd .I 

RESOURCE m5.T .WO RVA1I.ABILITY FOR PCU 

SHAViffiS 

1 0  M i l e s  o f  30 b i l e s  o f  
Ga. Tech .  Ca. Tech .  M a r c i n a l l y  W i t h i n  30 H i .  o f  G e o r g i a  Tech .  ( 3 0 4 0  M i .  3cuqhly)  O t h e r  S o u r c e s  
n c c l u r e  B r o s .  Sims B r o s .  Haodr .wds  H a r r i s  J .  P. l l ayncs  S o u t h w i r e  B l a c k  Y i l l i a m s  J0e.K. S m i t h  H a r r i s o n  G r i f f i n  I n f o r m s t i m  

Lumber Co. Lumber Co. o f  Ga  Lumber Co. Lumher CD. W o o d  P r o d u c t s  S a u n i l l  3ros.Lbm.Co. T r u c k i n g  Co. Lbr. Co. ! . m b e r  Co. F r a u  
F u l t o n  Co. ( > i n n e t t  Cc. C-ta Co. C h e r o k e e  Cc. C h e r o l e e  Co. C a r r o l l  Co. P a u l d i n q  Co. a e v t o n  C'o. H a l l  CO. W a l t m  Co. C r i s p  Co. H a r r y  Vanlock  

C o l l e g e  P a r k  Swannee R a p o a d  B a l l  C r o u n e  C a n t o n  C a r r o l l t o n  D a l l a s  Z c v i n g t o n  C a i n e s v i l l e  n n r o e  C o r d e l l e  Buckeye  C e l l u l o s e  
. - -- - - - - . . - ,. - - . -. . - . - - . . - . . . . -. . . . .. - - . - - . . . . - . - -. -, -, ... 

1) D o  you  s e l l ?  y e s  Yes 

Z )  TO whom? 

>) H a r  much d o  you 
h a v e  a v a i l a b l e ?  

4 )  H a  much d o  you  
s e l l ?  

51  Would you  s e l l  
6-7 g r e e n  t o n s /  

. d a y  to Ca.Tech .7  

6) Is t h e  w a d  s o f t -  
rood. h a r d v o o d ,  
or b o t h ?  

3 )  Can hardwood 
a n d  s o f t w a d  b e  

00 s e p a r a t e d ?  

8) What would  b e  
a )  d e l i v e r e d  c o s t  

t o  Ga. Tech .?  

5-6 l o a d s / d a y  
(35-40 t o n s 1  
o f  s h a v i n g s .  
b a r k ,  s a w d u s t  
Yes  ~ o u b t f u l  

b l  Wood c o s t ?  5 Irr/3u.ld 

$4-5,'ton 

No Yes NO NO 

L o c a l l y  

5 8  l o a d  

Maybe 

5 9 5 / l o a d  S 8 0 / l o a d  
IN25 y d s  . / load)  ( w i t h i n  25- 

30 m i l e s 1  1 8 '  
t r u c k  b e d  

CI T r a n s p o r t a t i o n  c o s t  s2n/icr;,,, 

In- lsclton 
m: I # !  



Table 2.1'. (cont 'd . ) 

- - - . - . - - .. - - 
1 )  Do y c u  s e l l ?  

3) nw much d o  y o u  
h a v e  a v a i l a b l e ?  

WSWRCE COST AND AVAIIABILITY FOR PDU 

BARK 

1 0  M i l e s .  o f  3 0  H i l e s  o f  
Ga. Tech .  Ga. Tech .  - M a r g i n a l l y  W i t h i n  30 Mi. o f  G e o r g i a  T e c h .  (30-40 Mi. Roughly1 O t h e r  S o u r c e s  
wcC1.xre E r o e .  S ims  B r o s .  Hardwoods H a r r i s  J. P. l l aynes  S o u t l m i r e  B l a c k  W i l l i a m s  Joe K .  S m i t h  H a r r i s o n  G r i f f i n  I n f o c m a t i m  
L W r  Co. L m b e r  Co. o f  Ga. Lumber Co. L m l e r  Co. Wood P r o d u c t s  S a w m i l l  ~ r o s . ~ b r . C o .  T r u c k i n g  Co. lbr. Co. Lumber Co. f rcm 

Fu1t.m Co. G w i n n e t t  Co. Z o u e t a  Co. C h e r o k e e  Co. C h e r o k e e  Co. C a r r o l l  Co. P a u l d i n g  Co. Newton Co. H a l l  CO. W a l t a r  Co. C r i s p  Co. H a r r y  Vanlock  
C o l l s g e  P a r k  W a n n e e  Raymond B a l l  Ground C a n t o n  C a r r o l l t o n  D a l l a s  Covinqtor .  G a i n e s v i l l e  H m r o e  C o r d e l l e  Buckeye C e l l u l o s e  
. - .- .- - . . -. -- . . . . - ., . .- . - .- -. . -- 
Yes No ' .  Yes Yes Ho W i l l i n g  t o  Y ~ S  Ye a 

s e l l  b u t  d o n ' t  
b c a l l y  a t  p r e s e n t  Anyone 

Anyone 
Anyone, Ga. ? a f t  
s o o n  t o  s t a r t  
b u y i n g  

4 )  nor  o u c h  d o  you  5-6 l o a d s / d a y  
s e l l ?  (35-54 t o n s :  o f  

b a r k ,  s a w d u s t ,  

51 would you  s e l l  
a n d  s h a v i n g s  

6-7 q r e e n  tars/ 
d a y  to G8.Tech.P 

6 )  Is t h e  wood s o f t -  B o t h  
wood. hardwood,  
or b o t h ?  

7 )  c a n  '-tardrood Yes 
a n d  3of twood be 
s e p a r a t e d ?  

0 )  w h a t  would  be 
a )  a l i v e r e d  c o s t  Y4V10ad 

ta Ga. Tech.? 56-6.4 ) / ton  

Yes 

511 .25e  
p e r  yd.' 

c l  T r a n s p o r t a t i o n  cost.  f l C / l o a d  
10- 14C/ ton  mi .  



pe r  t o n  f o r  t h e  c h i p s  ($25.00 per  cord) p l u s  5~ per  t o i m i l e  f o r '  t r ans -  

p o r t a t i o n .  A c h a r t  i n  t h e  a t t ached  d a t a  shee t  d i s p l a y s  t h e  number of 

m i l e s  from which c h i p s  can be  bought and t r a n s p o r t e d . t o  t h e  p l a n t  i n  

a n  economic f a sh ion .  Only 1.16% of ' t h e  land i n  a 100 m i l e  r a d i u s  would 

have t o  be  devoted t o . s u p p o r t i n g  t h e  p l a n t ' s  sof twood'requirements  o r  

2.32% of t h e  l a n d  t o  suppor t  i t ' s  hardwood'requirements.  

A number o f ' a n a l y s e s  were undertaken t o  e s t ima te  t h e  r e sou rce  

po t en t  is1 f o r  wood t o  e thano l  ' p l a n t s  i n  Ceorgia.  One method i~lvolved 

c a l c u l a t i n g  t h e  amount o f ' e x c e s s  growth (excess .growth i n  a commercial 

f o r e s t  r e f e r s  t o  growth above t h a t  which i s  removed o r  dead) i n  Georgia. 

Assuming 'a l l  excess  growth would be  used t o  supply wood t o  e thano l  p l a n t s  

t h e r e  is  enough a t  p r e sen t  t o  support  28,138 ODT per  day of capac i ty ,  

70% of t h a t  c a p a c i t y  being suppl ied  as softwood and 30% a s  hardwood. 

Various percentages  of t h a t  t o t a l  w e r e  t aken  t o  r e f l e c t  t h e  amount of 

excess  growth t h a t  would be  a v a i l a b l e  t o  t h e  p l a n t .  Because t h e  t ype  

of wood used i n  t h e  p l a n t  would be  s i m i l a r  t o  t h a t  used i n  a pulp and 

paper p l a n t ,  it was simply assumed t h a t  t h e  percentage of p r e sen t  re- 

movals t h a t  is  used f o r  pu lp  and paper p l a n t s  would be  comparable t o  

t h e  percentage of excess  growth t h a t  could be  used a s  feed f o r  a wood t o  

e thano l  p l a n t .  This  approach, which is  admi t ted ly  somewhat s i m p l i s t i c ,  

i nd i ca t ed  only 10,794 ODT per  day of capac i ty .  Reca lcu la t ion ,  assuming 

t h a t  t h i s  type  of p l a n t  could u se  wood s u i t a b l e  f o r  miscel laneous pur- 

poses  a s  w e l l  as pulpwood q u a l i t y  f o r  f e e d s t o c k , , y i e l d e d  an  e s t ima te  

of 14,948 ODT p e r  day. 

Another approach assumes feeds tock  composition of i n d u s t r i a l  wood 

process ing  was tes ,  i n - f o r e s t  wastes  r e s u l t i n g  from logging ope ra t i ons ,  



rough t r e e s ,  r o t t e n ,  trees, and dead t r e e s  i n  some propor t ion .  Two es- 

t ima te s  have been generated by Georgia Tech i n d i c a t i n g  how'much wood 

energy reasonably could be recovered from' t h e s e  sources:  t h e  low es- 

t i m a t e  is 120.6 x 1012 BTU.and t h e  h igh  is 277.4 x 1012 BTU. The high 

e s t ima te  inc ludes  25% o f ' e x c e s s  growth, which is sub t r ac t ed  t o  prevent  

double counting i n  comparison' w i th  t h e  o the r  c i t e d  methods, l e av ing  

193.4 x 1012 BTU. When t h e s e  e s t ima te s  i n  BTU were converfed t o  t on ige  

i t  was determined t h a t  between 22,669 and 36,353 ODT per  day o f ' f e e d -  

s tock  could be  suppl ied ,  of which 26-34% would be  suppl ied  as softwood 

and t h e  remainder as hardwood. When t h i s  quan t i t y  is  added t o  t h e  

excess  growth es t imate ,  t h e  maximum p o t e n t i a l  recoverab le  r e sou rce  is  

between 50,807 and 64,491 ODT per  day , . o f  which 50% is  suppl ied  by each 

c l a s s  of wood. 

The a c t u a l  recoverab le  iunount, however;. is  l i k e l y  . to  be  a good d e a l  

less than  t h i s  maximum. Competing demands f o r  t h i s  wood r e sou rce  e x i s t .  

Some e s t ima te s  i n d i c a t e  t h a t  removals w i l l  equal  growth by 2001, and, 

t h e r e f o r e ,  t h e r e  w i l l  be  no excess growth a f t e r  t h a t  time. Also, t h a t  

p a r t  of t h e  r e sou rce  base  t h a t  is  composed of rough, r o t t e n  and dead 

t imber ,  and wood wastes w i l l  have demands placed upon it f o r  u s e  as in- 

d u s t r i a l  b o i l e r  f u e l ,  f u e l  f o r  g a s i f i e r s ,  and r u r a l  r e s i d e n t i a l  u se s .  

A range of c a p a c i t i e s  has  been ca l cu l a t ed  and is d isp layed  i n  t h e  a t t ached  

d a t a  s h e e t ,  f o r  va r ious  assumed percentages r e f l e c t i n g  more r e a l k t i c  

recoverab le  amounts of t h e  est imated maximum. recoverab le  r e sou rce  base.  

100% of t h e  lower maximum re sou rce  base  e s t ima te  could supply f i f t y  1,000 

ODT per  day p l a n t s ,  twenty-five 2,000 ODT per  day p l a n t s ,  o r  t e n  5,000 ODT 

per  day p l a n t s .  A more p r a c t i c a l  guess  would assume t h a t  only 1 0  t o  33% 



o f '  t h e  maximum recoverable resource base could be used t o  support wood 

t o  ethanol '  p lan t s .  Accordingly, t h i s  amount of ' wood: could support f i v e  

t o  s ix teen  1,000 ODT per day plants ,  two t o  six 2,000 ODT per day p lan t s ,  

o r  one t o  two 5,000 per day p lants .  

A summary of resource requirements, cos t ,  and a v a i l a b i l i t y  of 

wood f o r  ethanol '  production' i n  Georgia is given i n  Table 2.2. 



TABLE 2.2. 

Summary of Resource Requirements, Cost, 
and ,Ava i l ab i l i ty  f o r  Wood t o  Ethanol 

p lan t  i n  Georgia 

I. Resource Requirements f o r  a 1000 ODT/day*Plant 

(1) 700,000 tons/year of wood needed t o  operate the  p lant .  

(2) Softwood 
(a )  233,333 ac res  would be required t o  cont inual ly  ' 

supply t h e  p lan t  
(b) 10.8 mile r ad ius  .around t h e  p l a n t  of nothing but 

softwood f o r e s t  would c o n t a i n . t h i s  acreage 

. . ( 3 )   aidw wood 
(a)  466,667 ac res  would be required t o  cont inual ly  

supply t h e  p l a n t  
(.b) 15.2 mile r ad ius  around the  p l a n t  of nothing 

but  hardwood f o r e s t  would,contain t h i s  acreage 

11. Economics of Resource Requirements 

Assume 

. Greenwood chips a s  input a t  3800 BTU/lb 
,. $2.OO/MBTU p r i c e  ce i l ing  f o r  de l ivered  wood . 5C/ton-mile t ranspor ta t ion  c o s t  . . Current c o s t  of green wood chips  p r i o r  t o  t r ans -  

por t a t ion  i s  $8-$15/ton with an average of about 
$lO/ton 

No. of mi les , f rom which chips 
Chip Cost pe r  ton p r i o r  t o  t ranspor ta t ion  can be economically hauled t o  p l a n t  

111. The Amount of Plant  Capacity. t h a t  could' be Sipplied by t h e  ~ e s k u r c e  Base 
i n  Georgia 

(1) Po.teiitial based 011- 100% useage ul: excess yruwth 
(a )  Softwood = 19,684 ODT/day (70% of t o t a l )  
(b) Hardwood = 8,454 ODT/day (308 of t o t a l )  - 
(c)  Tota l  = 28,138 ODT/day 

*ODT = Oven dry to11 



(2) P o t e n t i a l  based on a percentage of excess growth equal t o  t h e  
percentage t h a t  pulpwood i s  of t o t a l  removals 

(a)  Softwood = 9,198 ODT/day (85% of t o t a l )  
(b) Hardwood = 1,596 ODT/day (15% of t o t a l )  
(c)  Tota l  = 10,794 ODT/day 

(3) Po ten t i a l  based on a percentage of excess growth equal t o  t h e  
percentage t h a t  puplwood removals and o the r  removal a r e  of t o t a l  
removal 

(a)  Softwood = 10,848 ODT/day (73% of t o t a l )  
(b) Hardwood = 4,100 ODT/day (27% of t o t a l )  
(c) Total  = 14,948 O~T/day 

(4) P o t e n t i a l  based on t h e  amount of rough, r o t t e n ,  dead, in- fores t  
waste, and process  waste t h a t  could poss ib ly  be recovered f o r  
wnnd energy 

( a )  Softwood = 5,894-12,360 ODT/day (26-34% of t o t a l )  
(b) Hardwood = 16,775-23,993 ODT/day (74-66% of t o t a l )  
(c) ~ o t a l  = 22,669-36,353 ODT/day 

(5)  Po ten t i a l  based on 100% useage of excess growth p l u s  recoverable rough, 
r o t t e n ,  dead, in - fo res t  waste, and process waste 

( a )  Softwood = 25,578-32,044 ODT/day (50% of t o t a l  both cases)  
(b) Hardwood = 25,229-32,447 ODT/day (508 of t o t a l  both cases)  
(c)  Tota l  = 50,807-64,491 ODT/day 

(6) Poten t i a l  based on a percentage of excess growth equal t o  t h e  percen- 
tage  t h a t  pulpwood removals i s  of t o t a l  removals p l u s  recoverable 
rough, r o t t e n ,  dead, in- fores t  waste, and process waste 

( a )  Softwood = 15,092-21,558 ODT/day (45%-46% of t o t a l )  
(b) Hardwood = 18,371-25,589 ODT/day (55%-54% of t o t a l )  
( c )  Total  = 33,46347,147 ODT/day 

(7)  Po ten t i a l  based on a percentage of excess growth equal t o  the  percentaye 
t h a t  pulpwood removals and o t h e r  removals a r e  of t o t a l  removals p lus  
recoverable rough, r o t t e n ,  dead, in- fores t ,  waste, and process wa8te. 

(a)  Softwood = 16,742-23,200 O ~ ~ / d a y  (45% of t o t a l  f o r  both) 
(b) Hardwood = 20,875-28,093 ODT/day (55% of t o t a l  f o r  both) 
(c) Total  = 37,617-51,293 ODT/day 

(8) Po ten t i a l  based on 75%, 66%, 50%, 33%, 25'10, and 10%'of  maximum recov- 
e rab le  p o t e n t i a l  estimated i n  i t e m  5 (which was 100% of excess 
growth p l u s  recoverable rough, r o t t e n ,  dead, in- fores t ,  waste, and 
process waste) 



*ODT/Day Plant Potential Based on Percentak of Maximum Recoverable Amount 

Maximum 
Recoverable 75% 66% 50% 33% 25% 10% 

Softwood 
High range -32,044 24,033 21,022 16,022 10,575 8,011 3,204 
Low range 25,578 19,184 16,881 12,789 8,441 6,395 2,558 

Hardwood 
High range 32,447 24,335 21,514 16,224 10,708 8,112 3,248 
Low range 25,229 18,922 16,651 12,615 8,326 6,307 2,523 

Total 
High range 64,491 48,368 42,564 32,246 21,282 16,123 6,449 
Low range 50,807 38,105 33,533 25,404 16,766 12,702 5,081 

*Softwood and Hardwood each compose approximately 50% of the total in all cases. 

(9) Number of 1,000 or 2,000 or 5,000 ODT/Day plants that could be'con- 
structed in Georgia assuming various recoverable potentials based on 
percentages of the maximum recoverable amount (low range) as dis- 
played in item 8. 

Number of Plants Feasible to Construct 
for Each Size Category 

Based on Various Resource Base Estimate 

% of Maximum Recoverable Potential. 

Comment: Strictly on an intuitive basis the feasible resource base potential 
for wood to enhance plants will likely be less than 50% of the maximum 
estimate because of competing demands for this wood. The demand would 
be for pulp and paper grade timber and saw timber from that portion of 
the resource base which is excess growth (approximately 55%). The 
other 45% of the resource base would have demands placed upon it for 
wood energy for industrial uses in boilers and gasifiers and rural 
residential use. A safe guess for practical plant potential is in 
the 5,000 - 16,000 ODT/Day range which is .10% - 33% of the estimated 
low range maximum. 



Georgia does n o t '  have l a r g e  producers of ' wheat s t raw o r  ' .corn 

s tover :  however, . . apparent ly  enough s traw and s tove r  is  produced by 

many r e l a t i v e  sniall farmers  t o  meet t h e  needs of PDU. Many telephone 

conversa t ions  were made t o  f i nd  sources and p r i c e s  o f '  wheat s t raw and 

co rn  s tove r  and t h e  r e s u l t s  o f ' t h e s e ' c o n v e r s a t i o n s  a r e  summarized be- 

low. . . 

Current c o s t s  e s t ima te s  f o r  wheat s t raw de l ive red  i n  A t l an ta  range 

from $40 t o  $80 per  ton.  S ix ty  d o l l a r s  per  ton  appears  t o  be  a r e a l i s -  

t i c  e s t ima te  i f  t h e  m a t e r i a l  i s  purchased when harvested.  The c o s t  

of wheat s t raw i s  a f f e c t e d  by weather which a f f e c t  y i e l d s .  The p r i c e  

of wheat t h i s  season in f luences  t h e  amount p lan ted  next  season which 

a f f e c t  t h e  supply and t h e r e f o r e ,  t h e ' p r i c e  of s t raw.  The t ime of pur- 

chase  a f f e c k s  t h e  p r i c e ,  i . e . ,  i f  t h e  farmer does not  have t o  s t o r e  t h e  

wheat s t raw,  then  t h e  p r i c e  is .  cheaper.  

Resu l t s  of ' survey ind icn t  c t h a t  wheat Etraw i s  t h e  mnet 3 i..k.ely 

feed  s tock  of t h i s . t y p e .  A t  t h i s  t ime s u f f i c i e n t  q u a n t i t i e s  of rye ,  

o a t  s t r a w  o r  sorghum r e s i d u e  have not  been found. Sources i n d i c a t e  

t h a t  wheat s t r aw  can be  obtained from r e l a t i v e  c l o s e  coun t i e s  of New- 

t on ,  ~ e n r ~ ,  E'ayette,  B u t t s  and Jackson. 

TO determine t h e  a v a i l a b i l i t y  of corn s tover  (he re  'it is  c a l l e d  

r.ntn s tubble)  f r o m  t h e  top  10  corn  producing coun t i e s  Laurens County * 

was picked b e c a u s e - i t  i s  c l o s e r  t o  At lan ta  and c l o s e  t o  t h e  I n t e r s t a t e .  

Cost of corn s t u b b l e  est imated t o  be $45/ ton de l ive ry .  The 

same f a c t o r s  which a f f e c t  t h e  p r i c e  of corn s i n c e  it is  an  annual 

crop. No problem is  a n t i c i p a t e d  i n  being a b l e  t o  l o c a t e  adequate 



supp l i e s  of corn  s tubb le  f o r  t h e  PDU opera t ion .  Appendix A summarizes 

a  Biomass Feedstock Survey. 

2.2. Feed-Stock C h a r a c t e r i s t i c s  

Bef o r e  i n v e s t i g a t i o n  of ' any m a t e r i a l ,  it is. necessary t o  know' 

something of i ts  genera l  n a t u r e  and composition; The methods which 

can be  devised f o r  s epa ra t i on  of'components and f o r  a n a l y s i s  must be  

appl ied  wi th  understanding o f ' t h e  b e h a v i o r ' o f ' t h e  components sought 

and of t h e  e f f e c t s  of. o the r  components which may i n t e r f e r e  i n  t h e  

des i r ed  p repa ra t i on  o r '  a n a l y t i c a l  procedure.  

The woody t i s s u e  or 'xy lem ( i . e . ,  wood) possesses  i n  gene ra l ,  a  

c h a r a c t e r i s t i c  composition; The same major components a r e  p re sen t  

i n  a l l  woods, a l though t h e  propor t ions  depend t o  some degree upon 

t h e  spec.ie.s. Small v a r i a t i o n s  are found from tree t o  tree and i n  

d i f f e r e n t  par . ts  o f .  t h e  same t r e e .  The k inds  and amounts of c e r t a i n  

minor components a r e  determined t o  a g r e a t e r  ex ten t  by t h e  spec i e s .  



An idea l i zed  s t a t h e n t  of 'wood'composition i s  shown i n  t h e  

fo l lowing  o u t l i n e  forin: 
. . 

wood 

I I 
~ z l r a n e d  materiak 

5-30% c). 1-3.0% 
Soluble in neutral Partly or wholly insoluble 

solvents in neutral solvents 

Resins Minoral conelituents 
Fatly malerids Proleinaceous matter 
Alcohols Pectic substances 
Ph,~nn l ic  r~tb~tnncoo 

I 
Cell-wall components 

,.I,. . 

Li'gnin Polysaccharides 

23-33% 

~ e l l ~ ~ l o s e  5DW ~emice;luloses 2 0-3 0% 
I 

Yields 
I 

Yield , ma 

I I ' SW 
Penloses Hezoses Uronic acids 

Acetic acid 

Uronic acids 
Mathoxy uronic 

acids 

HW = Hard Wood 
SW = S o f t  Wood 

Table 2 ; 3 . .. The composition of wood. 

The g r e a t e r  p a r t  of wood is  made up of ' p ~ l y s a c c h a r i d e s  . ' The . 

major component is  c e l l u l o s e .  It is  a l i n e a r  polysaccharide b u i l t  up 

from anhydroglucose u n i t s  which are connected wi th  each o the r  by 1 + 

4 0  - g lucos id i c  l i nkage  and possess  an  o rde r ly  s t r u c t u r e .  It i s  d i s -  

t inguished  from most of t h e  o the r  polysaccharides i n  t h a t  it y i e l d s  

only D-glucose upon hydro lys is .  Ce l lu lose  i s  always accompanied by 

o t h e r  polysaccharides,  commonly c a l l e d  hemicel luloses .  They comprise 

a l l  non-ce l lu los ic  polysaccharides and r e l a t e d  substances such as, 

1 
Methods of Wood Chemistry, Vol. 1 by Browning, B.L. I n t e r s c i e n c e  Pub l i she r s ,  

A Div is ion  of John ~ i l e y  & Sons. 1967,  p.8. 



f o r  example, Uronic a c i d s  and t h e i r  d e r i v a t i v e s .  These y i e l d  upon 
. . . . 

.?, 
.,% hydro lys i s  t h e  hexoses: D-mannose, D-galactose, and D-glucose and 

t h e  pentoses: D-xylose and L-arabinose. Tqgether ,  t h e s e  f i v e  sugars  

a r e  presen t  i n  t h e  hydro lysa tes  of a l l  woods, and i n  t h e i r  polymeric 

f o r k s  a r e  c h a r a c t e r i s t i c  components of ' wood ; The r e l a t i v e  amounts a r e  

v a r i a b l e ,  p a r t i c u l a r l y ,  i n  t h e  c a s e  o f '  D-Mannose, which i s .  s i g n i f i c a n t  

component i n  t h e  hemicel luloses  of s o f t  woods bu t  a  minor 'one  i n  hard 

woods. The polysaccharides  thaf y i e l d  L-arabinose and D-galactose a r e  

a s soc i a t ed  p a r t i c u l a r l y  wi th  t h e  e a r l y  s t a g e s  of growth of t h e  c e l l ,  

and t h e i r  r e l a t i v e  propor t ions  decreases  a s  t h e  c e l l  matures.  

Uronic anhydride groups a r e  c h a r a c t e r i s t i c a l l y  components of t h e  
. .  . 

hemice l lu loses ,  and comprise anhydroglucuronic (mainly a s  t h e  mono- 

methyl e t h e r )  o r  anhydrogalacturonic  ac id .  

~ i ~ n i n  i s  an  important component of a l l  woods. It i s  a n  aromatic  

amorphous substance. It i s  d i s t i ngu i shed  from the .po lysaccha r ides  by 

i ts  r e s i s t a n c e  t o  hydro lys i s  by a c i d s ,  and by i t s  r e l a t i v e l y  g r e a t e r  

r e a c t i v i t y  w i th  ox id iz ing  and o the r  r eagen t s .  T t  con t a in s  a b a s i c  ske le -  

t o n  of 4 o r  more s u b s t i t u t e d  phenyl propane u n i t s  per  molecule.  

F i n a l l y ,  a l l  woods con ta in  extraneous components which a r e  no t  

considered e s s e n t i a l  p a r t s  of t h e  c e l l  wa l l .  These i nc lude  e x t r a c t i v e s  

. which can be  removed from wood wi th  n e u t r a l  s o l v e n t s ,  and o t h e r  ex t ra -  

neous m a t e r i a l s  such a s  p r o t e i n s  and p e c t i c  substances.  

For wood hydro lys i s  t h e  amount of fermentable  sugars  a r e  important ,  

whereas f o r  t h e  product ion of f u r f u r a l ,  pentosan con ten t s  a r e  important .  

Methoxyl groups p lay  a  r o l e  i n  t h e  py ro lys i s  f o r  t h e  product ion of 

methanol, whi le  t h e  a c e t y l  group determines t h e  y i e l d  of a c e t i c  'acid.  



I n  t h e  c h a r a c t e r i z a t i o n ' o f  'woods we w i l l  be  faced by names given t o  

t h e  c e l l u l o s e  according t o  t h e s e  methods used f o r ' i t s '  i s o l a t i o n  from 

t h e  o t h e r  components. 

1 )  Cross and Bevan c e l l u l o s e :  The i s o l a t i o n '  is  achieved by t reatment  

w i th  s t rong  (17.5%) sodium hydroxide. The c e l l u l o s e -  i s o l a t e d  s t i l l  

c o n t a i n s  nonce l lu los i c  components which a r e  be t a  ,and gamma c e l l u l o s e  

and a r e  included i n  t h e  hemicel lulose.  This  c e l l u l o s e  c o n s i s t s  of 

.u - c e l l u l o s e  which is  t h e  unchanged c e l l u l o s e  and t h e  a l k a l i  r e s i s t a n t  

hemice l lu loses  (be t a  and gamma cel lulose)  . 
2) Holocel lulose:  . . . , , , , , , . , - . . , . , .- It is unchanged a - ce l lu lase  p lus  h m i c e l l i ~ l n s ~  ' 

and i s o l a t e d  by a l t e r n a t e  t reatment  wi th  a c i d i c  sodium c h l o r i t e  and 

e x t r a c t i o n  w i t h  potassium hydroxide. I f  t h e  ho loce l lu lose  is  t r e a t e d  

wi th  s t rong  a l k a l i  (17.5% sodium hydroxide) s o l u b i l i z a t i o n  of hemi- 

c e l l u l o s e  and low molecular  weight c e l l u l o s e s  i s  achieved leaving  a - 

c e l l u l o s e  r e s idue .  

The fol lowing t a b l e  l ists t h e  chemical composition of North Arn~.rl.ca 

hard-and- aof twoods : 

Table 2.. 4. CIIEMICAL'COMPOSIT~ON OF TEN SPECIES OF N o n r ~ r  AMEKICAN WOODS 

I U r o n i c  
W o o d  species . a-Cel lu lose ' a-Cel luloscb L i g n i n  A c e t y l  A s h  anl,ytlrido G d n c f m  G l u c a n  M n n n n n  Ar i t bnn  X y l : ~ ~ l  

8 
T r e m b l i n g  aspen 56.5 53.3 16.3 3 .4  0 .2  3 .3  0 . 8  57.3 2 .3  0 . 4  16.0 

(Popl t l l rs  ~ r e r r ~ u l o i d e s )  . . 
l l c c c h  45 .2  42.1 22.1 3.9 0 .4  4.R 1 .7. 47.5 2 . 1  0.5 17.5 

(Fugrrs  g r u ~ r i l i f o l i u )  

-- 
i 
I 
I 

W l l i ~ c  b i r c h  44 .5  41 .0  18.9 4.4' 0 . 2  4 . 6  0 . 6  44.7 1.5 0 . 5  24.6 
( l l r f r r l u  p n p y r i j e r u )  

I<r t l  m i tp l c  44 .8  44 .1  24.0 3.8 0 .2  . 3 .5  0 . 6  46.6 3.5 0 . 5  17.3 
( A  ce r  r ~ r h r r i ~ n )  A 

13alsnnl f i r  47.7 44.8 29.4 1 . 5  0 .2  3 . 4  1 . 0  46.8 12.4 0.5 4.H 

( / !b i ts  I ~ i r l s a m e a )  
I - ' _ a s ~ c r ~ l  w l l i t c  ccdar  48 .9  45.4 30.7 1.1 0 .2  4 .2  I .5 45.2 n .  3 1.3 7.5 

45 .2  42.4 32.5 1 .7  0.2 3 .3  1.2 45.3 ,11.2 0.6 4.0 
('~'sI~~II cut~ndetrslr) 

45 .0  41.6 28.6 1.2 0 .2  3 . 9  1'.4 45.6 10:8 1.4 7.1 
( P i r ~ r r r  b u n k  s i u t ~ a )  

48 .5  44.8 27.1 1.3 0 .3  3 .6  1.2 46.5 11.6 1.6 6.8 
(I'iceu ~. l i r r rca)  

i Ta~n i~ r ; ! ck  47 .8  43.9 28.6 1.5 , 0:2 . 2 . 9  2 .3 46.1 . 13.1 1 . 0  4.3 

~ ! 4 1 ~ i r v  lur  ici11nl 

a Pcrccn l  based o n  ex l rac l i ve - f ree  wootl .  
I 

b C d r r r c t c t l  for n o n g h c i t ~ l  n ln t c r i i l l .  
20 



The h e m i c e l l u l o s e s  from hard woods c o n t a i n  more x y l a n  (pentosan)  t h a n  

mannan (hexosan) w h i l e  v i c e  v e r s a ,  t h e  s o f t  woods have more mannan 

t h a n  xy lan .  

The a n a l y t i c a l  d a t a  o f '  a c i d  c h l o r i t e  h o l o c e l l u l o s e  o f '  two d i f f e r -  

e n t  s p e c i e s  of soft-and-hardwoods a r e  shown i n  t h e  fo l lowing  t a b l e .  

T a b l e  2.5. A n a l y t i c a l  Data o f '  Acid C h l o r i t e  H o l o c e l l u l o s e  (3)  

The p r i n c i p l e  component of softwood - h e m i c e l l u l o s e s  i s  a g a i n  D- . i-. . 

Mannose w h i l e  t h e  p r i n c i p l e  component of hard  wood h e m i c e l l u l o s e s  i s  
. . 

% 

Composition 

~ d l u b l e  l i g n i n  of H o l o c e l l u l o s e  

Separa ted  l i g n i n  and e x t r a c t i v e s  

Holoce l lu lose :  

C e l l u l o s e  

Hemicel lu lose  r e s i d u e :  

Ga lac tose  

Manno s e 

Arabinose  

Xylose 

4-0-Methyl-D-glucuronic a c i d  

. . . 
T i m e l l ,  T . ,  Tappi  40(17) ,  568 (1957).  

I .  

. - 
I .  

Hardwood 

3 
Ishikawa,  .H., Schuber t ,  W . J .  and Nord, P.F., Diac l~an .  338, 153  (1963) .  

Western 
Red Alden 

3 .6  

3 . 1  

64.9 

45.0 

0.9 

0.7 

0 . 1  

19 .2  

1 .9  

.Softwood * . . 

Gum 
Wood 

4.6 

4.8 

66.2 

46.5 

0.9 

1 .9  

0.3 

16.6  

1.7 

Western 
Hemlock 

4.2 

4.4 

60.9 

41.7 . 

1 . 3  

14.4  

0.7 

2.9 

.4  

Southern 
P i n e  

3 .9  

4 . 1  

57.9 

44.3 

1.1 

11.1 . 

0.7 

6.8 

1. 



Three w e l l  def ined  groups o f '  hemicel luloses  a r e  recognized as s i n g l e  

o r  c o l l e c t i v e  components i n  a l l  l i g n i f i e d  p l a n t s .  

1 )  The Xylan group p re sen t  a s  arabinoxylan,  glucuronoxylan o r  a ra-  

binoglucuronoxylan. I n  hard wood' the p r i n c i p l e  component of t h e  hemi- 

c e l l u l o s e  is 4-0-methylglucuronoxylan with  a high r a t i o  of D-xylose 

t o  4-0-methylglucuronic a c i d .  Small amounts of mannose, ga l ac tose  

and a rab inose  a r e  a l s o  found. The main p a r t  of softwood hemicellu- 

l o s e  c o n s i s t s  of glucomannan, small  amount of 4-0-methylglucuronoara- 

boxylan which has a lower r a t i o  of D-xylose t o  4-0-methyl-D-glucuronic 

a c i d  than  t h a t  i n  hard woods. 

2) The mannan group present ,  a s  glucomannan and galactomannan. Glucomannan 

from hard wood (b i r ch )  has  a r a t i o  of mannose t o  glucose 1:1.1, whi le  

t h o s e  from o t h e r  hard woods such a Maple, Beech, Poplar  and Elm have 

r a t i o s  1:1.5 t o  1: 2.4. Galactomannan of e a s t e r n  hemlock ( s o f t  wood) 

c o n t a i n s  glucose,  g a l a c t o s e  and mannan i n  t h e  r a t i o  of 1:1:3. A 

fundamental d i f f e r e n c e  between glucomannans of hard and s o f t  woods is  

t h e  absence of g a l a c t o s e  u n i t s  i n  t h e  former. 
. . 

3) The Arabinogalactan group: It i s  r e l a t i v e l y  r a r e  but  found i n  re- 

l a t i v e l y  l a r g e  amounts i n  hard spec i e s .  It i s  a water-soluble polyose 

and i t s  phys ica l  and chemical p r o p e r t i e s  a r e  s i m i l a r  t o  n a t u r a l  gum. 
. r 

The r a t i o  of a r ab inose  t o  ga l ac tose  inc reases  w i th  increas ing  age  of t h e  

t r e e  from 1:5.4 f o r  t h e  o u t e r  heartwood of l a r i x  .occidental  i s  t o  1:10.2 

f o r  t h e  inner  heartwood. 

Arabinogalact in  from larchwood can be used i n d u s t r i a l l y  a s  a gum, 

.:4. Timel l ,  T., Svensk Pappers t idn .  53 (15) ,  472 (1960) . 



wi th  a low v i s c o s i t y  and high d i s p e r s i o n '  c apac i ty .  

The amoutits and d i s t r i b u t i o n '  of ' polysaecharides  of t h e  major 

southern p ines  a r e  l i s t e d  i n  t h e  fol lowing t a b l e  which:shows t h e  t h r e e  

groups '  of hemice l lu loses  and t h e i r  sugar  r e s idues :  
(5) 

.Table. 2 ; 6.. .Cell wolf ~olysacthnrides in soufhern pine tvood 

Percent of Dcgrce of 
Name . extractive- Sugar Parts polymeri- Solubility 

free wood residues zation 

(approx.1 (DP) 
- 

Cellulose- -'- - - - - -, 43 1 2  8-D glucose All 9000 aljtali metal 
&lo00 complexes, 

e.g.,cu- 
' prammo- 

nium hy- 
droxide 

Hemicclluloses 
Galactoglu- 

comannan- - --  1 5 f  3 @-D mannose 3 
8-D glucose 1 > 150 t 

. . a-D galactose 0.1 
or 
1 .o 

0-acetyl ' 0.25 

Xylans - - - - - - -  - - - -  9f 2 8-D xylose 10 
4-0-methyl D- dilute 

glucuronic acid 1.5 > 150 alkali 
L arabinose' 0.75 

Arabinoga1actan.-- small1 8-D galactose 1 1  . . 
L arabinose . I water 

Pectin - - - - - - - -  ---- small galacturunic acid hot 
galactose water 

' . . arabinose 

Galact,ng!l.lcomannan~ with 0.1 part u-D galaciosc arc soluble In alkali; those with 
1.0 part a-D galactose are soluble in water. 
' Usually removed with cxtractiva. . 

The chemical compo~sition of southern p i n e  wood i s  l i s t e d  i n  t h e  follow- 

ing  t a b l e .  (6) The ' hemice l lu lose  r e s idues  of t h e s e  sof wood spec i e s  

have h igh  f r a c t i o n  of mannase. The c e l l u l o s e  r e s i d u e s  c o n s i s t s  of' 

T h e l l ,  T. E. , Wood Hemicelluloses 11. Advances i n  Carbohydrate Chw . , 
20: 409-483 (1965) / 

6 
Adams, G.A. "Wood Carbohydrates - Review of t h e  P re sen t  Sta.tus of H e m i -  

c e l l u l o s e  Chemistry, Pulp & Paper Mag. Can. 65, 513-T24 (1964). 



glucose. 

Pcrccnt of ~ e n d ; ~  cxtrbcti\-c-frcc wood 
Ccnrnp~nrnu -- 

Jxrb:u!ly ' Xan<!cd , Slkch Short:caf S a d  

Total csrSohy2rz;c'. . - - - -  
Ce!lu;osc residues 

The cornposit ion of various woods carbohydrate port ion is shown 

i n  the following table.  (7) The noticeable difference i n  galactan, 

mannan and xylan contents 'in s o f t  and hard woods are c learly  apparent. 

Wood species Bcaizal Glucosan Galactan Mannan Araban Xylan 
('%I (70)  (R) (%I (%I 

Spruce 
White pine 
Larch . 
poplar 
Birch 
Linden 
Msplc ,' 

Beech 
Oak 
Ash 
Willow 
Elm 
'Alder 

Picea exce!sa 
Pinrcs silvesrris 
L a r k  sibirica 
Fapulus rremula 
Berula verrucosa 
'T i l io  cordara 
Acer p!irtrrttoides 
Fagus silvor ica 
Quercus esce!sior 
Fra.rinus excelsior 
Su1i.r u l t u  
Ulrnus scabra 
A lnr~s  incnno 

The Chemical ~ e c h n o l b ~ y  of Wood, Herman, F . S .  ' ~ e n z l  Academic Press, New 

York and London, p. 158 (1970). 



The average percent  c o m p o s i t i o n ' o f ' s o f t  and hard woods i s  summar- 

ized i n  t h e  fol lowing t ab l e .  These va lues  a r e  es t imated f r o m ' a l l  t h e  

f igur .es  given i n  t h e  t a b l e s  mentioned before .  
I i 
I Table 2.9. Average Composition of S o f t  and Hard woods 
i 

(X) 

Cel lu lo se  

I 
] Hemicelluloses:  
I 

Galactose 

Manno se 

Arabinose 

Xylose 

Uronic Anhydride 

Acetyl  

~ a r d :  wood S o f t  wood 

1 
20 .3  29.5 Lignin 

Ash - 3  . .2 
i 
t 
I 

A g r i c u l t u r a l  r e s idues  composition 

Ce l lu lo se  and hemicel luloses  c o n s t i t u t e  45 t o  70% of t h e  weight 

of t h e  d r i e d  p l an t  r e s idue  and w i l l  va ry  according t o  t h e  age and 

ma tu r i t y  of t h e  p l a n t  when harves ted .  

On a dry-basis ,  t h e  a e r i a l  po r t i on .o f  t h e  mature corn  p l a n t  is  

53 percent  g r a i n ,  10 percent  cob, 25 percent  s t a l k ,  6 percent  l e a f ,  

and 6 percent  husk. These d a t a  a r e  expressed i n  more d e t a i l  i n  t h e  

fol lowing t ab l e :  



T a b l e  2.10. 

Composi t ional  A n a l y s i s  o f ' t h e  Corn P l a n t  
8 

% Dry % of Hem i- F a t  and . Other  
Matter Res idues  P r o t e i n  Ash c e l l u l o s e  C e l l u l o s e  L i g n i n  o i l ( e s t e r s )  s o l u b l e  (a) 

G r a i n  77 -- 10.9  1 .7  -- 2.4 -- 4.7 80.3 (b) 

Leaf 8 2 11.7 7.0 13.7 24.8 22.0 5 .1  2.4 25.0 (c )  

Husk 5 7 13.0  2.8 3 .4  36.4 32.9 6.7 0.9 16.9 (c)  

Cob 56 21.3 2.8 1 .4  37.3 34.9 7.4 0.4 1 5 . 8 ( ~ )  

S t a l k  . 34 53.3 3.7 4.7 23.7 34.4 1 0 1 5  1 . 7  21.3 (c) 

(a)  Crude f i b e r  76.3 p e r c e n t  

(b) S t a r c h  

(c) P r i m a r i l y  s u c r o s e  

Source:  Gra in  Composit ion adap ted  from C.E. I n g l e t t ,  Corn C u l t u r e ,  Pro- 

c e s s i n g  P r o d u c t s  , AVI P u b l i s h i n g  Co. X970, Chapter  7 , o t h e r  d a t a  from 

K.L. Velter. . 



Carbohydrate  c o n t e n t  o f ' c o r n  s t a l k s  and wheat s t r a w  a long  w i t h  t h e  

l i g n i n  and p r o t e i n  c o n t e n t  a r e  showti i n  t h e  fo l lowing  diagrams. About 

20% of t h e  ca rbohydra te  i n  p l a n t  t i s s u e  i s  composed o f ' s u g a r s  o t h e r  

t h a n  g lucose .  These s u g a r s  are r e l e a s e d  upon a c i d  o r  enzymatic hydro- 

l y s i s .  

These  d a t a  are compiled from t h e  j o i n t  Uni ted S t a t e s  - Canadian 

t a b l e s  of feed  composi t ion,  p u b l i c a t i o n '  1232, N a t i o n a l  Academy of 

Sc ience ,  N a t i o n a l  Research Counci l  (1964).  

T o t a l  Carbohydrates  % 

C e l l u l o s e  

Glucose 

Arabinose  

Xylose 

T a b l e  2.11. Composition of A g r i c u l t u r a l  Res idues  ' 

Corn S t a l k s  (8) Wheat 'St raw (9) 

G a l a c t o s e  - 
L i g n i n  

-. 

Protefn 5.5 3.0 
i 
! 

f 

I 

Ash 4.9  - 
I 

(8) Battelle Columbus L a b o r a t o r i e s ,  Columbus, Ohio Teck 77, F i n a l  Report  t o  

ERDA D i v i s i o n / S o l a r  Energy "System Study of F u e l s  from Sugarcane,  Sweet 

Sorghum, Sugar B e l t s  and Corn. March 31,  1977, p. 1 5  &59. 
. . 

(9)  Enzymatic Conversion of C e l l u t o s i c  Materials, Technology & A p p l i c a t i o n s ,  

By Elmer L. Gaden, Jr. 1976: An i n t e r s c i e n c e  p u b l i c a t i o n ,  John Wiley 

& Sons,  New York, London, Sydney, Toronto .  p.246 .  



3.0. PRETREATMENT PROCESSES (1,2,3,4,5,6) 

~ i g n o c e l l u l o s i c s . i n  general  a r e  e s s e n t i a l l y  immune t o  a t t a c k  6.y c e l l u -  

l o l y t i c  enzymes. Th i s  r e s i s t a n c e  i s  apparent ly  due t o  t h e  c l o s e  phys i ca l  

and/or  chemical a s s o c i a t i o n  between l i g n i n  and c e l l u l o s e  and poss ib ly  t h 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 .  I n  order  t o  u t i l i z e  t h e  c e l l u l o s e  e f fec-  

t i v e l y  some method of changing t h e  na tu re  o f '  t h e  c e l l u l o s e  and d i s r u p t i n g  

t h e  phys ica l  a s s o c i a t i o n  wi th  l i g n i n  must be  developed a t  a  low' c o s t .  

A number of chemical pre t rea tments  have.  bcen explored, however, they 

are n o t  u n i v e r s a l l y  a p p l i c a b l e  w i t h  t h e  except ion 'of  d e l i g n i f i c a t i o n .  Pur i -  

f i e d  wood pu lps  a r e  a n  exce i i en t  source  of d i e t a r y  energy f o r  ruminant 

animals  and t h e r e f o r e  exce l l en t  s u b s t r a t e  for ' enzymat ic  hydro lys is  o r  chemi- 

c a l  hydro lys is .  However, t h e  c o s t  i n  t h e  range of $200 t o  $400 per  ton* 

a r e  much too high.  

The mechanical pretreatment  of ba l l -mi l l ing  is a  very  good t reatment  

f o r  making t h e  c e l l u l o s e  a v a i l a b l e  f o r  hydro lys is ,  however, j u s t  t h e  power 

c o s t s  makes it too  expensive,also.  The u s e  of two r o l l  mi l l i ng  shows a  

good d e a l  of promise and power c o s t s  a r e  wi-thin t h e  range  of p o s s i b i l i t y .  

The process  which looks  t h e  most promising a t  t h i s  t ime both from an  

ope ra t ing  cos t  and equipment c o s t  s tandpoin t  is t h e  "steam explosion" process  .** 
Operat ing c o s t s  a r e  very  low,equipment i s  simple and it has t h e  added advan- 

t a g e  of permi t t ing  almost t o t a l  removal of t h e  l i g n i n .  Baker showed t h a t  

based on i n  v i t r o  d i g e s t i b l e  t h a t  t h e r e  is  a n  apprec i ab le  d i f f e r e n c e  between 

t h e  response of hard woods and so£ t woods t o  d e l i g n i f  i c a t i o n .  F igure  L 

t aken  from h i s  study shows t h a t  w i t h  hard woods d i g e s t i b i l i t y  i nc reases  

r a p i d l y  wit'h d e l i g n i f  i c a t  i on '  and then  approaches p l a t eau  a t  about 90% a s  

d e l i g n i f i c a t i o n '  approaches completion. Sof t woods behave q u i t e  d i f f e r e n t l y  

* See Appendix B f o r  d e t a i l e d  "Cost Data". 

** Three Processes:  (1) Io tech ,  (2) Stake Technology, (3) GE 



t h e  d i g e s t i b i l i t y  i nc reases  gradual ly  wi th  increas ing  d ,e l ign i f  i c a t i o n  . t o  '. 

20-40% d e l i g n i f i c a t i o n .  Following t h i s  induct ion  s t a g e  t h e  d i g e s t i b i l i t y  

i nc reases  . rap id ly  wi th  f u r t h e r  increases  i n  d e l i g n i f  i c a t i o n '  t o  a maximum 

d i g e s t i b i l i t y  of about 90% a t  complete d e l i g n i f i c a t i o n .  ' Since t h e  enzymatic 

hydro lys is  of c e l l u l o s e  is  e s s e n t i a l l y  t h e  same process  a s  i n  v i t r o  d i g e s t i o n  

it i s  l o g i c a l  t o  e x t r a p o l a t e  t h i s  d a t a  t o  an  e x p e c t a t i o n ' o f ' r e s u l t s  wi th  en- 

zymatic hydro lys is .  Also, t h e  f a c t  t h a t  t h e . c e l l u l o s e  i s  much more r e a d i l y  

a v a i l a b l e  f o r  enzymatic r e a c t i o n  l e a d s  t o  t h e  conclusion t h a t  it should be 

more r e a d i l y  a v a i l a b l e  f o r  chemical hydro lys is .  M i l l e t  t , e t  a 1  , r e c a l c u l a t e d  

d a t a  obtained by Sca r in in  on b i r c h  and spruce pulps prepared by 10  d i f f e r e n t  

pulping techniques,  t o  f i t  Baker 's format. The r e s u l t s  shown i n  f i g u r e  2  

shows t h a t  i t  i s  t h e  amount o f ' d e l i g n i f i c a t i o n f l o t  t h e  d e l i g n i f i c a t i o n  pro? 

cess,which c o n t r o l s  t h e  d i g e s t i b i l i t y  of t h e  c e l l u l o s e .  Based on t h e s e  

observa t ions ,  t h e  e f f e c t s  of d e l i g n i f i c a t i o n ,  t h e  steam explosion process  

t akes  on a d d i t i o n a l  m e r i t .  

Tsao a t  Purdue has developed a unique process  which t akes  a completely 

d i f f e r e n t  approach t o  t h e  processes  previously 'described. The b a s i s  f o r  

Tsao's process  is  t h a t  i f  c e l l u l o s e  i s  d isso lved  and then  p r e c i p i t a t e d  t h e  

c e l l u l o s e  StrucLuKe is  separated from the  lignin and changed from t h e  crys-  

t a l l i n e  form t o  more r e a c t i v e  amorphorous s t r u c t u r e .  Arnorphorous c e l l u l o s e  

i s  r e a d i l y  hydrolyzed t o  fermentable  sugars  by both a c i d s  and enzymes. To 

produce amorphorous c e l l u l o s e  from biomass Tsao proposes t h e  fol lowing pro- 

ce s s .  The biomass is  f i r s t  prehydrolyzed wi th  d i l u t e  s u l f u r i c  a c i d  t o  remove 

t h e  hemicel lulose.  The remaining r e s idue  is washed and dr.ied t o  a s u i t a b l e  

moisture content  and then d isso lved  i n  concentrated s u l f u r i c  ac id .  Other 

so lven t s  have been proposed but  t h e  present  cho ice  is  70-80% s u l f u r i c  ac id .  



EXTENT GF G E L : G X : ~ I ~ A T I O N  ( % )  

FIGURE  RELATIONSHIP BETWEEN IN VITRO DIGESTIBILITY AND EXTENT OF 
DELIGNIFICATION FOR KkAFT PULPS MADE FROM FOUR WOOD SPECIES. 

* Baker, A.J., J. Animal Sci. 36 (4) 768 (1973) - -  



FIGURE 3 .  ~P%ELATIONSHIP BETWEEN DIGESTIBILITY AND EXTENT OF 
DELIGNIFICATION FOR WOOD PULPS. (DATA POINTS FROM 
SAARINEN ET AL.* 'CURVES FROM FIG. ) 

* P. S a a r i n e n ,  W . J .  e t  al., Acto Agr. Ferm. 94 (1959) 

** M i l l e t t ,  M. e t . a l . ,  B io techno l .  - & Bioeng. Symp. No. 5, 205 
(1975)'. 



TABLE 3 - 1  

ESTIMATED COST OF SELECTED PRETREATMENTS 

Treatment  

B a l l  M i l l i n g  

2 R o l l  M i l l i n g  

Steam Explos ion  

Power 

(1) 1.4 kw-hr 

(2) .25 kw-hr 
(4) .66 kw-hr 
.7-1.3 l b s .  st- 

* . Bas i s :  1 pound of wood 

e l e c t r i c  power c o s t  @ 3 . 5 ~ 1 . h  h r  

steam c o s t s  $4'.00/1000 l b .  

(1) Nystrom, J . ,  B i t e c h  & Bioeng. Sym. No. ' 5 221-224 (1975) 

(2) Spano, L. e t .al . ,  Second Annual Symp. of Fuels-from-Biomass 

( 3 )  P r i v a t e  communication w i t h  S t a c k e  Tech Corp. 
,: - 

( 4 )  ~ u e l s - f r o m - ~ i o m a s s  N e w s l e t t e r ,  A p r i l ,  1978, p. 4 ,  Power r e q u i r e d  ' 
newspaper. 



After  d i s s o l u t i o n  t h e  c e l l u l o s e  is  r a p i d l y  p r e c i p i t a t e d  by t h e  a d d i t i o n  of 

methanol. The p r e c i p i t a t e d  c e l l u l o s e  along wi th  t h e  l i g n i n  is  subsequently 

subjected t o  knzymatic o r  ac id  hydro lys is .  

I n  a d d i t i o n  t o  concentrated s u l f u r i c  a c i d  many o the r  "solvents" have 

been employed by Tsao and e a r l i e r .  i n v e s t i g a t o r s .  These a r e  summarized i n  

Table 3.2. 

There a r e  a number of 'chemical  pre t rea tments ,  i n  a d d i t i o n ' t o  pulping 

( see  Appendix B ) ,  which have been explored f o r  d e l i g n i f i c a t i o n ' o f  wood. 

A number of organic  so lven t s ,  t h e  a p p r o p l i a t e  r e a c t i o n  condi t ions ,  and t h e  

degree of d e l i g n i f i c a t i o n  a r e  presented i n  Table 3.3. 

The va r ious  pretreatments  which could be  employed f o r '  l i g n o c e l l u l o s i c s  

a r e  summarized i n  Table 3.4. 



Table 3.2. Cellulose "Solvents" 

Metal Complex Solutions' 

Cuoxam or Cuam Cu (NH3) I (OH) 

Cupriethylenediamine, Cuene, or CED C~(en)~} (OH)2 

Cooxene 

Nioxam 

Neutral Salts in ~on&enetaet+d 'Aqueous . .,....._. Solution' .__ 

ZnCL2 

Ca (SCN)2 

LiSCN, NaSCN, LiI, NaI, KI 

Strong Bases in Aqueous Solution 

LiOH 

NaOH 

NaOH f ZnO 

NaOH f Be0 

Tetraethylammonium-hydroxide and some higher homologs 

Trimethylbenzyl-amoniumhydroxide ("Triton B':) , DimethyldiGenzy7.- 

ammoniumhydroxide ("Triton F") 

~urdue/~sao Solvents 

"Cadoxen" (Ethylenediamine., Cadmium oxide, H20) ' 
, 

CMC S 

Ethylene diamine 

Sulfuric acid. 



Table - - 3 . 3 .  Deligr~if ication of \s!ood Using Organic Solvents 
L 

Solvent System 

:-lethyl Alcohol-H 0 
2 

Ethanol - H 0 
2 

n-Propanol - H2° 
Isopropanol - H 0 

2 

n-Butanol - H20. 

Isobutyl Alcohol - H20 

Tertiary Butyl Alcohol - H20 

n-Amyl' Alcohol. - H20 

IsoAmyl A.lcohol --- H 0 
2 

Tertiary .hyl Alcohol - 14 0 
2 

Dioxane - H2° 
Acetone - ?TH 

3  

Cyclohexanone - hi 
3 

?.!ethyl Ethyl Ketone - 
w3 

Sylene Sulfonic Acid 

% Delignification 

--- 

58.4 

. 67.4 

76.4 

6 2 

87.2 

80.5 

5 6 

8 2 

84.1 

60.7 

65.1 

5 0 

81.4 

76.08 

80 

, 

Conditions of Extraction 

Temperature 
0 
C 

158. 

165 

1'7 2 

162 

174 . 

174 

157 

17 7 

17 7 

15 9 

176 

- 

210 

210 

100 

--- 
. . 

I - - 

Pressure 
psi 

1'5 0 

'150 

150 

150 

150 

150 

150 

150 

150 

150. 

150 

- 

890 

! 860 

15 

Duration 
hoyr s 

4 

4.5 

4 

4 

4 

4 ' 

4 

4 

4 

4 

4. 

- 

1.25 

2 

1. 

. 

1. 



Table 3.4. Pretreatment  s 

I. Chemical 

Swelling wi th  Alka l ine  Agents 

1 )  Sodium ~ y d r o x i d e  

2) Ammonia 

~ e l i g n i f  i c a t  ion '  

1) Pulping 

2) C102 

3) Ammonium B i s u l f a t e  

4 )  so2 

5) Sodium C h l o r i t e  

6) Organic Solvents  

Ce l lu lose  Disso lu t ion  

1 )  ~ s a o / P u r d u e  Process  

2) Ce l lu lose  "Solve.abts" 

11. Phys ica l  

1 )  Steam 

A) I o t e c h  C) GE 
B) S take  Technology D) Autoclaving 

2) GrPnding 

A) B a l l  Mi l l ing  B) Ro1.3. Mi l l ing  

3) I r r a d i a t i o n  

A) Gamma 
B) 

C) Heat 

4) Freezing 

5) P r e s s u r e  
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4.0. HYDROLYSIS 

During t h i s  r e p o r t i n g  per iod ' t h e  v a r i o u s  hyd ro lys i s  p rocesses  which have 

been developed were subjec ted  t o  ex t ens ive  review. The o b j e c t i v e  o f '  t h i s  re -  

view i s  t o  determine t h e  most promising process  o r  p rocesses  f o r ' i n c l u s i o n  i n  

t h e  conceptual  d e s i g n s  f o r '  t h e  PDU des igns  and subsequent ly  i n  t h e  d e t a i l e d  

engineer ing  des ign .  Th i s  work is ' descr ibed  i n  two sec t ions .  Subsect ion 4.1 

d e s c r i b e s  t h e  important  a c i d  . hyd ro lys i s  p rocess  and subsec t ion  4 . 2  desc.ri hcs 

Lhe work i f i  enzymatic hydro lys i s .  

4.1. Auld H y d r u l y ~ l s  

Acid hyd ro lys i s  of wood i s  a c t u a l l y  a s imple chemical r e a c t i o n .  E i t h e r  

s u l f u r i c  a c i d  o r  hydrochlor ic  ac id  can be  used a s  t h e  c a t a l y s t  f o r  t h e  

h y d r o l y s i s  of wood. The wood hydro lys i s  can  e a s i l y  be  c a r r i e d  ou t  quant i ta -  

t i v e l y  i n  t h e  l abo ra to ry .  But t h e  economic i n d u s t r i a l i z a t i o n  on a  comer -  

c i a 1  s c a l e  has proved t o  be  a  d i f f i c u l t  problem. The primary problems have 

been t h e  recovery of a c i d ,  t h e  f i nd ing  of s u i t a b l e  a c i d  r e s i s t a n t  m a t e r i a l s ,  

des ign ing  equipment, and t h e  discovery of a  simple way t o  r e f i n e  sugar .  

~ o n c e n t r a , i e d  s u l f u r i c  a c i d  hydrolyzes wood q u a n t i t a t i v e l y  w i th  l i t t l e  

sugar  degrada t ion  when s u f f i c i e n t l y  l a r g e  q u a n t i t i e s  of a c i d  are used. With 

concent ra ted  hydrochlor ic  a c i d  t h e  r e a c t i o n  reaches a n  equi l ib r ium a f t e r  a  

c e x t a i n  amount of t ime  but  t h e  ac id  hydro lyza te  is capable  of cont inuing t h e  

h y d r o l y s i s  i f  it c o n t a c t s ' f r e s h  wood. Th i s  f a c t  ha s  l ed  t o  t h e  development 

of a  counter  c u r r e n t  system which produces s o l u t i o n s  of up t o  20% sugar .  

The d i l u t e  s u l f u r i c  a c i d  process  was devised t o  overcome t h e  d i f f i c u l t y  

of a c i d  recovery.  The processes  u s ing  d i l u t e  ac id  had t o  be  c a r r i e d  out  a t  

e l eva t ed  temperatures  which r e s u l t s  i n  t h e  r educ t ion  of y i e l d s  due t o  t h e  

deg rada t ion  of sugars .  



4.1.1. Concentrated Acid Processes  

4.1.1.1. Hokkaido Process  

The process  known a s  t h e  Hokkaido process  was developed i n  Japan i n  1948 

t o  hydrolyze wood wi th  concentrated s u l f u r i c  ac id .  I n  t h i s  p rocess  wood c h i p s  

a r e  f i r s t  prehydrolyzed under cond i t i ons  t h a t  depend upon whether f u r f u r a l  o r  

xylose i s  t h e  des i r ed  product from the  r e a c t i o n .  I f  xy lose  is  d e s i r e d  then ,  

t h e  prehydro lys i s  c o n s i s t s  of r e a c t i n g  t h e  wood w i t h  1.2-1.5% s u l f u r i c  ac id  a t  

140' t o  150 '~ .  F u r f u r a l  is  produced when t h e  pentose formed from t h e  pentosans 

i s  d i r e c t l y  converted by dehydrat ion by steam a t  180 t o  185 '~ .  The pre- 
. . 

hydrolyzed wood i s  d r i e d  and crushed. .Then t h e  main hyd ro lys i s  i s  c a r r i e d  

ou t  by t r e a t i n g  t h i s  crushed "wood" wi th  80% s u l f u r i c  a c i d  a t  room temperature. '  

The important p r e r e q u i s i t e .  i n  concentrated s u l f u r i c  process  i s  t h e  maintenance 

of a low mixing r a t i o  of ac id  t o  wood, without  s a c r i f i c i n g  sugar  y i e l d .  To 

o b t a i n  t h e  des i r ed  low mixing r a t i o  a new mixing process  was developed. I n  

t h i s  p rocess  t h e  d r i e d  powdered prehydrolyzed wood i s  mixed wi th  a c i d  of t h e  

c o r r e c t  concen t r a t i on  by spraying toge the r  i n  a t h i n  f i lm.  The mixing r e q u i r e s  

on ly  about 30 seconds and the  product i s  immediately f i l t e r e d  under p re s su re  

and washed. The sugar  y i e l d  i s  g r e a t e r  than 90% wi th  a mdx r a t i o  of .9 and 

about 96% wi th  mix r a t i o  of 1. The concen t r a t i on  of t h e  s u l f u r i c  ac id  from 

the  combined f i l l r a t e  and washing water  i s  30-40%. Th i s  a c i d i f i e d  sugar  

Sl S 
s o l u t i o n  is  t r e a t e d  wi th  a d i f f u s i o n  d i a l y s i s  u s ing  an i o n  exchange r e s i n  

membrane t o  recover  80% of t h e  t o t a l  s u l f u r i c  a c i d  a s  a 25-35% s o l u t i o n .  The 

ac id  i s  concentrated by evaporat ion t o  80% and reused.  The sugar  s o l u t i o n  

con ta in s  5 t o  10% g l u c o ~ e ' ~ o 1 ~ m e r  and 5 t o  15% s u l f u r i c  ac id .  During t h i s :  

' d i a ly s i s  1 .8  t o  2% of 'the t o t a l  sugars  a r e  l o s t .  The sugar  s o l u t i o n  a f t e r  
. . 

0 ' 

d i a l y s i s  i s  p o s t  hydrnl yxed hy heat ing a t  100 C f o r ' a b o u t  100 minutes.  . The 



hydrq lyse t e  i s  n e u t r a l i z e d  and t h e  r e s u l t a n t  calcium s u l f a c e  removed by 

f i l t r a t i o n .  The pH of t h e  n e u t r a l i z e d  sugar s o l u t i o n  i s  ad jus t ed  t o  2.5 t o  

remove t h e  calcium i o n s  and then  concentrated t o  50%. The sugar  is  separa ted  

a s  a  double-sa l t  by adding t h e  t h e o r e t i c a l  q u a n t i t y  of sodium ch lo r ide .  Af te r  

washing w i t h  co ld  water  t h e  glucose is  i s o l a t e d  i n ' c r y s t a l l i n e  form. An 

o v e r a l l  y i e l d  of  286 -296 kg/ ton. .  wood which i s  83-85% of t h e o r e t i c a l  .is obtained.  

J .  Kobayashi has  proposed a  modi f ica t ion  of the.Hokkaido process  c a l l e d  

" the Thorough D r y i n g  Process". The primary advantage i s  t h a t  t h e  l a r g e  amount 

of power r equ i r ed  t o  mix s u l f u r i c  ac id  and dry wnnd for t he  main hydro lys is  

is  reduced. I n  t h i s  process  wet prehydrolyzed wood i s  immersed i n  d i l u t e  

s u l f u r i c  a c i d  and a f t e r  t h e  a c i d  has dra ined  the  wood is  d r i e d  a t  40-50°c. 

by blowing wi th  dry a i r .  The s u l f u r i c  ac id  i n  t he  wood becomes concentrated 

a s  t h e  d ry ing  progresses  and t h e  main hydro lys i s  is  completed. Simultaneously, 

una t  power consumption should be reduced and cons t ruc t ion  c o s t s  should be 

lower w i t h  almost t he  same sugar  y i e l d s  a s  wi th  the  Hokkaido. 

One o t h e r  concentrated s u l f u r i c  a c i d  process  was developed by Njppon, 

Mokuzas Kogaku Co. The main f e a t u r e  of h i s  process  i s  the  s u l f u r i c  ac id  i s  

no t  recovered b u t  converted i n t o  gypsum which i s  marketed a s  a  by-product. 

The o t h e r  product  from t h i s  process  a r e  c r y s t a l i n e  glucose,  c r y s t a l l i n e  xylose 

and r e f i n e d  molasses. 

4.1.1.2.  Bergius-Rheinau Process  

Several processes  have been developed which use concentrated hydrochloric  

a c i d  t o  hydrolyze wood. The f i r s t  commercial p rocess  i s  known as  t h e  Bergius-  

Rheinau process .  I n  t h i s  process  t he  wood is  hydrolyzed by immersing i n  a  

40% hydrochlor ic  ac id .  The f i r s t  cyc l e  produces a  10% sugar s o l u t i o n .  This  

a c i d  s o l u t i o n  con ta in ing  sugar  i s  reused s e v e r a l  t imes f o r  hydrolysi-s t o  

o b t a i n  a  sugar  s o l u t i o n  of about 40%. The 40% sugar s o l u t i o n  is  d i s t i l l e d  



0 under reduced pressure at 36 C. to recover hydrogen chloride gas. About 80% 

of hydrochloric acid is recovered. The solution leaving the vacuum distillation 

equipment contains about 55% sugar and a small quantity of hydrochloric acid. 

The sugar solution is spray dried with hot air to expel residual hydrochloric 

acid. The lignin remaining in the reactor is washed with water to recover 

sugar and hydrochloric acid. The most difficult technical problem encountered 

in the early stage of development was selections of suitable acid resistant 

materials for heaters and condensers. One difficulty lay in the transfer of 

heat for the evaporation of to recover hydrochloric acid. Metal could not be 

used because of the corrosiveness of the acid and ceramic linings were un- 

acceptable because of their low heat conductivity. To solve the problem a 

mineral oil which remained liquid at the required temperatures, which did not 

react with the HCL, and which did not emulsify with the hydrolyzate, was used 

as a heat transfer medium. The hot oil in a fine spray was brought in contact 

ith acid hydrolyzate in a vacuum vessel. Thus, heat was transferred directly 

to the hydrolyzate. The vapors which consisted of hydrochloric acid and steam 

were removed and condensed to recover the acid. The remaining hydrolyzate was 

largely free of hydrochloric acid but mixed with oil which wa,s removed by decantation 

for recycle. 

4.1.1.3. Udic-Rheinau Process (new Rheinau Process) 

The Rheinau process was improved in an attempt to make it economically 

feasible under peacetime cond.itions. The improved process is known as the new 

Rheinau Process. In this process crystalline glucose was the principal product. 

Two new processes of prehydrolysis and post hydrolysis were incorporated and 

chemical engineering studies were made of the hydrochloric acid recovery. In 

the improved process the wood was first immersed in 1% hydrochloric acid and 

then prehydrolyzed at 13.0~~. under pressure to remove the hemicellulose. The 

prehydrolyzed.wood which contain lignin and cellulose is dried and converted 

t o  glucose and di, tri, and tetramer sugars with 41% hydrochloric acid in the 

4 1 



main hydro lys i s .  The l i g n i n  which remains a f t e r  hydro lys is  and e x t r a c t i o n  is  

washed wi th  hydrochlor ic  a c i d  s o l u t i o n  and then water.  Hydrochloric a c i d  i s  

recovered by vacuum d i s t i l l a t i o n  of t he  a c i d i f i e d  sugar s o l u t i o n .  The r e su l -  

t a n t  s o l u t i o n  i s  60-65% sugar  of  which approximately one-half is  dimer and 

t r i m e r  sugars .  The s o l u t i o n  is d i l u t e d  t o  10% sugar  concent ra t ion  and post- 

hydrolyzed. Since t h e  primary product i s  c r y s t a l l i n e  glucose t h e  sugar  s o l u t i o n  

i s  d e a c i d i f i e d  and deionized wi th  ion  exchange r e s i n s ,  decoihorized, r e f ined  

and concent ra ted  a g a i n  t o  c r y s t a l l i z e  glucose.  With t h e  new Rheinau process  

t h e  hydrochlor ic  a c i d  l o s s e s  were reduced from over  18% i n  t h e  Bergius-Rheinau 

p roces s  t o  5-6%. L a t e r  i t  was found t h a t  no sugar  was degraded i f  p rehydrolys is  

w a s  c a r r i e d  o u t  a t  low temperatures  wi th  35% hydrochloric  a c i d .  The new 

Rheinau process  i s  now c a l l e d  t h e  Udic-Rheinau process .  

4.1.1.4. Hydrogen c h l o r i d e  Gas Process  

The use  of hydrogen c h l o r i d e  gas f o r  hydro lys i s  i s  e s s e n t i a l l y  a  concen- 

t r a t e d  a c i d  process .  The reason  f o r  us ing  hydrogen ch lo r ide  gas was t o  s h i f t  

t h e  hydro lys i s  r e a c t i o n  i n t o  the  i n t e r i o r  of ' t h e  wood p a r t i c l e s  and t o  f a c i l i t a t e  

t he  recovery of the  ac id .  I n  t h i s  process  t he  wood i s  impregnated wi th  a  small  

q u a n t i t y  of h igh ly  concent ra ted  hydrochloric  ac id  and then the  concent ra t ion  

i s  increased  by pass ing  hydrogen ch lo r ide  gas i n t o  the  wood.  he a c i d  can be 

recovered r e l a t i v e l y  simply by hea t ing  t h e  wood. 

4.1.1.5. Noguchi-Chisso Process  

H i s t o r i c a l l y  t h e  Prodor process  was t h e  f i r s t  p i l o t  process  developed 

us ing  hydrogen c h l o r i d e  gas.  

In t h i s  process  sawdust e n t e r s  the  mixer and i s  mixed wi th  concentrated 

hydrochlor ic  ac id .  A mixture c o n s i s t i n g  of '6O p a r t s  water ,  46 p a r t s  hydro- 

c h l o r i c  a c i d  and 100 p a r t s  dry  sawdust i s  charged . in to  the  d i g e s t e r .  The 



d i g e s t e r  c o n s i s t s  of 1 2  t r a y s  resembling a  H e r r e s h o f t f u r n a c e .  The mixture 

i s  swept a l t e r n a t e l y  tioward t h e , c e n t e r  and the  periphery of the  t r a y s  by t h e  
. .- .- 

r o t a t i o n  of blades where i t  f a l l s  t o  the  next  t r a y .  Hydrogen c h l o r i d e  gas 

flows c o u n t e r c u r r e n t  t o  the  flow of t he  sawdust ac id  mixture.  Af t e r  e i g h t  

hours the  hydrolyzed ma te r i a l  comes o f f  the  bottom and i s  t r a n s f e r r e d  t o  a  

drying s e c t i o n  where the  ma te r i a l  i s  d r i ed  and the  a c i d  expel led by hot a i r .  

Because t h i s  process  r e l i e s  heavi ly  on ac id  r e s i s t a n t  s t r u c t u r a l  m a t e r i a l s  

which were not  a v a i l a b l e  t he  process  was not  successfu l .  

A l a t e r  process ,  t he  Darb~ven  used a  tank f i l l e d  with carbon t e t r a c h l o r i d e  

a s  the  r e a c t o r  i n s t ead  of t h e  t r a y  type use i n  t he  Prodor. Wood ch ips  a r e  

suspended i n  carbon t e t r a c h l o r i d e  and hydrogen c h l o r i d e  gas i s  blown i n t o  t h e  

ves se l .  Hydrolysis take p l ace  a s  t h e  concent ra t ion  o f  t he  hydrochlor ic  a c i d  . 

i n  the  wood flou.r:':iucreases. The hydrolyzed m a t e r i a l  i s  d r i e d  by hot  a i r ,  

a f t e r .  the  carbon tetrachl.ori .de has been removed. The hea t  which i s  involved 

by the  absorp t ion  o£'.hydrogen c h l o r i d e . g a s  is removed by us ing  the  carbon 

t e t r a c h l o r i d e  a s  a  hea t  exchange medium. The equipment requi red  f o r  t h e i r  

p rocess  i s  simpler  than t h a t  requi red  f o r  t he  Prodor process .  

A s t i l l  l a t e r  process  was developed by A. Herneng and c a l l e d  the  Hereng 

process. Wood chips, withniit any p r e d r y i n g , a r e ' f e d  i n t o  the r e a c t i o n  column. 

The r e a c t i o n  column i s  a hexagonal column made of v i n y l  ch lo r ide  having 40 

inc l ined  t r a y s .  The ch ips  a r e  mixed wi th  30% hydrochloric  ac id  i n  t he  feeder  

where the  ac id  concent ra t ion  i s  reduced t o  18-20% because of the  moisture i n  

t he  wood. The ch ips  and hydrochloric  a c i d  s o l u t i o n  flow down Fhe s l a n t i n g  f r a y  

where prehydrolys is  i s  completed i n  45 minutes. Hydrochloric a c i d  s o l u t i o n  

conta in ing  pentose i s  separa ted  from the  wood ch ips  by means of a  f i l t e r  and 

a  po r t ion  of t h e  s o l u t i o n  i s  recycled t o  t he  mixer a t  the  top of t he  column. 

Sugar i n  t he  prehyd.rol.ysis s o l u t i o n ' i s  concentrated t o  20-25% by the  r ecyc l ing  



ope ra t ion .  Prehydrolyzed m a t e r i a l  is  dra ined  and goes d o 6  t h e  column w i t h  

30% hydrochlor ic  a c i d  a t  a temperature below. 10 '~ .  whi le  hydrogen c h l o r i d e  

g a s  i s . i n t r o d u c e d  a t  t h e  bottom. The hydrochloric  a c i d  so lu t ion ' f l owing  down 

t h e  column absorbs  t h e  hydrogen c h l o r i d e  gas  and inc reases  i n  concent ra t ion  

t o  41-42% a s  t h e  main hydro lys is  occurs.  The hydrolyzed m a t e r i a l  coming o f f  

t h e  bottom of t h e  column e n t e r s  a drying chamber where i t  is  d r i e d  by d r y  

hydrogen c h l o r i d e  g a s  which has been.washed and d r i e d  wi th  concentrated 

calcium c h l o r i d e  so lu t ion .  A mixture  of sugar and l i g n i n  which is  s o l i d  is 

obta ined  from t h e  r i g h t  end. The sugar i s  ex t r ac t ed  wi th  water and post  

hydrolyzed: 

Af t e r  cons ide rab le  s tudy i n i t i a t e d  by t h e  Noguchi I n s t i t u t e  and the '  Shin 

Nippon Chisso H e r i j a  Co. a process  known a s  t h e  Nogucht Chisso .. . .  process  w a s  

developed. Th i s  process  f ea tu red  t h e  handling of wood p a r t i c l e s  i n  t h e i r  

o r i g i n a l  form throughout and t h e  conducting of t h e  prehydrolys is  and main 

hydro lys i s  i n  t h e  i n t e r i o r  of t h e  wood p a r t i c l e s .  I n  p a r t i c u l a r  t h e  main 

hydro lys i s  is  c a r r i e d  out  wi th  hydrogen c h l o r i d e  gas  i n  a f l u i d i z e d  bed. 

Wood f l o u r  produced by crushing logs  o r  sawdust is used as a r a w  ma te r i a l .  

Th i s  m a t e r i a l  i s  permeated wi th  0.5-0.7 t imes t h e  quan t i t y  of 3-5% hydro- 

0 
c h l o r i c  ac id .  Prehydrolys is  is c a r r i e d  out  by introducing steam a t  100-130 C .  

The prehydrolyzed wood is  ext rac ted  by a counter  c u r r e n t  flow of water t o  g e t  

a sugar  concent ra t ion  of 10-15%. The prehydrolyzed wood is  f l a s h  d r i e d  by hot  

a i r  and then permeated w i t h  hydrochloric  a c i d  s o l u t i o n  below 38% concentrat ion.  

The m a t e r i a l  permeated wi th  hydrochloric  ac id  and conta in ing  s u f f i c i e n t  water 

f o r  t h e  main hydro lys i s ,  absorbs hydrogen c h l o r i d e  gas whi le  being f l u i d i z e d  

wi th  co ld  hydrogen c h l o r i d e  gas.  ' The a c i d  concent ra t ion  i n  t h e  acid-permeated 

m a t e r i a l  reaches 42%. Hydrolysis does no t  t a k e  p l ace  up t o  t h i s  po in t .  



The ma te r i a l  which con ta ins  a high concent ra t ion  of hydrochloric  a c i d  

by low-temperature absorp t ion  (up t o  s a t u r a t i o n )  is  r a p i d l y  heated t o  40-45'~ 

. . 
t o  complete hydro lys is  whi le  being f l u i d i z e d  wi th  hot  hydrogen c h l o r i d e  gas.  

Saccha r i f i ca t ion  of wood c e l l u l o s e  proceeds almost q u a n t i t a t i v e l y .  

The ma te r i a l  from the  main hydro lys is  is  apparent ly  s o l i d .  This  i s  d r i ed  

i n  hot  hydrogen ch lo r ide  gas t o  vaporize the  permeated and absorbed hydrogen 

ch lo r ide .  S u f f i c i e n t  hydrogen c h l o r i d e  i s  l e f t  i n  the  sugar m a t e r i a l  t o  c a r r y  

out  pos t  hydro lys is .  

In  a second t e s t  p rocess ,  hydrogen c h l o r i d e  ads.orption a t  low temperatures ,  

and main hydro lys is  by r a i s i n g  the  temperature,  a r e  c a r r i e d  out  while  t r ans -  

po r t ing  acid-permeated ma te r i a l  wi th  hydrogen c h l o r i d e  gas by a pneumatic 

conveying method. P a r t i c l e s  a r e  c a r r i e d  through a d e a c i d i f i c a t i o n  process  by 

means of pneumatic t r a n s p o r t  with high temperature hydrogen c h l o r i d e  gases .  

This  process  i s  c a l l e d  f l a s h  s a c c h a r i f i c a t i o n  and i f  t he  r i pen ing  period of 

the  process  i s  omit ted,  t h e  e n t i r e  process  of hydrochloric  a c i d  adsorp t ion  

(cool ing) ,  hea t ing ,  and hydrochloric  ac id  recovery can be c a r r i e d  ou t  i n  a 

few seconds. The y i e l d  of  sugar by main hydro lys is  i s  95% and i f  t he  sugar  

decomposed i n  t he  a c i d  recovery process  i s  deducred the  t o t a l  i i r l d  i s  90%. 

4.1.2. D i lu t e  Acid Processes  

The d i l u t e  s u l f u r i c  a c i d  processes  were developed because economic recovefy 

of a c i d  i s  concentrated a c i d  processes  has  not  been achieved and y i e l d s  a r e  

low wi th  t h e  use of small amounts.of concentrated ac ids .  

4.1.2.1. Schol le r  P.rocess/Madison Process  
. . - .. . . . . 

I n  t he  e a r l y  Schol le r  process  0.5-1% s u l f u r i c  a c i d  i s  introduced con- 
I 

t inuous ly  under p re s su re  from the  top  of t he  Saccha r i f i ca t ion  column, and the  

sachha r i f i ed  s o l u t i o n  is  cont inuously discharged from t h e  bottom t o  remove 

the  sugar  from t h e  r e a c t i o n  system a s  soon a s  poss ib l e  t o  minimize the  degrada- ,  

t i o n  of t he  sugar.  La te r  t h e  process  was modified by in t roducing  the  a c i d  



intermittently. Final modification was the development of the cold shove 

process which increases the charge of'wood'in the reactor by compressing 

several times with high pressure steam. 

The hydrolysis column in the Scholler process is called a percolator. 

The wood chips are packed in the percolator and then compressed with steam 

at about 3 atmospheres. More chips are added and compressed with steam. 

This procedure is. repeated several times compressing the charge which results 

in an herease of the bulk density of the wood chip of two times thc 

original. Acid for hydrolysis is introduced under pressure and then expelled 

by steam. Fresh acid is not'introduced immediately after the saccharified 

solution has drain from'the wood chips but the temperature in maintained by 

introduction of steam. Hydrolysis proceeds during this period by.the acid 

which has permeated the wood. Acid is rapidly introduced again and the 

solution containing the sugar is expelled from the percolator. As a result 

of a pressure difference produced between the wood and the acid the saccharified, 

solution in the pores of'the wood'is expelled. Thus, by this process the 

residence time of the'sugar is shortened and therefore, the quantity.of sugar decomposed 

is reduced. 

The Madison process developed at the Forest Products Laboratory is a 
- - -=~. 

modification of the Scholler Process. In this process 0.5% sulfuric acid is 

fed continuously intb the' reabtor'at a fixed rate. The raw material wood is 

crushed as small as possible in order to increase the rate of permeation of 

the acid into the interior ' of the' wood. 

After prehydrolying at 135-150'~ to remove the hemicellulose , the main 

hydrolysis is conducted by introducing 0.5% sulfuric under pressure at the 

top and continuously removing solution from the bottom. The'reaction tempera- 

ture during the 3 hour hydrolysis time is raised from 150'~ to 1 9 0 ~ ~ .  When 



t h e  sugar concen t r a t i on  reaches about 1% near  t h e  end of t h e  r e a c t i o n  t h e  

s accha r i f i ed  s o l u t i o n  is introduced t o  the  next  pe rco l a to r  and t h e  sugar  

concentration'maintained a t  about 5-6%. Sugar y i e l d  a s  high a s  75% a r e  

expected . 
The TVA process  is  a modi f ica t ion '  o f '  t h e  Madison process  wi th  t h e  ob- 

j e c t i v e s  of designing s impler  equipment and producing a more concentrated 

sugar so lu t ion .  

According t o  Russian i n v e s t i g a t i o n s  t h e  hydrodynamic flow cond i t i ons  

i n  t h e  v e r t i c a l  p e r c o l a t i o n .  process  have not  been s u f f i c i e n t l y  u t i l i z e d .  

They have combined v e r t i c a l  p e r c o l a t i o n ' w i t h  h o r i z o n t a l  flow wi th  t h e  advan- 

t a g e  o f ' a s s u r i n g  p r a c t i c a l l y  unl imited flow of hydro lyza te .  The y i e l d  of 

reducing sugars  has  been increased by 15  t o  20% wi th  t h e  i nc rease  flow of 

hydrolyzate .  

4.1.2.2. Gre th l e in  Process  

D r .  Hans Grethleid: .  a t  Dartmouth has  proposed a continuous process  f o r  

hydro lys i s  of wood us ing  d i l u t e  s u l f u r i c  ac id .  H e  based h i s  des ign  on an  

a n a l y s i s  of t h e  r e a c t i o n  k i n e t i c s  t o  optimum the  conversion t o  glucose and 

minimize t h e  degrada t ion  products .  The r e s u l t a n t  r e a c t o r  was determined t o  

be plug flow i so thermal  wi th  a res idence  time of 0.19 minutes a t  2 3 0 ' ~  

an  ac id  concent ra t ion  of 1%. 

The s p e c i f i c  des ign  proposed is based on newsprint a s  a feed m a t e r i a l .  

I n  t h i s  des ign  t h e  newsprint is  prepared by a pulper  which is  used t o  re- 

pulp waste newsprint.  The r e s u l t i n g  s l u r r y  is pumped through a l i q u i d  cyclone 

t o  remove minor p a r t i c u l a t e  fo re ign  ma t t e r  . Dewatering screws remove enough 

water t o  g ive  a 13% s l u r r y .  This  s l u r r y  i s  pumped t o  a prehea te r  and then  

t o  t h e  r e a c t o r .  S u l f u r i c  ac id  a t  50% concen t r a t i on  is  added and f i n a l  hea t ing  



is c a r r i e d  out  wi th  l i v e  steam. The l i v e  steam a d d i t i o n  reduces t h e  s l u r r y  

c o n c e n t r a t i o n  t o  a nominal 10%. The r e a c t i o n . t i m e  is  stopped by a f l a s h  

expansion of t h e  m a t e r i a l  a s  it  flows f rom ' the  r e a c t o r  t o  t h e  f l a s h  tank. 

The f l a s h  l i q u i d  a c i d  hydro lyza te  is pumped t o  a neu t r a l i zed  tank where 

t h e  a c i d  i s  n e u t r a l i z e d  w i t h  l ime.  The unreacted l ignin. ,  celluikose and ca l -  

cium s u l f a t e  a r e  removed by a  continuous cen t r i fuge .  

The advantage of t h i s  process  is t h a t  equipment s i z e  can  be  g r e a t l y  re- 

duced s i n c e  t h e  r e a c t i o n ' t i m e  i s  on the  order  of seconds in s t ead  of hours a s  

w i t h  t h e  previous descr ibed  ba tch  systems. 
I 

4 .1 .2 .3 .  Purdue Process  

~ e o r g e '  Tsao a t  Purdue Univers i ty  has  developed a unique process.  f o r  hy- 

d r o l y s i s  of wood us ing  d i l u t e  s u l f u r i c  a c i d  o r  enzymatic hydro lys is .  The 

Purdue process  c o n s i s t s  of t h r e e  main opera t ions ;  f i r s t  a  d i l u t e  ac id  pre- 

t r ea tmen t ,  second, a  s o l v a t i o n  t o  modify t h e  c e l l u l o s e  s t r u c t u r e  and l a s t ,  

a hydro lys i s  and s e p a r a t i o n  of t h e  hexose sugar .  

A b r i e f  d e s c r i p t i o n '  of ' t h e  proposed process  fol lows.  The feed m a t e r i a l  

i s  f i r s t  ground o r  chipped and then prehydrolyzed wi th  d i l u t e  s u l f u r i c  ac id .  

The prehydrolyzate  is  separa ted  , neu t r a l i zed  and discharged f o r  f u r t h e r  pro- 

ce s s ing .  The r e s idue  i s  d r i e d  t o  10% mois ture  i n  a  low pH cond i t i on  aiid 

then  i n t i m a t e l y  mixed wi th .  concentrated s u l f u r i c  ac id  which d i s so lves  t h e  

c e l l u l o s e .  The c e l l u l o s e  i s  then  p r e c i p i t a t e d  by t h e  a d d i t i o n  of methanol. 

The p r e c i p i t a t e d  c e l l u l o s e  is  amorphorus and i s  e a s i l y  hydrolyzed by a c i d  o r  

enzyme t o  glucose. 
. .  . 

4.1 .2 .4 .  Weak Acid Hydrolysis  

Another process  which deserves some a t t e n t i o n  is  t h e  weak ac id  o r  au to  

hydro lys i s  process  descr ibed  by Snyder i n  h i s  p a t e n t .  This process  r e q u i r e s  t h a t ' t h e  



woody m a t e r i a l  be  i n i t i a l l y  impregnated wi th  an  a l k a l i n e  o r  b u f f e r  reagent  

and t h e  subjec ted  t o  e leva ted  temperatures  (250-300'~) and p re s su re s  (600- 

1250 p s i )  f o r  a  s h o r t  per iod o f ' t i m e .  The amount of a l k a l i  o r ' b u f f e r  added 

is  t h e  amount necessary t o  keep t h e  pH a t  t h e  end of t h e  r e a c t i o n  between 3 .1  

and 3.4. The r e a c t i o n  times v a r i e s  from about 60 seconds t o  5 minutes accord- 

ing . to  t h e  p re s su re  and t h e  amount o f ' a l a k l i :  

I n  t h i s  process  approximately 30% pentoses  a r e  converted t o  f u r f u r a l  

'and wi th  pos t  hyd ro lys i s  approximately 80 t o  90% of xy lose  and g lucose  can  

be  recovered. 

4.2. ENZYMATIC HYDROLYSIS 

Ce l lu lo se  is t h e  most abundant and r ep l en i shab le  m a t e r i a l .  This  

n a t u r a l  r e sou rce  can be  u t i l i z e d  most e f f i c i e n t l y  i f  it  can be  hydrolyzed 

i n t o  i t s  monomer, g lucose ,  which can then  be  used as a s t a r t i n g  m a t e r i a l  

t o  produce a  number of products .  One of t h e  most important products  i n  

which w e  a r e  i n t e r e s t e d  is  e thanol .  

Ce l lu lo se  can be  converted i n t o  g lucose  e i t h e r  by a c i d  o r  enzymatic 

hydro lys i s .  The advantages of us ing  enzymes t o  hydrolyze c e l l u l o s e  t o  pro- 

duce g lucose  'are summarized below. The c e l l u l a s e  enzymes a r e  very  s p e c i f i c  

t o  their s u b s t r a t e s  and do not  r c a c t  w i th  o t h e r  impur i t i co .  Thcoc a r c  

i nac t iva t ed  due t o  t h e  presence of compounds t o x i c  f o r  t h e i r  growth. A 

s p e c i f i c  c e l l u l a s e  enzyme produces g l u c o s e .  only t hus  avoiding t h e  o the r  de- 

g r ada t ion  products  a s  observed i n  t h e  hydro lyza te  from t h e  a c i d  hyd ro lys i s  . 

process .  The g lucose  syrup produced enzymatical ly  is  purer  and c o n s i s t e n t  

i n  i t s  composition a s  compared wi th  t h e  sugar  syrup obtained from a c i d  hy- 

d r o l y s i s .  The ope ra t i ng  condi t ions  i n  terms of pH, temperature  and p re s su re  

a r e  mild t hus  e l imina t ing  t h e  need of s p e c i a l  a l l o y s  f o r  t h e  hydrolyzing 



u n i t .  

The development work on t h e  va r ious  c e l l u l a s e  enzymes and enzymatic 

h y d r o l y s i s  p rocesses  has  been c a r r i e d  ou t  i n  a l a r g e  number o f ' l a b o r a t o r i e s .  

Some of t h e s e  c i t e d  i n  t h e  l i t e r a t u r e  a r e  given below. 

1. U.S. Army Nat ick  Development Center ,  Nat ick,  Mass. 

2 .  Un ive r s i t y  o f '  C a l i f o r n i a ,  Berkeley, CA 

3 .  I n d i a n  I n s t i t u t e  o f '  Technology, New Delh i ,  I n d i a  

4. General E l e c t r i c  and Uni'versiLy of Pennsylvania 

5. Massachuset ts  I n s t i t u t e  of Technology, Cambridge, Mass. 

6. Gulf Process  

7 .  Rutgers  UniversiLy 

8.  Swedish Fo re s t  Product Laboratory 

9. Facu l ty  of Agr i cu l tu re ,  Miyazaki, Japan 

The c e l l u l o l y t i c  enzymes have been i s o l a t e d  from a l a r g e  number of 

organisms. The Nat ick,  Berkeley, and Ind ian  I n s t i t u t e  of Technology groups 

a r e  working w i t h  t h e  s t r a i n  of Trichoderma v i r i d e ;  t h e  Japanese and Rutgers  

u s e  mutants  of T. v i r i d e ;  t h e  Japanese a l s o  u se  _A_spergillu_s_ n ige r .  

The General E l e c t r i c  and Un ive r s i t y  of Pennsylvania group have worked wi th  . . 

a n  Actinomycetes whi le  t h e  Swedish group is working w i t h  a fungus Sporo- 

t r  ichum Pulverulentium. The o t h e r  organisms repor ted  (5,6,7,8,9)  to have 
I .  * 

s i g n i f i c a n t  f eve1 of ce lqu fose  a c t i v i t y  a r e  g iven  below. 

C e l l v i b r i o  Gilons . . .. . , - .  

Basidiomycetes sp. 

Penic  i l l i u m  pusi l lum 

Aspe rg i l l u s  t e r r e u s  - 

Polyporus  % 

Chryso sporium sp. 

A s p e r g i l l i  

29, . B a c i l l u s  sp. 
: <.. 

Fu sar ium monil i f  orme Chaetomium 
. * 

Myrothecium V e r r a c a r r i a  



Most of t h e  d a t a  a v a i l a b l e  on enzymatic hyd ro lys i s  of c e l l u l o s e  i s  from 

l abo ra to ry  and p i l o t ' s c a l e  experiments. A t  p r e sen t ,  t h e r e  is  no l a r g e  

s c a l e  p l a n t  i n  opera t ion '  involving t h e  enzymatic hyd ro lys i s  of ' c e l l u l o s e  

t o  produce glucose.  Some of t h e  promising processes  under 'development . a r e  

b r i e f l y  reviewed below. 

4.2.1. Nat ick Process  

A schematic diagram of t h i s  process  is shown i n  F ig .  (4 .1 . ) .  

The product ion o f ' e t h a n o l  by Nat ick  Process  involves  fou r  s t ages .  

1 )  Pretreatment  o f .  l i g n o c e l l u l o s i c  biomass 2) Product ion of a c t i v e  

c e l l u l o s e  3) Enzymatic sacchar i f  i c a t i o n  of p r e t r e a t e d  c e l l u l o s i c  

s u b s t r a t e  and 4) Fermentation of sugar s o l u t i o n  t o  produce e thanol .  

This  process  r e l i e s  heav i ly  on t h e  energy I n t e n s i v e  phys i ca l  

p re t rea tment  (10911) methods such a s  b a l l  m i l l i n g  and d i f f e r e n t i a l  

speed two r o l l  m i l l i n g .  The phys ica l  pretreatment  of t h e ' : s u b s t r a t e '  

has  t h e  fol lowing advantages: a .  This  l e a d s  t o  increased s u r f a c e  

a r e a  and decreased c r y s t a l l i n i t y  of c e l l u l o s e .  b .  This  i nc reases  t h e  

bu lk  dens i ty  'of t h e  s u b s t r a t e  which a l lows  t h e  h igher  s l u r r y  concen- 
' 

t r a t i o n  (up t o  30%) i n  t h e  hydrolyzer .  .The next  s t e p  i s  t h e  product ion 

of enzyme. 
(12,13,14) 

This  has been accomplished by growing t h e  fungus 

T .  V i r i d e  i n  a  c u l t u r e  medium conta in ing  shredded c e l l u l o s e  and va r ious  

n u t r i e n t  s a l t s .  Following its growth, t h e  fungus c u l t u r e  is  f i l t e r e d .  

The c l e a r  . straw-colored f i l t r a t e  i s  t h e  enzyme s o l u t i o n  t h a t  i s  u'sed 

i n .  t h e  sacchar i f  i c a t i o n  v e s s e l .  

During t h e  p a s t  few y e a r s ,  marked progress  has  been made i n  

enzyme product ion (15) w i t h  a  30-fold i nc rease  i n  concen t r a t i on  of en- . . 

zyme i n  t h e  fe rmenta t ion  b ro th  (0.50 t o  1 5  f i l t e r  paper c e l l u l o s e  u n i t s  
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p e r  ml) and a  24-fold i n c r e a s e  i n  p r o d u c t i v i t y  (3 .0  t o  72 u n i t s  p e r  

l i t e r  per  hour) .  These advances were  accomplished by s t r a i n  s e l e c t i o n  (16) 

(17,181 development of improved m u t a n t s '  and o p t i m i z a t i o n '  of f  ermenta- 

t i o n  c o n d i t i o n s .  

The nex t  s t a g e  i n  t h e  o p e r a t i o n  i s  ' s a c c h a r i f  i c a t i o n  (19,20,21)  

of p r e t r e a t e d  s u b s t r a t e  enzymat ica l ly .  The m i l l e d  c e l l u l o s e  is  in -  

t roduced i n t o  t h e  enzyme s o l u t i o n ' a n d  allowed t o  r e a c t  w i t h  t h e  c e l l u -  

. . 0 l o s e  t o  produce g lucose .  The s a c c h a r i f i c a t i o n  t a k e s  p l a c e  a t  50 C and . . 

atmospher ic  p r e s s u r e .  The r e s i d u a l  c e l l u l o s e  and enzyme a r e  r e c y c l e d  

and c r u d e  g l u c o s e  syrup  is f i l t e r e d  and prepared f o r  t h e . n e x t  s t a g e  t o  

produce e t h a n o l .  

. Before  t h i s  p r o c e s s  becomes economical ly  v i a b l e  t h e  fo l lowing  

a s p e c t s  of t h i s  p r o c e s s  w i l l  have t o  be  r e s o l v e d .  The b a l l  m i l l -  

i n g  and two r o l l  m i l l  methods of p r e t r e a t i n g  t h e . ~ i g n o c e l l u l o s i c  bio- 
. . 

mass a r e  energy i n t e n s i v e  and t h e r e f o r e  expensive .  Thus t h e r e  is  a  

need f o r '  t h e  development of a c o s t - e f f e c t i v e  p r e t r e a t m e n t  f o r  c e l l u l o s i c  

m a t e r i a l s  t o  make them r e a d i l y  s u s c e p t i b l e  t o  enzymatic h y d r o l y s i s .  

The enzymatic a c t i v i t y  of t h e  Trichoderma c e l l u k s e  h a s  t o  be  in- 

c r e a s e d  s e v e r a l  f o l d .  S t r a i n R u t  - C-30 (22) 
-- - a p p e a r s  promising b u t  more 

work needs  t o  b e  done. 

F i n a l l y  a n  assumption h a s  been made t h a t  a 30% s l u r r y  of feed  

t o  t h e  hydro lyzer  can  b e  pumped and mixed un i fo rmly  w i t h  c e l l u l o l y t i c  

enzymes which may n o t  be  t r o u b l e  f r e e  i n  a cornmerical s c a l e  u n i t .  

Spano (23 )  from N a t i c k  l a b o r a t o r y  p r e s e n t e d  t h e  most r e c e n t  economics . . 

of their  p rocess  t o  produce 95% e t h a n o l  as shown i n  t h e  t a b l e  ( 4 . 1 . ) .  

. . 
From t h e  c o s t  f i g u r e s  p resen ted  it was c l e a r  t h a t  even t h e  , . 

f a c t o r y  c o s t  of t h e  95% e t h a n o l  produced by t h e  N a t i c k  p r o c e s s  i s  much 



 able 4.1.  Adjustment of t h e  ~ a c t o r y  Cost f o r '  C r e d i t a b l e  Ma te r i a l s  

C e l l u l o s i c  M a t e r i a l s  

* Factory c o s t  
( 9 5% Ethanol)  

Urban Wheat 
Waste Straw 

Estimated C r e d i t s  $0'. 54 

Poplar  

$1.75 

Adjusted f a c t o r y  c o s t  
t o  produce 952 ~ t h a n o l , '  $0.89 $0.98 $1.21 

C r e d i t a b l e  Ma te r i a l s  

1 )  Res idua l  c e l l u l o s e  from hydro lys i s  p l an t  ; $0.36/gal.  e thanol  

6  
Based on combustion energy va lue ,  6000 B tu l lb . ,  $2.75110 Btu. 

2) C e l l u l a r  Biomass from e thanol  p l a n t ;  $0.18/gal .  ethanol. 

Based on $15O/~on  a s  animal feed and/or  f e r t i l i z e r  va lue .  

* Market v a l u e  of 95% e thanol  = $1.12/gal .  



more than  t h e  market p r i c e  ($1'.12/gal. 95% e thano l ) .  One has  t o  be a 

little c a r e f u l  i n  tak ing  c r e d i t s  f o r  t h e  by' products  and a - very ex- 

t e n s i v e  market r e sea rch  on '  t h e '  supply and demand should be  conducted. 

(24,251 4.2.2. Univers i ty  o f '  C a l i f o r n i a  

Professor 'C.R. Wilke has  conducted r e sea rch  and publ ished a 

l o t  of h i s  work. H e  hypothesized many process  schemes based on h i s  

small  s c a l e  l abo ra to ry  work. H e  has  used t h e  c e l l u l o s e  enzyme from 

t h e  s t r a i n  o f ' T .  - V i r i d e  a s  used i n  t h e  Nat ick process .  This  process  

involves  hydro lys i s  of ' c e l l u l o s i c  m a t e r i a l  i n  t h e  presence  of c e l l u l 6 s e  

enzyme t o  produce a sugar  s o l u t i o n  and recovering from t h e  hyd ro lys i s  

produc'ts a major propor t ion  of t h e  c e l l u l a s e  enzyme used i n  t h e  hydro- 

l y s i s  r e a c t i o n  f o r  reuse .  The r equ i r ed  make up c e l l u l a s e  enzyme i s  

produced i n  a two s t a g e  process  wherein,  i n  t he '  f i r s t  s t a g e ,  t h e  micro- 

organisms a r e  grown and i n  t h e  s econd , s t age  t h e  c e l l u l a s e  enzyme forma- 

t i o n  i s  induced i n  t h e  microorganisms conta in ing  c u l t u r e  medium by t h e  

a d d i t  i on  o f '  an app rop r i a t e  inducer ,  such a s  a c e l l u l o s i c  m a t e r i a l .  ~ h k  

sugar s o l u t i o n  recovered . is  concentrated and s e n t  f o r  fe rmenta t ion  t o  

produce e thanol .  S ince  t h e  r e sea rch  used a s  a b a s i s  of t h e  process  de- 

s i g n  has  only gone through bench s c a l e  development, many of t h e  des ign  

assumptions have not  been f u l l y  t e s t e d .  

SRI (26) developed a pre l iminary  des ign  f o r  t h e  process  on t h e  

b a s i s  of r e sea rch  concepts  and pub l i ca t i ons  by C.R. Wilke. The base  

c a s e  is  f o r  a 25 m i l l i o n  ga . Iyear  p l a n t  f o r  95% e thanol  from wheat 

s t raw.  The pre l iminary  des ign  included m a t e r i a l  and energy balances 

and major equipment s p e c i f i c a t i o n  and s i z i n g  which i n  t u r n  were used 

f o r  es t imat ing  t h e  requi red  c a p i t a l  investment.  
B.3, 



The process  is  d iv ided  i n t o  six .opera t ing  sec t ions :  s u b s t r a t e  pre- 

t rea tment  ( m i l l i n g  and prehydrolys is ) ,  enzyme recovery,  hydro lys is  

0 
(5% feed  s l u r r y  a t  122 F) sugar s o l u t i o n '  concent ra t ion '  (4 t o  10.7%) 

enzyme product ion '  and e thano l '  product ion.  A l l  opera t ions .  a r e  continuous 

except  t h e  e thano l  f .ermentation'  s tage .  

According t o  S R I  r e p o r t  t h e  p l an t  g a t e  manufacturing c o s t  f o r  

t h e  p roduc t ioa ' o f  25 r n i l l i ~ n ' g a l / ~ e a r  of 95% e thanol  i s ,  sum~~arfxed  

below: $ /ga l .  

T o t a l  m a t e r i a l  c o s t  2.04 

U t i l i t i e s  c o s t  0.48 

C a p i t a l  c o s t  0.46 

Labor c o s t ,  inc luding  0.36 
overhead - 

3.34 

The major c o s t  is  f o r  m a t e r i a l s ,  which account f o r  about 612 

of t h e  p l an t  g a t e  c o s t ,  w i th  t h e  a g r i c u l t u r a l  waste accounting f o r  

about  12% and m a t e r i a l s  f o r  enzyme production accounting f o r  about 45%. 

P l a n t  g a t e  c o s t  d i s t r i b u t i o n  f o r  t h e  va r ious  s t ages  of opera t ions  a r e  

g iven  below: 

P lan t  s e c t i o n  % 

Enzyme product ion  62 

S u b s t r a t e  pretreatment  12  

Hydrolysis.  1 0  

Enzyme recovery 2 

Sugar s o l u t i o n  concent ra t ion  4 

Ethanol product ion 1 0  - 
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FIGURE 4.2. (eont 'd) . 
\ 

SBI DESIGN OF WILKES.PROCESS ETHAN3L PPOOUCnON FROM ENZYMAnC HYDROL' 
OF AGRICULTURAL WASTES (WHEAT STRAW) 



From t h e  c o s t  f i g u r e s  d i s c u s s e d  above it a p p e a r s  t h a t  t h e  pro- 

d u c t i o n  o f ' e t h a n o l  f r o m ' c e l l u l o s i c  s u b s t r a t e  fo l lowing  t h e  enzymatic 

h y d r o l y s i s  r o u t e  by Wilke 's  p r o c e s s  i s  urreconomical. It i s  e s s e n t i a l  

t o  f i n d  ways t o  s o l v e  t h e  problems d e s c r i b e d  below: 

1. Revovery of enzyme l o s t  w i t h  unhydrolyzed s u b s t r a t e  s o  as t o  

minimize t h e  make up enzyme r 'equirements.  

2 .  Reduct ion of ' - c e l l u l o s e  requirement  f o r .  enzyme p r o d u c t i o n ,  s o  as t o  

reduce  t h e  m a t e r i a l  c o s t  and t h e  equipment, c o s t  i n  enzyme produc t ion .  

3.  U s e  of cheaper  c e l l u l o s i c  s u b s t r a t e  and i n e x p e n s i v e ' n u t r i e n t s  t o  

reduce  m a t e r i a l  c o s t .  

4.  Develop' a  s t r a i n  of 'microorganisms t h a t  can  produce t h e  enzyme w i t h  

r e l a t i v e l y  v e r y  h i g h  l e v e l  of a c t i v i t y ,  can  grow on cheaper  s u b s t r a t e s  

a t  a  s l i g h t l y  e l e v a t e d  t empera tu re  and a t  a f a s t e r  i n d u c t i o n  rate. 

4 .2 .3 . Ind ian  . I n s t i t u t e  of Technology, New D e l h i  (27 

This' p r o c e s s  is  a m o d i f i c a t i o n  of N a t i c k  'process .  S c i e n t i s t s  

from I . I . T .  have found b a l l  m i l l i n g  t o  be  t h e  most s u c c e s s f u l  t e c h n i q u e  

of t r e a t m e n t .  According t o  them i t  reduces  c r y s t a l l i n i t y ,  i n c r e a s e s  

b o t h  c o n t a c t  s u r f a c e  and b u l k  d e n s i t y  such  t h a t  h i g h l y  c o n c e n t r a t e d  

(30% o r  more c e l l u l o s e )  suspens ions  can  be  handled w i t h o u t  d i f f i c u l t y  

i n  con t inuous ly  s t i r r e d  r e a c t o r s  t o  o b t a i n  h i g h e r  c o n c e n t r a t i o n s  of 

g l u c o s e  syrup.  The product  s u g a r s  can  be  recovered  f r e e  .of enzyme and 

c e l l u l o s e  i n  a membrane r e a c t o r .  It should b e  p o s s i b l e  t o  make a com- 

promise between t h e  c o s t  of m i l l i n g  and c o n c e n t r a t i o n  of c e l l u l o s e  sus- 

pension on t h e  one  hand and e v a p o r a t i o n  c o s t  t o  c o n c e n t r a t e  t h e  hydry- 

sate and n e a r l y  60%.of  t h e  t o t a l  c o s t  a t t r i b u t e d  t o  enzyme make up on 

t h e  o t h e r .  A concep tua l  f low diagram of t h i s  p r o c e s s  i s  shown i n  F ig .  ( 4 . 3 . ) .  
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FIGURE 4.3. CONCEPTUAL FLOW DIAGRAM OF THE PROCESS DEVELOPED BY. 
INDIAN INSTITUTE OF TECHNOLOGY 
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. . 

This  process  includes t h e  fol lowing major s t eps :  

1. S i z e  r e d u c t i o n ' o f ' c e l l u l o s i c  s u b s t r a t e  (newspaper) 

2. Trea t  an  aqueous s u s p e n s i o n ' o f ' t h e  s u b s t r a t e  wi th  t h e  QM-9414 

enzyme system (der ived '  from' T. ~ i r i d e )  . 
3 .  Recover sugars  by d i a l y s i s  through a polymeric membrane 

4 .  Followed by f r a c t i o n a l  c r y s t a l l i z a t i o n . t o  s epa ra t e  t h e  one p a r t  

of c e l l o b i o s e  from four  p a r t s  of glucose produced. 

The economics o f ' t h i s  process  a r e  no t  published. This  process  would 

only be  economically f e a s i b l e  i f :  

1. A l e s s  energy i n t e n s i v e  s u b s t r a t e  pretreatment  method' i s  formed. 

2. A low c o s t  membrane f o r  u s e  i n  t h e ,  membrane r e a c t o r  is  developed 

f o r  enzyme recovery, c l ean  sugar product ion,  h igh  r e a c t o r  loading . 

and conservat ion of enzyme. 

3 .  The equi l ibr ium c h a r a c t e r i s t i c s  f o r .  t h e  enzyme deso rp t ion  process  

a r e  ascer ta ined  f o r  t h e  repeated u s e  of t h e  most of t h e  enzyme. 

4.2.4. General E l e c t r i c  - u n i v e r s i t y  of Pennsylvania Process  

This  i s  a we l l  thought process .  Here two process  schemes a r e  

presented.  I n  t h e  f i r s t  process  t h e  d e l i g n i f i e d  biomass is  hydrolyzed 

using a c e l l u l n s e  i s o l a t e d  from~Themoa:c.t:i..~omy~es followed by . a  con- 

ven t iona l  fermentat ion t o  produce e thanol  using a y e a s t .  I n  t h e  second 
- 

process  a very  a t t r a c t i v e  scheme i s  presented.  Here t h e  d e l i g n i f i c a t i o n  

is  c a r r i e d  out  by us ing  n-Butanol. The d e l i g n i f i e d  biomass is  subjected 

t o  a simultaneous s a c c h a r i f i c a t i o n  by T h e r m o a c t i n o m y . ~ ~  and f ermenta- 

t i o n  by t h e  el. thermocellum. The a lcohol  i s  recovered under reduced 

pressure .  

The advantage of t h i s  scheme over t h e  two s t e p  process  is  t h e  

removal of glucose an  i n h i b i t o r  of t h e  c e l l u l a s e  s y s t m ' w h i c h  r e s u l t s  
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i n  increased product y i e l d .  I n  t h i s  p rocess  t h e  problems a s s o c i a t e d  

w i th  t h e  s e p a r a t e  enzyme p roduc t ion ' s t age  a r e  a l s o  e l imina ted .  S ince  

t h e  process  i s  anaerobic  no a e r a t i o n  is requi red .  The p r o b a b i l i t y  of 

contamination under anaerobic  and thermophil ic  ope ra t i ng  cond i t i ons  

a r e  minimized. In s t ead  o f ' coo l ing ,  t h e  e x t r a  hea t  energy may have t o  

be  suppl ied t o  main ta in  t h e  fermenter  under thermophil ic  temperature  

range. The vacuum system, compressor'and H c i r c u l a t i o n  adds t o  t h e  
2 

c o s t .  ~ l t h o u ~ h  t h e  enzyme derived from t h e  Thermoactinomyces degrades 

c e l l u l o s e  f a s t e r  i t  d e t e r i o r a t e s  w i th  prolonged exposure t o  t h e  h igh  

temperature.  Most of t h e  work done i n  t h i s  process  is a t  bench s c a l e  

and t h e  process  scheme presented f o r  simultaneous s a c c h a r i f i c a t i o n  

and f enaenta t  i on '  is conceptual .  Re l a t i ve ly  lower (29) l e v e l  of a c t i v i t y  

of enzyme and a low y i e l d  of e thano lmake  t h i s  process  f a r  from being 

adapted a t  commercial s c a l e .  

The manufacturing c o s t  of 100% a l coho l  by GE-Penn process  i s  

est imated t o  be  $0.703/gal.  Th i s  does no t  included s i t e  p repa ra t i on ,  

feed stoc,k ' p r e t r ea tmen t ,  s t e r i l i z a t i o n  equipment:, nor t h e  c o s t  of en- 

zyme :xSeparat ion.  Theref o r e  no r e l i a b l e  c o s t  f i g u r e s  a r e  a v a i l a b l e  

f o r  t h i s  process .  

4.2.5.Massachusetts I n s t i t u t e  of Technology, Cambridge, Mass. 

(30) The M. I. T. .p rocess  is being developed a t  bench s c a l e .  

This involves  simultaneous sacchar  i f  i c a t i o n  and fe rmenta t ion  of ce l l u -  

l o s e  under thermophil ic  and anaerobic  cond i t i ons  .using C los t e r  idium thermo- 

cellum. A t  p r e sen t  t h e  s c i e n t i s t s  a r e  t r y i n g  t o  produce a b e t t e r  s t r a i n  

of - C 1 .  thermocellum f o r '  r e l a t i v e l y  :. . higher  enzymatic a c t i v i t y .  

E f f o r t s  a r e  a l s o  being made t o  block t h e  metabol ic  pathway of t h e  



organism t o  e l i m i n a t e  t h e  product ion 'of  Acet ic  a c i d  thus  g iy ing  e thanol  

on ly  as t h e  end product .  . 

I n  t h i s  p roces s  t h e  product ion of'enzyme i n  a s e p a r a t e  v e s s e l  

is e l imina ted ,  problems assoc ia ted  wi th  oxygen t r a n s f e r  do no t '  

e x i s t  and t h e  p r o b a b i l i t y .  o f '  c o i ~ t a r n i n a t i o ~ ~  is  minimized. 

S ince  t h i s  process  is  s t i l l  i n  t h e  e a r l y  s t a g e  o f ' i t s  develop- 

3 
ment, no r e l i a b l e  c o s t  f i g u r e s  a r e  a v a i l a b l e .  

4.2.6.Gulf Process  

T h i s  process  is  based on' t h e  enzymatic hydro lys is  of ' c e l l u -  

l o s e  and s imultaneously i ts fermentat ion t o  produce ethanol .  

The c e l l u l a s e s  a r e  prepared by growing t h e  c e l l u l o l y t i c  or- 

ganism - T. r e e s e i  i n  a submerged cu l tu re .  The c e l l u l a s e s  a r e  added 

t o  t h e  saccharification/fermentation a s  a whole c u l t u r e  innaaulum. 

F i l t r a t i o n , .  c e n t r i f u g a t i o n  o r  concent ra t ion  of enzymes is  not  involved 

be fo re  use. ... 

The next  s t a g e  i n  t h e  process  is simultaneous s a c c h a r i f i c a t i o n  - 
and fe rmenta t ion  (SSF).  I n  t h i s  s t a g e  a 5%'v /v  yeas t  b ro th  and 2. 

r e e s e i  c u l t u r e  innoculum a r e  .added t o  a growth medium containing 10% 

0 
w/v c e l l u l o s e .  The SSF is  c a r r i e d  ou t  a t  40 C i n  t h e  WSTR type  vessel . ,  

The advantages of t h i s  process  over t h e  convent ional  two s t a g e  

system is t h a t  g lucose  is  removed which i s  an  i n h i b i t o r  f o r  c e i i u i a s e  

system thus  g iv ing  increased product: y i e l d .  The e thanol  concent ra t ion ,  

because of t h e  l i m i t a t i o n  of t h e  c e l l u l o s e  concent ra t ion  i n  feed s l u r r y ,  

never reaches a Level which i s  i n h i b i t o r y  t o  t h e  yeas t  o r  c e l l u l s s c s .  
.1 

i 
. Ethanol ,  being a v o l a t i l e  product,  i s  a l s o  more eas i ly ,  recovered than  

glucose.  



Another advantage of this process is that the yeast growth 

rapidly produces an anaerobic environment which eliminates the necessity 

for strict aseptic conditions. . 

The process is in its development stage and no cost figures 

are available. 

4.2.7. Rutgers University. 

It is known that the sum of the factors contributing to the 

high cost of cellulose production are: (1) expensive culture medium 

ingredients, (2) high priced fermentors, (3) associated separation 

equipment, and (4) extremely low. yield of enzyme. 

Rutgen University(22) has made considerable advances in 

cellulase enzyme technology; thus, making a desirable contribution in 

improving the process economics related to enzyme'production. The 

yields of cellulase from T. reesei have been increased substantially. 

The cellulase yields from the mutants Rut-NG14 and Rut-C-30 grown.in 

a fermenter are fifteen-fold greater than that obtained from the ' 

wild strain of ~ ~ 6 a  .in a flask culture. They have isolated catabolite 

repression mutants (eg. Rut-C-30) which allow the use of inexpensive 

i n g r ~ r l i e n t s  in the growth medium; for example, the use of corn steep 

liquor, wi.thout any reduction in the yield of cellulase. They are 

also developing and evaluating the thermotolerant strain. 

4.2'. 8. Swedish Forest Produc ts:.Laboratory 

This group has been experimenting with a white rot fungus. 

The enzymes from this organism decomposed not oniy cellulo.se and hemi- 

cellulose but also lignin. This work is in the early stages of experi- 

mentation and looks very promising on the long term basis. 



4.2.9. Miyazaki University, Japan 

Faculty members of this university have conducted research in 

the enzymatic hydrolysis of cellulose using enzymes derived from T. - 
v'iride and A. riiger. It was observed that delignified cellulosic 

residue would hydrolyse much more easily than the same substrate 

with lignin. They found peracetic acid, as the best delignifying 

agent. The group found this process uneconomical and thus R & D. 

efforts were halted. . . 

4.3. Concluding Remarks on Enzymatic Hydrolysis Processes 

Natick process is the only enzymatic hydrolysis process which has 

been developed at bench and pilot scale. 

This process relies on the energy intensive physical pretreatment 

methods such as ball milling and differential speed two roll milling. 

More information is needed on the larger scale to evaluate the energy con- 

sumption by these methods. Thus, there is a need for the development of a 

cost effective pretreatment to make the substrate readily susceptible to 

enzymatic hydrolysis. In this process it has been assumed that a 30% feed 

slurry to the hydrolyzer would not cause any problem in pumping and in 

uniformly mixing it with enzymes in a comme,rcial scale process vessel. 

GE-Pennsylvania Process and Gulf process both appear to be commercially 

attractive and may have a better' future for the following reasons: 

These processes use the method of simultaneous saccharification and fer-. 

mentation to produce ethanol from cellulose in the same vessel. 

1. During the enzymatic hydrolysis of cellulose to glucose and its simul- 

taneous fermentation to produce a.lc.oho1, the glucose an inhibitor for cellu- 

lase system, is removed to give higher yield of product whereas, in the two 

stage Natick process it is not possible. 



2. The SSF processes are anaerobic and thermophilic in nature thus, 

eliminating the need of aeration and maintaining a-strict asepsis in the 

system. 

3. The separate. stages for recovering and concentrating the enzyme is 

eliminated. 

4. The separate vessels to conduct hydrolysis and fermentation'are 

eliminated. 

5. Ethanol concentration in the fermenting broth never reaches a con- 

centration which may be inhibitory to yeast or cellulases. 

No cost figures are available for treating the waste streams thus, no 

comparison of these processes can be made. 

Comparing the factory cost of. producing 95% ethanol using wheat straw 

as the substrate by Natick process ($1.52/gal) and by Wilkes process ($3.34/ 

gal. calculated by SRI) with the market price of $1.12/gal., it appears 

that the enzymatic method to produce ethanol is economically less feasible. 
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5.0. FERMENTATION 

Wood hydrolyzates  have been fermented r a p i d l y  .and e f f i c i e n t l y  i n  p i l o t  

p l a n t  and i n d u s t r i a l  s c a l e  opera t ions  i n  s e v e r a l  coun t r i e s .  The y i e l d s  of 

a lcohol ,  based on fermentable  sugar present  a r e  s i m i l a r  t o  t hose  obtained 

i n  t h e  f e r m e n t a t i o n ' o f ' o t h e r  carbohydrate raw m a t e r i a l s .  . 

Th.e tox ic  na tu re  o f ' t h e  d i l u t e  ac id  hydrolyzate  (192y3) has been repor ted  

i n  t h e  p a s t .  Four p o t e n t i a l  sources of t ox ic  substances have been c i t e d .  

Namely carbohydrate decomposition, l i g n i n  decomposition, extraneous m a t e r i a l s  

present  i n  wood and metal  ions  from equipment cor ros ion .  

The main so lub le  product o f ' p e n t o s e s  i n  t h e  presence of a c i d  under a  

wide v a r i e t y  of condi t ions  is  f u r f u r a l  and t h a t  of hexoses i s  hydroxymethyl- 

f u r f u r a l ,  which i s . r e a d i l y  converted t o  formic and l e v u l i n i c ' a c i d s .  The 

second ac id  i s  r e l a t i v e l y  nontoxic.  High pH a t  h igh  temperature,  dur ing  

n e u t r a l i z a t i o n  s t e p  can cause t h e  formation of many a c i d s ,  aldehydes and 

o the r  compounds. U n d e r k ~ f l e r ( ~ )  has  repor ted  t h e  work of Levers e t  a 1  with 

r e f e rence  t o  t h e  concent ra t ion '  of va r ious  substances requi red  t o  cause 25% 

i n h i b i t i o n  i n  yeas t  propagation o r  i n  fermentat ion a s  shown i n  Table 5.1. 

The t o x i c i t y  of hydrolyzate  may be reduced by t h e  fol lowing condi t ions  

o r   method^'^): 1 )  s t e a ~ u  d i s t i l l a t i o n  2) acc l ima t i za t ion  of t h e  yeas t  

3) d e t o x i f i c a t i o n  r e a c t i o n s  brought about i n  t h e  presence of yeas t  4)  t r e a t -  

ment w i th  l ime 5) p r e c i p i t a t i o n  wi th  p ro t e ins  6 )  adsorp t ion  on su r f ace  

a c t i v e  m a t e r i a l s  7 )  increas ing  t h e  pH, f i l t e r i n g  and r ead jus t ing  t h e  pH 

8) u s e  of l a r g e  yeast- inocula 9) adjustment of ox ida t ion  r educ t ion  po- 

t e n t i a l ,  e.g. ,  by t h e  a d d i t i o n  of s u l f u r  d ioxide  10) holding a t  high tem- 

pe ra tu re  o r  n e u t r a l i z a t i o n  a t  high temperatures and 11) e x t r a c t i o n  o r  

c u l f i d e  p r e c i p i t a t i o n ,  



T A B L E  5 r 1 .TOXICITY OF VARIOUS COMPOUNDS FOR . 
YEAST 

. Concentration Causing 25% 
. ~. Inhibiting Effect , . 

In  yeast In yeast 
propagat io~ fermentation 

Subitanre g pix 100 1u1 g pee 100 ml 

Furfural 0.110 , 0.0740 
~.~~~ruxy~rrcllrylfurfural 0.140 0.9600 
.\!entho1 0.011 0.0096 
Borneol 0.033 0.0130 
d.Pinene 0.002 0.0085 
~'~rogallol  not tested ' 0.3700 
~~hloroglucin not tested 1.3600 . 
Gallic acid not tested 0.2300 
Tannin. not tested 0.0250 
Tcrpineol 0.037 not tested 

,  illin in 0.063 not tested 
Etrcnlyptol 0.065 .not tested 

n .  



During t h e  fermentation'of',woodsugars l a r g e  yeas t  inocula o r  c e l l  

. recyc l ing  system is  e s s e n t i a l  o the r  wise fe rmenta t ion  would proceed very  

slowly. The medium supports  only a small  amount of yeas t  m u l t i p l i c a t i o n  and 

it would be much too expensive to .grow'and  new inoculum f o r  each batch of 

fe rmenta t ion  and t h i s  obviously would n o t '  work, without  c e l l  r ecyc l ing ,  i n  
. . 

t h e  ca se  of ' a continuous fermentat ion '  system. The f ermentat ion '  proceeds 

normally when 1% yeas t  by voliune is used. Yeast m u l t i p l i c a t i o n '  is  regula ted  

by t h e  a d d i t i o n  o f ' . 0 2 %  Urea and .006% monosodium phosphate by weight.  The 

pH of t h e  system should be maintained between 4.5-6 and t h e  optimum fermen- 

0 0 
t a t i o n  temperature i s  between 27 C t o  32 C .  The t ime required. f o r  most 

fermentat ions wi th  1% yeas t  by volume is between 24 t o  40 hours.  

Y e s t  s t r a i n s  a r e  s e l ec t ed  t o  g ive  f a s t  and complete r e a c t i o n  and t h e  

metabolic hea t  must be removed cont inuously t o  prevent damaging temperature 

5 
r i s e .  It amounts t o  about 2.6 x 10 BTU per  1000 l b s .  of sugars  p re sen t .  

This  can be absorbed on an i n t e r n a l  cool ing c o i l s  o r  by cons t an t ly  c i r cu -  

l a t i n g  t h e  l i q u o r  through an ex te rna l  hea t  exchanger, which under t h e  condi- 
. L ( *. 

' . .  . 
t i o n s  of t u rbu len t  flow can provide a n  o v e r a l l  hea t  t r ans f  e r  c o e f f i c i e n t  of 

2 
.>: 

about 300 BTu/ft /OF. This  r ep re sen t s  one of t h e  major u ses  of water i n  
. . 

an  i n d u s t r i a l  a lcohol  p l a n t ,  which can summate t o  a s  much a s  80 ga l lons  of 

water per  g a l l o n  e thanol  produced. 

The oxygen i s  necessary i n  t h e  l a r g e  amounts only during t h e  e a r l y  

s t ages  f o r  t h e  optimum reprndncti,on of yeas t  c e l l  bu t  is  no t  requi red  f o r  

t h e  prnduct ion  of a l coho l ,  During f ermentation, carbon d ioxide  is evolved 

and anaerobic condi t ions  a r e  soon e s t ab l i shed .  

Based 011'78% of t h e  fermentable sugar t h e  y i e l d  of a lcohol  can vary  
,. . 

between 44-48.5%. Assuming a t h e o r e t i c a l  y i e l d  of '51.1%, t h e  fermentat ion . 



e f f i c i e n c y  can f l u c t u a t e  between 86. t o  9.5%. 

The y i e l d  of e thano l "  by va r ious ' p roces se s  have been c i t e d  i n  t h e  

(5). l i t e r a t u r e .  By ~ c h o l l e r  p l a n t  100 kgs o f '  so£ twood y i e lded  51 p a r t s  o f '  

suga r ,  of which 41.3 p a r t s  o r '811  were fermentable .  This  p o r t i o n  was con- 

ve r t ed  t o  a l c o h o l  w i th  88% fermenta t ion  e f f i c i e n c y  t o  y i e l d  23.4 l i t e r s  of 

a l c o h o l .  The p l a n t  l o s s e s  reduced t h i s  t o  22.7 l i ters a s  a  maximum prac- 

t i c a b l e  y i e l d .  

(697) . . f he d a t a  on t h e  Holiminden p l a n t  showed that  the  h e s t  average 

y i e l d s ,  obtained dur ing  t h e  second year  o f '  ope ra t i on '  amounted t o '  1.9 liters 

' p e r  100 kgs of wood. A f t e r  t h e  war t h e  Swiss p l a n t  produced 21 l i ters of 

a b s o l u t e  e thanol  per  100 kgs of wood. 

Among t h e  u s e f u l  and v a l u a b l e  by-products -co l lec ted  would b.e carbon 

d i o x i d e ,  t h r e e  q u a r t e r s  of '.which can be  recovered f o r ' s a l e  a s  compressed 

l i q u i d  o r  d r y  i ce .  Yeast can be  used a s  a  source  of p r o t e i n  and v i tamin  

B complex and t h e  remainder of t h e  f l u i d  af ter recover ing  e thanol  can b e  

u t i l i z e d  a s  animal feed supplement. 

5.1. Review of Fermentation A l t e r n a t i v e s  

The fol lowing fe rmenta t ion  systems have been reviewed: 

1. Open Vat Fcrmcntat ion 

2. Deep Vat F e f i e n t a t i o n  

3. Tower Fermentat ion  

- 4. Vacuum Fermentat ion 

5.' Deep J e t  ~ e r m e n t a t i o n  

5.1.1. O ~ e n  Vat Fermentat ion '  
. , 

Thi s  system cannot '  be  considered f o r  commercial s c a l e  

ope ra t i ons  t o  'produce e t h i n o l '  f o r '  t h e  reasons  g iven  below: 



1. Contaqinat ion 'of  t h e  fermenting medium can be a problem. 

2. There may e x i s t  a temperature g rad ien t  i n  ' the system 

due t o  t h e  heat l o s s e s  f r o m ' t h e  sur face .  

3 .  Depending updn' t h e  temperature of t h e .  fermenting medium 

and i t s  e thanol '  concent ra t ion '  a f r a c t i o n '  of . a lcohol  

would be l o s t  which i s  undes i rab le .  

'5.1.2. Deep Vat Fermentation'  

The f ermenters f o r '  t h i s  opera t  i on '  a r e  s t i r r e d  t ank  r e a c t o r s  

wi th  t h e  r a t i o  of 'volume of f l u i d  t o  t h e  s u r f a c e  ar.ea being a t  l e a s t  

20. 

These a r e  a g i t a t e d  f rom ' the  top  wi th  e x t r a  mixing provided 

by recyc l ing  t h e  l i q u i d  using a pump. The pump should be  such a s  

t o  avoid damage t o  t h e  yeas t  c e l l s  contained i n  t h e  l i q u i d  passing 

through it. It is  d e s i r a b l e  t o  e f f e c t  t h e  thorough mixing of t h e  

yeas t  and t h e  medium by combining t h e  e f f e c t  of t h e  pumping wi th  

t h e  p o s i t i v e  mixing by a g i t a t o r  during t h e  fe rmenta t ion  process .  

E f f i c i e n t  mixing i s  d e s i r a b l e  t o  prevent s e t t l i n g  and t o  i n s u r e  

isothermal ,  homogeneou~ condi t ions .  

Use of b a f f l e s  i n  t h e  tank  avoids  t h e  formation of a vo r t ex  

i n  t h e  system. The mixing a c t i o n  a l s o  prevents  bu i ld  up of s tag-  

nant  f i l m  on t h c  s i d e s  of t h e  tank.  

This  process  provides f o r  a given volume of l i q u i d  t o  pro- 

duce a dense foam confined wi th in  a small s u r f a c e  a r e a ,  t hus  in- 

c reas ing  t h e  depth t o  volume r a t i o  of t h e  foam and f a c i l i t a t i n g  

i t s  removal wi th  minimum dis turbance  t o  t h e  foam-liquid i n t e r f a c e .  

The foam l a y e r  can be removed leaving  a minimum r e s i d u a l  foam t h a t  



i s  d e s i r a b l e  f o r  t h e  purpose of r e t a i n i n g  s u r f a c e  c h a r a c t e r i s t i c s  

favor ing  entrapment of s o l i d s  which c o l l e c t  on'  t h e  sur f  aces  of t h e  

r i s i n g  bubbles  and prevent ing r e e n t r y  o f ' t h e  s o l i d s  i n t o  t h e  li- 

quid.  Hence, t h e  deep f  e m e n t e r  design provides a n  e f£  e c t i v e  

foam cover a t  minimum f o a i  volume per  l i q u i d  volume. 

5.1.3. ~ d w e r  Fermentation'  System 

Tower fe rmenters  have been used i n  U.K. for 'commercial  

opcra t iona  t o .  produce beer and vinegar. A number o f '  Drlitisl~ pa- 

(8,9,1OY1~.,L2,13) 
tent o hsva boon ioouod f o r  t h e  app l i cn t ion  of 

t h i s  system mainly t o  produce beer .  

The ferment e r  ( I 4 )  c o n s i s t s  of a v e r t i c a l ,  cy l i .ndr ica l  

tower w i th  a  c o n i c a l  bottom (~ig .5 .1 : . ) .  Above t h e  tower s e c t i o n  t h e  

v e s s e l  opens i n t o  a  l a r g e  se t t l ing-zone ,  which con ta ins  a ' fo rm of 

y e a s t  s epa ra to r .  Generally an  o v e r a l l  a spec t  r a t i o  of 1 0 : l  w i th  

a spec t  of 6:l on t h e  tubu la r  s e c t i o n  is  used. The sepa ra to r  which 

can b e  of d i t t e r e n t  torms, provides a  volume i n  t h e  tower f r e e  from 

r i s i n g  gas  thus  al lowing yeas t  t o  s e t t l e  and r e t u r n  t o  t h e  main 

body of tower and c l e a r  beer  can be  co l l ec t ed .  To avoid t h e  wash 

o u t  of y e a s t  a  f l o c c u l e n t  type  must be se l ec t ed .  It is  repor ted  

t h a t  a  cont inuous tower fe rmenta t ion  f o r  t h e  product ion of a l coho l i c  

l i q u i d s  i s  f e a s i b l e  w i th  a  cons iderable  i nc rease  i n  t h e  e f f i c i ency .  

Fermentation times a s  low a s  2.4 hours (volumetr ic  e f f i c i e n c y  of 

10)  as compared wi th  t h e  ba tch  fermentat ion t ime of 3-5 days (vol- 

umetr ic  e f f i c i e n c y  of 0.3-0.2) a r e  repor ted .  This  information 

makes t h e  tower fermenter  very  a t t r a c t i v e .  So f a r  t h e  des ign  

equat ions f o r '  tower fe rmenters  a r e  no t  f u l l y  developed and a s  a  



FIGURE 5.1. SCHEMATIC DIAGRAM OF THE APV TOWER 
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r e s u l t  t h e  experience would p lay  a very  important r o l e  a s  compared 

t o  t h e  sc i ence  i n  designing tower f ermenter . . No c o s t  d a t a  'is 

a v a i l a b l e  f o r '  t h e  c a p i t a l  c o s t  o f ' t h e  tower fermenter and t h e  

ope ra t ing  and maintenance 'cost  of such u n i t .  

5.1.4. Vacuum Fermentation 

' (16) I n  t h e  Vacuferm process  f u l l  s t r e n g t h  c l a r i f i e d  molasses 

can b e  f ed  cont inuously t o  t h e  fermenter  s t i l l  along wi th  a r e -  

cycled c e l i  cream o f ' a e r o b i c a l l y  grown y e a s t .  The hea t  of fermen- 

t a t i o n  i n  t h i s  process  may be j u s t  enough t o  d i s t i l l  o f f  e thanol  

whereas i n  t h e  convent ional  fermentat ion 'system t h e  excess  hea t  

genera tor  must be removed wi th  a cool ing system. I n  t h e  Vacu- 

ferm process  a three-fold higher  sugar concent ra t ion  can be fermented 

o r  one-third -of t h e  t ime needed i n  a convent ional  process  i s  possible .  

Therefore,  a cons iderable  reduct  ion '  i n  t h e  s i z e  of f ermenter would 

be achieved. 

The vacuum fermenta t ion  process  appears to he  ~ ~ n ~ r n n n r n i r a l  

f o r  t h e  PDU proc.ess scheme f o r  t h e  following #reasons  : - . . 

1. The sugar  concen t t a t i on  of t h e  wood hydrolyeate  produced would 

be between 4-8% depending on t h e  pretreatment  method, mode of hy- 

d r o l y s i s  and t h e  opera t ing  condi t ions  used. I n  o rde r  t o  adapt  t h e  

vacuum fermenta t ion  t h e  sugar  s o l u t i o n  w i l l  have t o  be concentrated 

t o  20 +% w/w l e v e l .  This  would mean t h e  inc lus ion  of an  energy 

i n t e n s i v e  proce-ss s t e p  and e x t r a  c a p i t a l  f o r  t h e  l a r g e r  and more 

e f f i c i e n t  equipment f o r '  t h i s  s t age .  

2 .  With e l a p s e  o f ' t i m e  t h e r e  would b e  a cons iderable  bu i ld  up of 

substances i n  t h e  fermenter  t h a t  may be  e i t h e r  d i r e c t l y  i n h i b i t o r y  



t o  t h e  yeas t  o r  may c a u s e . a  cons ide rab l e  i n c r e a s e  i n  t h e  osmotic 

p re s su re  o f ' t h e ' f e r m e n t i n g  medium thus  i n h i b i t i n g  t h e  metabolism 

of n u t r i e n t s  and s a l t s  by microorganisms and d r a s t i c a l l y  reducing 

t h e  y i e l d  of e thanol .  I n t e r e s t i n g l y  no s c i e n t i s t  has  i nves t i ga t ed  

t h i s  a spec t  of vacuum fermenta t ion .  

3 .  No one has  repor ted  t h e  d e t a i l e d  energy ba lances  f o r  t h e  

fermenter .  and vacuum system ( s i n c e  a  l o t '  o f '  C 0 2  w i l l  have t o  be 

removed too)  i n  comparison w i t h  t h e  convent iona l  system. 

4 .  The o v e r a l l  economics f o r  t h e  vacuum fermenta t ion  system does 

no t  appear t o  be b e t t e r  than convent ional  system ( i f  1, 2, & 3 

mentioned above a r e  evaluated r ea l i s t i c a1 . ly ) .  

5.1.5. Deep J e t  l ? e&en~a t ion  Process  (17) 

The process  and equipment a r e  developed by.Vogelbusch, 

an  Aus t r ian  company. The deep jet  fe rmenta t ion  is  a n  ae rob ic  

process .  It is  very  e f f i c i e n t  and e f f e c t i v e  f o r :  

1. The product ion of s i n g l e  c e l l  p r o t e i n  from carbohydrates  

(hydrolyzed subs tances ,  s l o p s  from a l coho l  product ion and from 

a g r i c u l t u r a l  waste  products ) .  

2. Microbiological  fe rmenta t ion  t o  produce enzymes and organic  

a c i d s .  

3. B io log ica l  t reatment  of p rocess  e f f l u e n t  s t reams.  

The F i g u r e  (5..2.) shows t h e  b a s i c  des ign  of t h e  Deep Jet 

Aerat ion Process .  The a e r a t i o n  of t h e  l i q u i d  by means of a deep 

je t  is done by r e c i r c u l a t i o n  of t h e  e n t i r e  f ermenter con ten t s  

through a  s imple e x t e r n a l  p ip ing .  The medium t o  be  ae ra t ed  comes 

through a  proper ly  designed suc t ion  l i n e  t o  a  s p e c i a l l y  modified 
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c e n t r i f u g a l  pump. It is  s u i t a b l e  f o r '  l i q u i d s  w i t h  h igh  con ten t s  of 

d i spersed  a i r  which t r a n s p o r t s  t h e  l i q u i d  through t h e  p re s su re  l i n e  

t o  t h e  top  of t h e  aerat ion 'equipment .  From' there  t h e  l i q u i d  f a l l s  

down t o  t h e  r e a c t o r .  The a e r a t i o n  equipment, c a l l e d  t h e  overflow' 

s h a f t ,  is  a  v e r t i c a l l y  mounted con ica l  t u b e . '  By a  propkr des ign  

t h e  r e c i r c u l a t e d  l i q u i d  f a l l s  down. from t h e  top  of t h e  ovkrflow' 

s h a f t  a s  an  annular  stream i n  a  f r e e  f a l l  i n t o  t h e  medium t o  be  a e r a t e d ,  

s e l f .  priming t h e  necessary a i r  quant i ty .  ' I n  t h e  lower p a r t  of the. 

s h a f t  t h e  annular  stream i s  accumulating wi th  t h e  a s p i r a t e d  a i r  t o  

a  homogenous two phase j e t  w i th  very  f i n e l y  d ispersed  a i r  i n  t h e  

l i q u i d  leaving t h e  s h a f t .  The impulse of t h a t  j e t  is  chosen h igh  

enough t o  make t h e  j e t  pass  through t h e  l i q u i d  volume down t o  t h e  

bottom of t h e  fermenter.  I n  t h i s  system high turbulence ,  thorough 

gas  d i spe r s ion ,  long res idence  time of t h e  gas i n  t h e  l i q u i d  and op- 

timum homogeneity a r e  achieved. For t h e  removal of hea t  generated 

during t h e  fermentat ion a  cool ing system can be introduced.  The 

only mechanically moving p a r t s  of t h e  'system a r e  r e c i r c u l a t i o n  pump. 

The demand f o r  def oaming agent is  low s i n c e  t h e  deep j e t  i s  en- 

t r a i n i n g  t h e  foam too. The important f e a t u r e s  of t h e  deep j e t  

fe rmenta t ion '  system a re :  1. high oxygen t r a n s f e r  r a t e s  (12 kgs 

o ~ / c u . M . ~ ~ . ) ,  2 .  h ighes t  p roduc t iv i ty  per  fermenter volume, 

3 .  high  tvrhnl  ence leading t o  an  e n t i r e l y  homogeneous system, 

4. s h o r t  res idence  t ime o r  h igh  throughput r a t e ,  5. low s p e c i f i c  

energy demand f o r '  t h e  oxygen t r a n s f e r ,  6 .  low investment and low 

: maintenance c o s t ,  7 .  low consumption of defoaming agent .  
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. . 

6.0. . RECOVERY OF ETHANOL . . . 
. . 

The f i l t e r e d  l i q u o r  ' af  t e r  f e r m e n t a t i o n  c o n t a i n s  n o t  ' only  e t h a n o l '  and 

w a t e r ,  bu t  a l s o  s m a l l  q u a n t i t i e s  of 'many o t h e r  r e l a t i v e l y  v o l a t i l e  components, 

i n c l u d i n g  low b o i l i n g - p o i n t  a c e t a l d e h y d e  and esters and a  complex m i x t u r e  

g e n e r a l l y  known a s  f u s e l  o i l .  T h i s  h a s  a h i g h e r  b o i l i n g  p o i n t  t h a n  e t h a n o l  

o r  i t s  aqueous a z e o t r o p e  and c o n t a i n s  many h igher  a l c o h o l s  i n c l u d i n g  a w l ,  

i s o p r o p y l  and butyl : ,  t o g e t h e r  w i t h  t h e i r  e s t e r s .  It is imp,ossible t o  o b t a i n  

p u r e  e t h a n o l  i n  a  s i n g l e  s imple  f r a c t i o n a t i o n ,  b u t  it  can b e  ob ta ined  as t h e  

a z e o t r o p e  c o n t a i n i n g  4.4%. water .  The complete  o p e r a t i o n  i s  u s u a l l y .  s p l i t  

i n t o  s e v e r a l  s t a g e s :  

1. The b e e r  i s  s t r i p p e d  w i t h  steam t o  y i e l d  a d i l u t e  e t h a n o l  which 

s t i l l  c o n t a i n s  p a r t  of t h e  unwanted v o l a t i l e s .  

2 .  T h i s  i s  f e d  through a  h e a t  exchanger t o  a  d i s t i l l a t i o n  column, 

from which s e p a r a t e  f r a c t i o n s  can  b e  t a k e n  o f f  i n c l u d i n g :  

(a)  V o l a t i l e  e s t e r s  and a ldehydes  (b) f u s e l  o i l  ( c )  e thanol-water  

m i x t u r e  c o n t a i n i n g  about  25% e t h a n o l  (d) low f r a c t i o n ,  mainly s u r p l u s  water  

3 .  The d i l u t e  e t h a n o l  i s  a g a i n  t a k e n  th rough  a h e a t  exchanger i n t o  

a n o t h e r  column from which t h e  a z e o t r o p e  c a n  b e  t a k e n  o f f  near  t h e  t o p  and 

wate r  from t h e  bottom. Th is  g i v e s  a n  e x t r a  o p p o r t u n i t y  f o r  removal of 

l a s t  t r a c e s  of o t h e r  v o l a t i l e s .  These  s t a g e s  are shown i n  t h e  F igure  6.1.  

A number of methods f o r  producing a b s o l u t e  e t h a n o l  from t h e  a z e o t r o p e  have 

been reviewed. These a r e  b r i e f l y  mentioned below: 

1. Absorpt ion of wa te r  on a m i x t u r e  o f  sodium and potass ium a c e t a t e s .  

2 .  Azeotropic  d i s t i l l a t  i o n  

3 .  E x t r a c t i v e  d i s t i l l a t i o n  

4 .  I n d u s t r i a l  p r o p r i e t a r y  d i s t i l l a t i o n  methods 



FIGURE 6'.1. DIAGRAM OF THREE COLUMN SYSTEM OF DISTILLING ETHANOL AZEOTROPE 
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Vulcan Cinc innat i  

' .. . Vogelbusch Process 

ACR Process 

5. Vacuum D i s t i l l a t i o n  

6 .  Freeze concent ra t ion  

7 .  Solvent Ext rac t ion  

8. Membrane Separa t ion '  

9. Ion  ~ x c h a n g e  and Molecular S ieve  

6.1. Absorption of Water o n ' S a l t s  , 

This  method is  one of . t h e  e a r l i e r  methods of ' removing t h e  r e s i -  
1 

dual  water by absorbing it a s  water o f .  c r y s t a l l i z a t i o n '  on a  mixture  

of sodium and potassium a c e t a t e s .  These s a l t s  a r e  mixed i n  propor t ions  

giving t h e  lowest melt ing poin t  i n  anhydrous condi t ions  and t h e  s a l t  

mixture is  c i r c u l a t e d  counter  c u r r e n t l y  through t h e  ' d i s t i l l a t  ion  column. 

The mixture  is  then dehydrated by heat ing w i t h  i n d i r e c t  high p re s su re  

steam. This  method has been d isp laced  by t h e  azeot ropic  d i s t i l l a t i o n  

technique. 

6.2.  Aieotropic  D i s t i l l a t i o n  (1,2,3,4)  

I n  t h i s  process  ethanol  conta in ing  water i s  dehydrated by t h e  ' 

a d d i t i o n  of benzene a s  a n  e n t r a i n e r .  Here benzene forms a  t e rna ry  

azeotrope wi th  e thanol  and water which has a  higher  r a t i o  of w a t e r : t o  

e thanol  than e thanol  - water azeotrope.. The flow diagram of t h i s  

process  i s  shown i n  t h e  Fig. 6.2. This  azeot ropic  process  u t i l i z e s  t h e  

0 
two-liquid phase separa t ion  a t  20 C i n  t h e  decanter  t o  concen t r a t e  t h e  

benzene en t r a ine r  i n  t h e  r e f l u x  t o  t h e  primary column. Here t h e  bottoms 

product is  e s s e n t i a l l y  pure e thanol  conta in ing  no e n t r a i n e r .  The en- 

t r a i n e r s  which have been used i n  commercial s c a l e  systems a r e  Benzene, ' 



FIGURE 6.2. AZEOTROPIC DISTILLATION - ETHANOL DEmDRATION 
WITH.BENZENE 



T.C.E., n-Pentane, cycloh&xane, Ethyl  Aceta te  e t c .  The d i s a d ~ a n t a ~ e s -  

of ' u s i n g  azeot ropic  d i s t i l l a t i o n ' m e t h o d '  t o  produce a b s o l u t e  e thanol ,  

2 

a r e  t h a t  e n t r a i n e r s  can be very t o x i c ,  and flammable. F r a c t i o n '  of 

v o l a t i l e  so lven t s  a r e  l o s t  through t h e  vents .  Since a  l a r g e  quan t i t y  

of steam is  u t i l i z e d ,  t h e  azeot ropic  d i s t i l l a t i o n '  is energy i n t e n s i v e  

and thus expensive. 

6 . 3 .  Ext rac t ive  D i s t i l l a t i o n  (5,6) 
. . 

I n  e x t r a c t i v e  d i s t i l l a t  ion '  t h e  t h i r d  component o r '  so lvent  which 

is added must not form an azeot rope  wi th  e i t h e r  of t h e  components of 

t h e  mixture t o  be separated.  It must a l s o  be l e s s  v o l a t i l e  than  e i t h e r  

of t h e  components and it must have a d . i f f e r en t  e f f e c t  on t h e  p a r t i a l  

p ressures  of each of t hese  components i n  s o l u t i o n  a t  a  given concentra- 

t i on .  Thus t h e  bas i c  phenomenon upon which t h i s  process  depends, is 

t h e  d i f f e r e n c e  i n  t h e  dev ia t ions  from i d e a l i t y  which i s  mani fes t  by 

non i d e a l  so lu t ions .  A genera l  flow scheme of an e x t r a c t i v e  d i s t i l l a -  

t i o n  system is  shown i n  Fig.  683.  

A number of so lven t s  have Geen.recommended f o r  t h i s  system. Some 

of t h e s e  a r e  Glycerine,  Ethylene Glycol,  P.ropglene Glycol,  e t c .  

I n  t h i s  process  so lven t s  used a r e  non tox ic  wi th  high f l a s h  po in t .  There 

a r e  no vent  l o s s e s  of t h e  so lvent .  The disadvantages of t h i s  system 

a r e  t h a t  s i n c e  e thanol  ' is recovered from t h e  top ,  t h e  equipment needed 

is genera l ly  l a r g e r  i n  s i z e .  The r e b o i l e r  hea t  load i s  much l a r g e r  

and a s  a  r e s u l t  of t h a t  t h e  cool ing load on t h e  condenser would be much 

l a r g e r .  .Another nega t ive  aspec t  is t h a t  t h e  so lven t s  when subjec ted  

t o  higher  temperature can  g e t  degraded. It appears  t h a t  l e s s  c a p i t a l  

c o s t  may be involved i n  t h e  azeot ropic  d i s t i l l a t i o n '  opera t ion ,  bu t  a 
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d e t a i l e d  c o s t  b e n e f i t  a n a l y s i s  needs t o  be  conducted f o r ' a z e o t r o p i c  and 

e x t r a c t i v e  d i s t i l l a t i o n  system before  g iv ing  any concluding remark. 

6.4. I n d u s t r i a l  P r o p r i e t a r y  Dis t i l l a t . ion 'P rocesses*  , 

Contacts  were made with.  some companies t o  l e a r n  more about t h e i r  

p rop r i e t a ry  processes  f o r  t h e  recovery of a b s o l u t e  e thano l ' by  d i s t i l l a -  

t i o n .  The. information '  received from two of t h e s e  companies i s .  summarized 

below.. . 

6.4.1. 'Vogelbusch System (7  

Thi s  company has  developed two d i s t i l l a t i o n ' p r o c e s s e s  

namely: 1 )  t h e  combined d i s t i - l l a t ion- rec t i f i ca t  ion process  '" 

2) d i s t i l l a t i o n - e v a p o r a t i o n  process .  These processes  u s e  cyclo- 

hexane a s  a n . e n t r a i n e r .  The f i r s t  p rocess  a l lows  t h e  u t i l i z a t i o n  

of rust-proof and a c i d - r e s i s t i n g  m a t e r i a l  f o r  t h e  manufacture of 

columns, condenser p ip ing ,  e t c .  Thus, a t t a i n i n g  longer  d u r a b i l i t y  

and higher  r e l i a b i l i t y .  The p l an t  according t o  t h i s  process  essen- 

. t i a l l y  c o n s i s t s  of the . same column u n i t s  a s  t h e  convent ional  pro- 

c e s s  and d i f f e r s  from t h e  same by t h e  s p e c i a l  hea t  economy and 

t h e  f avo rab l e  cons t ruc t ion  of t h e  column p l a t e s .  By an  extended 

. u t i l i z a t i o n  of t h e  hea t  employed £-or t h e  r e c t i f i c a t i o n ,  a d e c i s i v e  

decrease  of t h e  f i g u r e s  of steam consumption can be a t t a i n e d .  The 

amount of steam consumption i n  t h i s  p rocess  can vary  between 28.3 

l b s .  t o  32.5 l b s .  per ga l lpn  of a b s o l u t e  e thanol  a s  compared w i t h  

t h e  consumption of 42-20 l b s .  of steam pe r  g a l l o n  of a b s o l u t e  

e thanol  produced by a conveetioGa1 method.* 

The amount of steam consumed i n  t h e  second process  ( i .  e . ,  

d i s t i l l a t i o n  - evaporat ion) .  is  g iven  a s  20.8 l b s .  of steam per  

* Vulcan C i n c i n n a t t i  c la ims  a p r o p r i e t a r y  d i s t i l l a t i o n  process  which 

consumes 21.5 l b s  of steam pe r  g a l l o n  bf anhydrous e thanol  a s  

compared t o  a convent ional  steam consumption of 44 l b s .  

8 9 



' ga l lon  of a b s o l u t e  ethanol 'produced. A s  f a r  a s  t h e  u t i l i z a t i o n '  

of ' vapor '  compression' system is  concerned a much higher  i n i t i a l  

c a p i t a l  investment i s  needed a s  compared wi th  t h e  f iv .e  s t a g e  

swept s u r f a c e  t y p e  evaporator ;  Although t h e r e  may be a saving i n  

t h e  consumption o f '  steam m o r e . e l e c t r i c a 1  energy would be  u t i l i z e d .  

Therefore u n l e s s  a cheap, source o f .  e l e c t r i c a l  energy is  a v a i l a b l e ,  

a thorough c o s t  b e n e f i t  a n a l y s i s  should be  conducted be fo re  in- 

s t a l l i n g  a vapor compression system. 

(8) 6.4.2. A.C.K. Process  

A .  C .  R. Prucess Corporarion of, U r b a t I ~ ,  l l l i n o i s  has de- 

veloped a y r o p r i r t a r y  d i s t i l l a t i o n  process  t o  produce abso lu t e  

e thanol  wh i l e  maintaining a very  low consumption of steam. 

Thei r  i n t eg ra t ed  process  u ses  gaso l ine  .as  a n  e n t r a i n e r  

which can b e  advantageous s i n c e  any l o s s  o f ' e n t r a i n e r  would be  

added t o  t h e  f i n a l  volume of gasohol.  The t o t a l  steam requi red  

f o r  t h e  i n t e g r a t e d  system, which inc ludes  preprocessing,  preheat- 

ing and dry ing  of t h e  product,  i s  32 l b s .  of steam per ga l lon  of 

abso lu t e  e thanol .  These f i g u r e s  a r e  comparable w i th  t h e  o ther  

systems mentioned e a r l i e r .  

6.5. Vacuum D i s t i l l a t i o n  

Vacuum D i s t i l l a t i o n  is  one of t h e  methods t o  change t h e  composition 

and t h e  b o i l i n g  po in t  of t h e  azeot ropic  mixture.  I n  some cases ,  chang- 

ing t h e  system p res su re  can e l imina te  t h e  azeotropism a l toge the r .  

Ethanol-water azeot rope  (89.4 mole percent  e thanol )  occurs  a t  1 atmos- 

0 
phere and 78.2 C.  It has been reported( ')  t h a t  t h i s  azeotropism d i s -  

appears  a l t o g e t h e r  a t  p re s su re  below' 77 Hg . - 



From a p r a c t i c a l  s tandpoin t ,  one may need a  l a r g e  number of t h e o r e t i c a l  

s t ages  which may lead t o  high i n i t i a l  c a p i t a l  investment. 

6.6. Freeze Concentrat ion 

I n  f r e e z e  concent ra t ion  water i s  f i r s t  segregated from t h e  aqueous 

s o l u t i o n  by c r y s t a l l i z a t i o n .  There upon t h e  concentrated l i q u i d  is  

separated from t h e  i c e  ( ~ i g .  6 .4) .  I n  f a c t ,  t h i s  process  i s  we l l  de- 

veloped and understood ' f o r  t h e  concent ra t ion '  of hea t  s e n s i t i v e  l i q u i d  

foods conta in ing  v o l a t i l e  aromas. Since water is  e s s e n t i a l l y  withdrawn 

from t h e  s o l u t i o n  by t h e  phase t ransformat ion '  from' t h e  l iquid.,  t o  c r y s t a l ,  
. . 

l o s s e s  of so lvent  o r  aroma can be completely avoided. I f  high , ' local 

supercool ings i n  t h e  c r y s t a l l i z e r  a r e  prevented t h e  i c e  c r y s t a l s  of 

high p u r i t y  can be  co l l ec t ed .  The c l e a r n e s s  of s epa ra t ion ,  and espe- 

c i a l l y  t h e  capac i ty  of ice- l iqu id  sepa ra to r s ,  i nc rease  sharp ly  wi th  de- 

c reas ing  s u r f a c e  a r e a  of t h e  c r y s t a l s .  C r y s t a l l i z e r  des ign  and process  

condi t ions  i n  t h e  c r y s t a l l i z e r  must t h e r e f o r e  be  d i r e c t e d  towards . the 

formation of l a r g e ,  and s p h e r i c a l  c r y s t a l s .  This  method of removing 

water i s  r e l a t i v e l y  .we l l  developed.. It is s u i t a b l e  f o r  t h e  hea t  sens i -  

t i v e  l i q u i d s .  This  process  of dehydrating an  aqueous s o l u t i o n  can be  

used on i t s  own o r  a s  a  p a r t  of t h e  o v e r a l l  scheme. 

6.7.  Solvent Ex t r ac t  ion  

It i s  known t h a t  water is in so lub le  i n  most organic  so lven t s  of 

high molecular weights f o r  example, gaso l ine  and kerosine,whereas e thanol  

is  so lub le  i n  many organic so lvents .  

Therefore,  it might be poss ib l e .  t o  remove e thanol  s e l e c t i v e l y  from an  

aqueous mixture by contac t ing  it wi th  a n  organic  so lvent  (possibly. ' 

gaso l ine ,  o r  kerosene) .  



~. 

FIGURE 6..4. SCHEMATIC REPRESENTATION~OF~CRYSTALLIZERS EXTERNALLY . . COOLED. 
BY SUBCRITICAL CRYSTALS. 



Thus, i f  t h e  above process  i s  developed a cons ide rab l e  m o u n t  of 

thermal  energy can,bik saved. Th i s  method of 'dehydratLpg -alcoh,ol.., i s  ... J . . 

d e f i n i t e l y  s u i t a b l e .  f o r '  t h e  product ion '  pf ' gasohol '  s i n c e  t h e  ,:amount of  

so lvent  l o s t  w i th  alcohol 'would no t  have t o  .be recover,ed.Anothe,r ad- 

vantage  of us ing  t h i s  p rocess  would be  t h a t  t h e  ethanol. ' .produced would 

. . 
simultaneously be d'enatured too .  . . L,;.:. ; . ..:' ... .. 

. . 6.8. Membrane Separa t ion  , , ' , ..- ' '  

This  method i s  i n  a  developing s t a g e .  The philo36fihl behihd'. t h i s  

method i s  t o  remove water o r  e thanol  s e l e c t i v e l y  from"an aqueous solu-  

t i o n  of e thanol  t o  produce h ighly  concentrated or' abgokute khan012 

a s  an  end product.  This  can be  a  m u l t i s t a g e  process  wliere t h e  degree  

of d e h y d r a t i o n o f  e thano lwou ld  c o n t r o l . t h e n u m b e r  of s t a g e s n e e d e d .  

Prof .  H. Gregor of Columbia Univers i ty  i s  doing some work i n  devel- 

oping membranes t o  remove concentrated H C 1  from t h e  hyd ro lys i s  s t age .  

S imi l a r ly ,  some work needs t o  be  done i n  developing membranes t o  s e l e c t -  

i v e l y  remove e thanol .  

6.9. By Using Chemical and Phys ica l  Adsorption 

Drying by adso rp t ion  is  used i n  i ndus t ry  because i t  t y p i c a l l y  

produces a  d r i e r  l i q u i d  o r  gas  than can be  obtained by o t h e r  commercial 

methods. However, no t  a l l  adsorbents  can d ry  l i q u i d s  t o  t h e  same de- 

gree .  

Molecular s i e v e s  a r e  ou ts tanding  i n  t h e i r  a b i l i t y  t o  produce low 

e f f l u e n t  water concent ra t ion .  They a r e  t h e  i d e a l  adsorbent  t o  u s e  where-. 

ever extremely dry  streams a r e  requi red .  Water concen t r a t i ons  a s  low 

a s  35 p a r t s  per  b i l l i o n  a r e  ob t a inab le  i n  dynamic dry ing  s e r v i c e  over 

a  wide range of ope ra t i ng  condi t ions .  



. Not only  w i l l  molecular s i eves  s epa ra t e  molecules based on s i z e  

and conf igu ra t ion ,  bu t  they w i l l  a l s o  adsorb p r e f e r e n t i a l l y  based on 

p o l a r i t y  o r  degree  o f '  s a t u r a t i o n .  I n  a mixture of molecules small  

enough t o  e n t e r  t h e  p o r e s , . t h e  l e s s  vo la t i le . . , ,  t h e  more po la r  o r  t h e  

more unsa tura ted  a molecule, t h e  more t i g h t l y  it is  held wi th in  t h e  

c r y s t a l .  Aqueous e thanol  mixtures  have been concen'trated to . .absolu te  

e thano l  by ion  exchange wi th  z e o l i t e s .  ( l o )  Union Carbide Corpofation 

c la ims  . t o  have appropr i a t e  commercfal adsor  bents .  

Therefore,  u s e  of t h i s  method can a c t u a l l y  e l imina te  t h e  energy 

requi red  f o r  d i s t i l l a t i o n  and dehydrat ion '  of a lcohol .  
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7.0. BY-PRODUCT UTILIZATION . 

It must be recognized t h a t  by-product recovery and . u t i l i z a t i o n ,  whi le  

e s s e n t i a l  t o - t h e  u l t i m a t e  success  of .the p ro j ec t , ,mus t  never become t h e  " ta i l  . . 

t h a t  wags t h e  dog". Accordingly ' the  c e n t r a l  theme o f  t h e  PDU process  

w i l l  always be t o  maximize t h e  product ion of e thanol  fro'm,thg biomass i n  a n  

e n e r g e t i c a l l y  and economical1,y e f f e c t i v e  manner. . Only when such a process  has  
. . 

been c l e a r l y  de f ined ,  can a r e a l i s t i c  cons ide ra t ion  of by-product u t i l i z a t i o n  

. ' 
be presented.  Never the less ,  i t  i s  ap f iop r i a t e  t o .  d i s c u s s  some of t h e  under- 

l y i n g  p r i n c i p l e s  r e l a t e d  t o  by-product recovery s i n c e  a g r e a t  d e a l  is  a l r eady  
, . 

known about  those  biomass f r a c t i o n s  which a r e  no t  p a r t i c u l a r l y  well-sui ted 

f o r  conversion t o  e thanol .  

Two bas i c  approaches, both sound, can be invoked regard ing  t h e  general  

u t i l i z a t i o n  of by-products i n  t h e  Georgia Tech fuels-from-biomass program. 

The f i r s t  of t h e s e  i s  based pure ly  upon economic cons ide ra t ions  and would 

d i r e c t  t h e  u t i l i z a t i o n  of by-products towards the  most p r o f i t a b l e ' p r o d u c t s ,  

e . g . , s l n g l e - t e l l  p r o t e l n  from the  hemicelluPoses and phenolic  monomers from 

l i g n i n .  The second fundamentally d i f f e r e n t  approach is  based s o l e l y  upon 

energy 'considerat iof is  'aria"wou1d d i r e c t  by-product u t i l i z a t i o n  towards the  

product'ion of l i q u i d  f u e l s .  i n  t h i s  c a s e  hemicel luloses  would be converted 

t o  ace tone  and butanol  while  the  l i g n i n  could be bul-ned o r  converted 

t o  provide a hi-octane aromatic  f r a c t i o n .  While both approaches 

w i l l  be  considered i n  t h i s  s e c t i o n  i n  o rde r  t o  provide a c l ea r - cu t  def in ib ion  

of choices ,  the  f i n a l  process  s e l e c t i o n  w i l l  undoubtedly r ep re sen t  a hybrid 

of t he  two bas i c  choices .  I n  both cases ,  the  i n i t i a l  steam explosion t r e a t -  

ment con fe r s  a s p e c i a l  advantage t o  t he  PDU ' process  i n  t h a t  i t  br ings  

t h e  raw m a t e r i a l s  t o  a s t a t e  of 'maximum s u r f a c e  exposure whi le  v o l a t i l i z i n g  

t h e  s t e a m - d i s t i l l a b l e  e x t r a c t s  and s o l u b i l i z i n g  t h e  h e m i c e l l u ~ o s e  f r a c t i o n .  
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Furthermore, t h e  l i g n i n  and o t h e r  non-volat i le  e x t r a c t a b l e s  tend t o  phase- 

s e p a r a t e  from the c e l l u l o s e  so  t h a t  they can be more r e a d i l y  removed i n  sub- 

sequent  s t e p s .  ' 

Among t h e  genera l  p r i n c i p l e s  t o  be considered i n  any by-product recovery 

scheme are t h e  fol lowing : 

1. A t  what p o i n t  i n  t h e  process  should the  recovery be made? 

2. What i s  t o  be done w i t h  the  recovered ma te r i a l ?  

3. Anything n o t  recovered i s  waste and w i l l  have t o  be disposed 

of i n  an environmental ly  acceptab le  manner. 

4 .  The o v e r a l l  energy ba lance  should be a s  favorable  a s  poss ib le .  

5. The o v e r a l l  economics should be a s  favorable  a s  poss ib le .  

7 .1.B~-Product  Streams 

Each of  the  above p o i n t s  w i l l  be  discussed i n  t h i s  and o t h e r  subsec t ions  

which fol low.    he f i r s t  of t h e s e  . i s  t h e  quest ion regard ing  the  po in t  w i th in  

a p roces s  a t  which a by-product s t ream is t o  be removed. Since a number of 

p o t e n t i a l  p rocesses  a r e  under cons ide ra t ion ,  lengthy  d i scuss ions  of each wi th  

regard  t o  by-product u t i1 i za t io .n  would seem t o  be a poor use  of resources .  

Therefore. ,  ,only-  one. complete scheme w i l l  be considered as an  i l l u s t r a t i v e  

example. Th i s  example corresponds most nea r ly  t o  t he  modified 

Madison Process  d iscussed  i n  another  s ec t ion .  This  scheme i s  ou t l i ned  i n  . 

Figure  7.1. . The p o i n t s  of recovery w i l l  be descr ibed i n  t h e  fol lowing 

paragraphe:  

Lower te rpenes  i n  p a r t i c u l a r  and the  te rpene  f r a c t i o n  i n  genera l  are 

vu lne rab le  t o  losseo due t o  t h e i r  r e l a t i v e l y  high v o l a t i l i t y .  Recovery a t  

an  e a r l y  stage would t h e r e f o r e ,  have t h e  e f f e c t  of i nc reas ing  t h e  y i e l d  as 

we l l  a s  reducing t h e  c o n t r i b u t i o n  made by such m a t e r i a l s  t o  t he  a i r  p o l l u t i o n  



problems associa ted .  with. the  process. It is theref  ore,  suggested t h a t .  s ince.  

t h e  chipping opera t ion 'genera tes  a modest amount o f "hea t  while a t  t h e  same 

time g r e a t l y  increasing t h e  ava i l ab le  surface  a rea  t h a t  the  t.rapping o f 'vo la -  

t i l e  lower terpenes a t  t h i s  point  be' considered. Yield in£ omktion" ts not 

presented because t h i s  f r a c t i o n ' i s  nomially l o s t  and it is  therefore ,  d i f f i c u l t  

t o  est imate t h e  signif icance.  

The next opportunity f o r  ' by-product recovery can be rea l i zed  e i t h e r  a s  

a separa te  s t e p  immediately following t h e  chipping operat ion o r ' a s  an i n t e g r a l  
. . . . 

p a r t  of t h e  steam explosion process. ~ e r ~ e ' n e s  and o leores ins  a r e  t h e  by- 

products t o  be  recovered and might be removed e i t h e r  a s  a l iquid- l iquid  e x t r a c t  

in which case  a separa t ion  from solvent  is  required.  Both terpenes and oleo- 

r e s i n s  a r e  generated. I f  steam explosion were t o  be ca r r i ed  out  without pre- 

ex t rac t ion ,  t h e  terpenes could be expected t o  show up i n  t h e  spent s'team 

condensate along with whatever f u r f u r a l  might have been created i n  t h e  steam 

explosion process. The o leores ins ,  being less v o l a t i l e ,  should remain with 

t h e  wood. Post-explosion recovery. might r e q u i r e  only a phase separa t ion  a l -  

though t h e  need f o r  a 'solvent ext rac t fon cannot be e n t i r e l y  ru led  out .  

Since t h e  hem~icellulose f r a c t i o n  can be expected t o  be r e a d i l y  hydrolyzable, 

a l l  o r  p a r t  of t h i s  ma te r i a l  may be converted t o  pentosans dufing t h e  st- 

explosion process and thus,  become extracted i n t o  the  aqueous .phase. I n  t h i s  

case  a negative adjustment t o  t h e  y ie ld  f i g u r e s  must be made t o  allow f o r  t h e  

conversion of pentosans t o  f u r f u r a l .  A r e s i d u a l  amount of hemicellulosic 

ma te r i a l  may remain with the  exploded wood. 



The f i r s t  s t age ,  post-explosion so lvent  e x t r a c t i o n  provides another  

. . 
oppor tun i ty  t o  recover  t h e  o l e o r e s i n s ,  l eav ing  behind the  l i g n i n ,  c e l l u l o s e  

and r e s i d u a l  hemice l lu lose .  I f  t h i s  op t ion  i s  exerc ised  i n  preference  t o  t h e  

p rev ious ly  descr ibed  p re -ex t r ac t ion ,  t h e  o l e o r e s i n s  thus  obtained might be 

r e l a t i v e l y  f r e e  from o t h e r  m a t e r i a l s .  

A second s t age  so lven t  e x t r a c t i o n  a f f o r d s  t h e  oppor tuni ty  t o  achieve 

d e l i g n i f i c a t i o n  under unusual ly mild condi t ions .  I n  t h i s  ca se ,  prel iminary 
. . . . 

evidence  sugges t s  t h a t  t he  recovery f a c t o r  w i l l  be about 90%. The s o l i d  phase 

can  be expected t o  con ta in  the  r e s i d u a l  l i g n i n  along wi th  the  r e s i d u a l  hemi- 

ceLluAo~a and tho  c e l l u l o d c  . 
Hydrolys is  of t h i s  s o l i d  m a t e r i a l  provides a  hydro lysa te  conta in ing  

hexoses and pentoses .  It may be d e s i r a b l e  t o ' add  t h e  pentosan-.containing 

hemice l lu lose  hydro lysa te  t o  t h i s  r e a c t i o n  mixture s o  t h a t  f u l l  advantage can 

be t aken  of t h e  hexose component w i th in  t h e  hemice l lu lose ' un i t s .  This  con- 

t r i b u t i o n  accounts  f o r  the  apparent ly  i n f l a t e d  y i e l d  information.  The s ludge 

remaining behind a f t e r  t h i s  s t e p  con ta ins  r e s i d u a l  l i g n i n  (probably h ighly  

condensed) and in so lub le  s a l t s .  It is  no t  c e r t a i n  a t  t h i s  t ime whether t hese  

m a t e r i a l s  r ep re sen t  o p p o r t u n i t i e s  f o r  by-product recovery and u s e  as process  f u e l  

o r '  should .be regarded a s  waste  d i s p o s a l  problems. 
. 

Fermentat ion of t he  hydro lysa te  i n  a d d i t i o n  t o  productng the  des i r ed  

e thano l  a l s o  a f f o r d s  t he  oppor tuni ty  t o  recover  carbon d ioxide  i n  t h e  o f f -  

gases  and s u r p l u s  y e a s t  c e l l s  a s  a  s o l i d  phase. Following the  recovery of . 

t h e  a i c o h o l ,  t h e  remaining l i q u i d '  phase would con ta in  the  r e s i d u a l  pentoses  

t oge the r  w i th  t h e  un-u t i l i zed  hexoses and t h e ' s o l u b l e  s . a l t s .  This  f r a c t i o n  

would r e p r e s e n t  t he  f i n a l  by-product i npu t  stream. 



Georgia ~ e c h  intends to keep a close watch on material balances not only as 

indicators of process success, but as indicators of by-product recovery 
. - 

opportunities and/or points of pollutant release. 

7.2 .  In addition to establishing the point of recovery, due con- 

sideration must be given to what must be. ,done with the recovered material. 

In this case, the actual point of origin of the material is less important 

than its ultimate fate. Therefore, this aspect of by-product utilization 

can be discussed with a greater degree of independence from the overall scheme 

employed to generate the alcohol. It is not to be implied, however, that the 

nature of the by-product is totally independent of its origin. ,. 

Although the terpene fractions could be utilized directly as liquid fuel, 

their unsaturated nature would suggest that direct sale as a chemical inter- 

mediate would be a more worthwhile avenue to explore. Only minimal, "clean up" 

activities would be required to finish this product for sale. Therefore, a 

process diagram .has 'not been included. 

The oleoresin fraction will probably require some upgrading to a material 

having either a higher fuel . value . or a greater economic value since the 

influx of large quantities of this material might seriously degrade its value 

as a commodity in itself. saponification of this extractive material can be 

expected to be a useful first step in the separation of this material into 

more valuable products. The aqueous phase following sapon'ification could be 

extracted immediately to remove fatty alcohols and sterols both of which are 

high value products. Neutralization of the aqueous phase followed by a second 

extraction would leave the sugars and glycerol behind in the water while 
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removing t h e  f a t t y  a c i d s  and r e s i n  ac ids .  D i rec t  fermentat ion of t h i s  s o l u t i o n  

could des t roy  the  sugars  and convert  t he  g lyce ro l  t o  t r imethylene  g lycol .  
. . 

Otherwise, t he  sugar  s o l u t i o n  might be re turned  t o  the  fermentor f o r  eventual  

conversion t o  e.thano1. I s o l a t i o n  of t he  g lyce ro l  i n  s u f f i c i e n t  q u a n t i t i e s  

could provide a raw ma te r i a l  f o r  t h e  manufacture of a c r o l e i n  o r  a lkyd r e s i n s .  

The f a t t y  a c i d s  have a va lue  of t h e i r  own a s  chemical in te rmedia tes .  The r e s i n  

ac id  f r a c t i o n  may be t h e  problem by-product of t h i s  group. New uses ,  o r  f u r t h e r  
. . 

processing may be requi red .  The r e l a t i o n s h i p  of each of t h e  p o t e n t i a l  oleo- 

r e s i n  products  to '  t h e  o t h e r s  is  shown i n  Figure 7.2. The propor t ions  of 

some of t hese  m a t e r i a l s  is  h ighly  source-dependent. Accordingly, it may be . '  

d e s i r a b l e  t o  recover o r  n o t ' r e c o v e r  an ind iv idua l  product depending d n  the  

type of biomass being processed. 

Lignin i s  the  next  major by-product . t o  b,e cons idered  i n  t h e  Georgia Tech 

by-product u t i l i z a t i o n  plan. Since l i g n i n  i s  a major component of'wood, i t  

is  c l e a r  t h a t  any succes s fu l  process  f o r  t he  product ion of l i q u i d  f u e l s  from . 

biomass of t h i s  type must succes s fu l ly  u t i l i z e  t h i s  by-product. Lignin,  i n  

i t s e l f ,  has  a cons iderable  economic' va lue  a s  a feeds tock  i n  t h e  manufacture 

o f ' r e s i n s .  I ts  usefu lness  f o r  t h i s  purpose i s  d i r e c t l y  r e l a t e d  t o  t he  re -  

a c t i v i t y  of i t s  f r e e  phenolic  functkons. The f a c t  t h a t  t h e  Georgia Tech ,process  

begins with steam exploded wood from which the  l i g n i n  i s  ex t r ac t ed  under ex- 

tremely mild condi t ions  a s s u r e s  t h a t  the  l i g n i n  s o  generated would always 

command a premium p r i c e  f o r  d i r e c t  s a l e .  So c a l l e d  "native" l i g n i n ,  a repre-  

s e n t a t i v e  s t r u c t u r e  of which is  shown i n  Figure 7 .3 .  ind , ica tes  a t r u l y  ex- 
,,". 

a .- 

c i t i n g  p o t e n t i a l  f o r  l i q u i d  f u e l  product ion o r  f o r  t he  product ion of va luable  . . 

in te rmedia tes .  Once aga in ,  t he  mild condi t ions  employed f o r  t he  i s o l a t i o n  

of t h i s  ma te r i a l  g r e a t l y  reduce the  oppor tuni ty  f o r  t h e  formation of new 

aromatic carbon-carbon bonds through coupling r eac t ions .  This  i s  an  important 
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f a c t o r  t o  consider  i f  one i s  concerned wi th  t h e  s u i t a b i l i t y  of l i g n i n  a s  a 
. , 

s u b s t r a t e  f o r  t h e  product ion o f '  f u e l  and/or  chemical in te rmedia tes .  Fortunate-  

l y ,  f o r  t he  success  of ' the  u t i l i z a t i o n  scheme, most 'of  t he  l i nkages  i n  "nat ive" 

l i g n i n  do n o t  involve aromatic carbon-carbon bonds and can the re fo re ,  be broken 

wi th  r e l a t i v e  ease  i n  t he  presence of hydrogen and a  s u f f i c i e n t l y  a c t i v e  

c a t a l y s t .  Completely new technology w i l l  n o t  be  requi red .  While t h e  processes  
. ,  

developed t o  d a t e  have gene ra l ly  been d i r e c t e d  towards the  prdduct idn of 

monophenols and phenol i t s e l f ,  i t  was noted almost immediately t h a t  a  p a r t i a l l y  

deac t iva t ed  c a t a l y s t  was requi red  to' avoid the  complete s t r i p p i n g  of func t iona l  

groups and t h e  subsequent genera t ion  of aromatic  hydrocarbcns. S i ~ c e  such 

m a t e r i a l s  commonly have oc tane  r a t i n g s  i n  excess  of 100, they can no t  only " 

serve  a s  l i q u i d  f u e l s ,  b u t  can be used t o  upgrade t h e  oc tane  r a t i n g s  of l e s s - :  

d e s i r a b l e  petroleuin der ived  f r a c t i o n s  f u r t h e r  s t r e t c h i n g  t h e  supp l i e s  of t h e  

very  resource t h e  process  is  designed t o  conserve. The o v e r a l l  y i e l d  of 

l i q u i d  aromatic hydrocarbon' f u e l s  on a dry  wood b a s i s  might' approach 12%. 

Since the  only condi t ion  r q u i r i n g  change i n  o rde r  t o  s h i f t  t h e  process  t o  the  

more economically va luable  phenols i s  the  a c t i v i t y  o-f t he  c a t a l y s t ,  t h i s  pro- 

c e s s  i s  c l o s e  t o  i d e a l  i n  f l e x i b i l i t y .  ~ u r t h e r m o r e ,  m a t e r i a l  balances approach 

1.00% meaning t h a t  v i r t u a l l y  nothing is  wasted o r  l o s t .  

A f l u i d i z e d  bed r e a c t o r  is  recommended wi th  provis ion  f o r  continuous 

c a t a l y s t  a d d i t i o n  and withdrawal so  t h a t ,  perEormance .can be regulated even 

though a  polymeric m a t e r i a l  ( l i g n i n )  w i l l  c o n s t i t u t e  t h e  feed.  The l . ignin 

be introduced a s  a  s o l u t i o n . o r  suspens ion ' i n  a  heavy o i l  so t h a t  i t  can 

be conducted through t h e ' b e d .  wi th  a  higher  degree of uniformity.  The process  

i s  more than s e l f  s u s t a i n i n g  i n  c a r r i e r ,  t h e  excess  of which can be burned 

t o  he lp  meet t he  hea t ing  requirements of t he  hydrogenation u n i t .  Th& products ,  

being more v o l a t i l e  than e i t h e r '  the' veh ic l e  o r  t h e  feed  a r e  r e l a t i v e l y  easy t o  
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c o l l e c t .  A process  diagram is  presented i n  F i g u r e  7.4. The u s e  o f '  a s t rong  

c a t a l y s t  might be expected t o  y i e l d  about 4-6% carbon monoxide, 0-2% carbon'  

d iox ide ,  20-30% a lkanes  (from t h e  dea lky la t ion  o f ' s i d e  cha ins ) ,  20-25% water ,  

45-55% lower aromatics ,  4-6% higher  aromatics  and about 3% of a r e c y c l e  o i l .  

A weaker c a t a l y s t  might provide  3-4% carbon monoxide, '1-2% carbon d ioxide ,  

15-20% a lkanes ,  15-20% water ,  5-10% lower aromatics ,  4-6% higher  aromatics ,  

35-45% mono phenols,  8-10% diphenols ,  and about 2% of r e c y c l e  o i l .  

A l t e r n a t e l y ,  t h e  l i g n i n  stream may be  more u s e f u l l y  and economically employed 

a s  a f u e l  f o r  t h e  t o t a l  e thano l  process .  Its a p p l i c a t i o n  is  under a n a l y s i s .  

Another major c o n s t i t u e n t  of biomass, t h e  hemicel luloses  should be put  t o  

p r o f i t a b l e  u s e  i n  a succes s fu l  process .  Hemicellulose i s  a mixture  of pentoses  

(such as xy lose  and arab inose)  and hexoses (such as glucose,  mannose and 

g a l a c t o s e )  t oge the r  wi th  g lucuronic  ac id .  I n  keeping w i t h  t h e  major-product 

o r i e n t a t i o n  of t h i s  work, it  should b e  noted t h a t  t h e  hexose f r a c t i o n s  derived 

from hemice l lu lose  are added t o  t h e  p r i n c i p a l  fe rmenta t ion  u n i t  and eventua l ly  

wind up as ethanol .  The pentoses  o r  pentosans derived from t h e  hemice l lu los ic  

material are a true by-product and may be d i r e c t e d  towards a v a r i e t y  of products .  

The percentage  d i s t r i b u t i o n  between t h e  pentoses  and hexoses w i th in  a given hemi- 

c e l l u l o s e  is h ighly  dependent upon t h e  source. Therefore,  t h e  r e l a t i v e  success  

of a pentose  u t i l i z a t i o n  scheme would a l s o  depend on t h e  source. For i l l u s t r a t i v e  

purposes w e  have assumed a 13% pentose content  f o r  t h e  biomass u t i l i z a t i o n  p lan  

o u t l i n e d  i n  F igure  7 .l. 

F u r f u r a l  i s  p r e s e n t l y  produced from pentosans i n  a commercial process.  The 

chemical r e a c t  ions leading  t o  f u r f u r a l  involve t h e  dehydrat ion of pentose u n i t s ,  

a r e a c t i o n  which might '  be  expected t o  occur during steam explosion,  par- 

t i c u l a r l y  i f  encouraged by us ing  a pre-soak t o  c o n t r o l  pH during t h e  
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explosion process. This possibility has been shown in Figure 7.1 ... as well 
as in the process diagrams presented in other sections. .The reduction in 

weight plus the fact that the hemicelluloses contain significant amounts of 

other sugars accounts for the apparently low yield representing about 7% of 

the dry wood input. While this material has fuel value, it has a tendency 
. . 

to polymerize which could cause problems if it is to be used as a liquid fuel. 

Since this property is an advantage for use as a chemical intermediate, 

it is suggested that economic considerations be allowed to.rule in thi~~case. 

Furfural should be regarded'as a high-value product. 

Since removal of hemicellulose prior to acid.hydrolysis of'the cellulose 

would reduce the opportunity for conversion of pentosans to toxic chemical 
1 

compounds which could subsequently inhibit t.he donversion.of 

glucose to ethanol, it may be desirable to ferment the hemiceilulose . bydrolysate 

separately with organisms such as'elosfridium felsineum and Slostr,idium -.- 
butylicum resulting in the follodng product distributions (yields based on 

sugar conversion): 

Prod-uc-L 

Butanol 

Ethanol 
1 

Acetone : a . . 

C . Eelsiileum C . butylf cum 

5 7 60 

Isopropanol' - - 25 

Since such organisms utilize both, hexoses and pentoses, separation of 

the mixed sugars would not'be required. In the case of the process shown in 
. . 

Figure 7..1'. , the overall yield on a dry wood basis uould'be about'15-20%. 

Once .again, all of'the products can be used as liquid fuels, altho,ugh a higher 

economic value might be reaiized'if the uses were directed towards chemical 
. . 

intermediates or solvents. A block diagram is presented in Figure7.5. 
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. . 
I f  a product of h igher  economic v a l u e  i s  des i r ed ,  t h e  conversion of 

hemice l lu lose  t o  s i n g l e  c e l l  p r o t e i n  can be envisioned a s  shown i n  F igure  

7.6. . Continuous commercial processes  f o r  ' t h e  growth. of Torula  and o the r  

d e s i r a b l e  s t r a i n s  of yeas t  a r e  c u r r e n t l y  i n  product ion.  The cu r ren t  v a l u e  

of T.orula is  $300.'00 per  ton .  Yie lds  i n  t h e  20-25% range based on sugar 

con ten t  can  be expected. 'On a dry  wood'basis ,  t h i s  amounts t o  about 4%. 

Furthermore, t h i s  m a t e r i a l  might be combined wi th  t h e  su rp lus  yeas t  generated 
. . 

by t h e  fe rmenta t ion  of t h e  hexoses t o  e thanol  and t a rge t ed  towards a common 

o u t l e t .  I f  t h e  process  is  c a r r i e d  beyond c e l l  s epa ra t ion ,  t h e . f i n a 1  pro- 

d u c t s .  could be upgraded t o  nuc le i c  a c i d s  and s i n g l e - c e l l  p ro t e in .  These 

are a l s o  high-value products .  

Carbon d iox ide  should be  regarded as an economically u s e f u l  by-product 

on ly  i f  i t  can b e  passed along t o  a nearby u s e r  i n  t h e  gaseous s t a t e .  The 

c a p i t a l  c o s t s  involved i n  t h e  compression and t r a n s p o r t  of t h i s  m a t e r i a l  

would o therwise  seem t o  'be i nappropr i a t e  t o  an  energy production system. 

. j .  3 .  I n  a d d i t i o n  t o  economic and energy r e l a t e d  quest ions which must 

b e  considered i n  making dec i s ions  about by-product recovery, it  must not  be 

f o r g o t t e n  t h a t  a l l  m a t e r i a l s  not consumed o r  recovered i n  t h e  va r ious  sub- 

processes  a r e  wastes  and t h e r e f o r e  must b e  disposed of i n  a n  environmentally 

a c c e p t a b l e  manner. Thus, even i n  ca ses  i n  which t h e  economics o r  energy 

requirements  a r e  unfavorable ,  i t  may s t i l l  be necessary t o  recover  a by- 

product  r a t h e r  t han  a l low it t o  l e a v e  t h e  s i t e  a s  a pollutant: .  

For example, i t  may no t .o the rwi se  be  d e s i r a b l e  t o  t r a p  t h e  most v o l a t i l e  

t e rpenes  l o s t  dur ing  chipping and s torage .  Nevertheless ,  t h e s e  m a t e r i a l s  
\\ 

can  a c t  a s  a source  of photochemical oxidant  genera t ion  should they en te r  

t h e  atmosphere on  a l a r g e  s c a l e .  I f  c o n t r o l s  a r e  l i k e l y  t o  be imposed on 
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such emiss.ions, t hen  recovery may have t o  be considered even i f  t h e  

va lue  o f ' t h e  recovered m a t e r i a l  does not  f u l l y  o f f s e t  t h e  c o s t  of t h e  

recovery ope ra t ion .  

The a s h  content  o f ' t h e  o r i g i n a l  biomass p l u s  o the r  inorganic 

s a l t s  added a s  a consequence o f ' t r e a t m e n t  r ep re sen t  anorher low-value 

m a t e r i a l  which may have t o  be recovered and so ld  a s  a by-product r a t h e r  

than being allowed t o  e n t e r  t h e  environment. I f  t h e  a sh  content  of t h e  

biomass could be transformed t o  a more r e a d i l y  a s s imi l a t ed  form, it 

might be  re turned  t o  t h e  land as n low-grade f e r t i l i z e r .  Once aga in ,  

t h e  economics a r e  h ighly  unfavorable  and such a recovery scheme would 

only b e  considered i f  r egu la t ions  do no t  permit t h e s e  m a t e r i a l s  t o  <be 

discharged a s  a process  e f f l u e n t .  

D i l u t e  s t reams of organic  m a t e r i a l s  promise t o  be another  waste 

d i s p o s a l  problem which w i l l  f o r c e  t h e  adoption of recovery schemes 

which a r e  e n e r g e t i c a l l y  and/or economically u n a t t r a c t i v e .  Since most 

of t h e s e  can be expected t o  be r e l a t i v e l y  high i n  biochemical oxygen 

demand (BOD), degrada t ion  by microorganisms would seem t o  be t h e  most 

a t t r a c t i v e  form of d isposa l / recovery .  It w i l l  b e  a r e a l  t e s t  of in-  

geiltiley t o  devise s c h a e s  whlch inv6lve eXtYeiiiely l o w  c a p i e a l  c o s t s  

y e t  which w i l l  s t i l l  a f fo rd  some recovery of e i t h e r  energy o r  c a p i t a l  

and which w i l l  fur thermore a l s o  be e f f e c t i v e  i n  removing d i l u t e  organic  

m a t e r i a l s  from l a r g e  volumes of water.  The growth of fung i  i n  p l a s t i c -  

l i ned  p i t s  is an example of a process  which would involve very  low 

c a p i t a l  c o s t s  and which would remove such th ings  a s  pentoses and hexoses 

from s o l u t i o n  i n  t h e  form of a marketable  product.  I f  t h e  growth medium 

i s  maintained a t  a s u f f i c i e n t l y  ac id  pH, t h e  growth of competi t ive 



organisms w i l l  b e  i nh ib i t ed .  . ~ h e r m o ~ h i l i c  anaerobic d i g e s t i o n '  o f '  . 

organic wastes  might be another  means of removing d i l u t e  wastes  whi le  

genera t ing  a small  energy c r e d i t  t o  p a r t i a l l y  o f f s e t  t h e  c o s t s  of t r e a t -  

ment. I n  t h i s  case ,  how&er, process  c o n t r o l '  vould be more d i f f i c u l t  

t o  maintain and c a p i t a l  c o s t s  would be g r e a t e r .  Waste disposal  and 

p o l l u t i o n  cont ro l 'p roblems a r e  bound t o  be a p a r t  o f ' a n y  process  which 

is  employed f o r  t h e  conversion '  o f '  biomass t o  l i q u i d  f u e l s .  The c o s t s  

a s soc i a t ed  wi th  t h e  r e s o l u t i o n  of '. t h e s e  problems may, i n  many cases ,  

be  p a r t i a l l y  off  s e t  by by-product recovery opera t  ions.  

It w i l l  probably be wise t o  d e f e r  a more 'de t a i l ed  cons idera t ion  

of t h i s  . i t e m  u n t i l  more is  known about t h e  n a t u r e  of t h e  waste  s t reams 

and t h e  environmental c o n s t r a i n t s  which w i l l  b e  placed on t h e  process .  

I n  conclusion,  it is evident  t h a t  by-product. recovery must be 

suppor t ive  of t h e  o v e r a l l  process  i n  order  t o  be s e r i o u s l y  considered.  

Th i s  support must t ake  t h e  form of a n  energy c r e d i t  ( i .  e . ,  t h e  by- 

product is  a l s o  a l i q u i d  f u e l ) ,  an  economic c r e d i t  ( i . e . ,  t he .  by- 

product must command . . a high p r i ce )  o r  an  environmental c r e d i t  i n  which 

c a s e  t h e  by-product although no t  n e c e s s a r i l y  having a h igh  va lue  i n  

i t s e l f  mu'st o f f s e t  t h e  c o s t s  of t r e a t i n g  a waste  ma te r i a l .  Since 

l i g n o c e l l u l o s . 3 ~  m a t e r i a l s  con ta in  s i g n i f i c a n t  q u a n t i t i e s  of biochemical 

raw mater ' ia ls  which cannot be  converted t o  e thanol ,  it is  f u r t h e r  evi- 

dent  t h a t  some by-product u t i l i z a t i o n  w i l l  b e  requi red .  Therefore,  it 

i s  phi losophica l ly  important t o  no te  t h a t  s e v e r a l  of t h e  major by- 

products  suggested i n  t h i s  s e c t i o n  can a l s o  ' se rve  a s  l i q u i d  f u e l s  and 

t h a t  t h e  u t i l i z a t i o n ' o f ' s u c h  m a t e r i a l s  is  f u l l y  c o n s i s t e n t  wi th  t h e  

o v e r a l l  ~ r o j e c t  goals .  I n  f a c t ,  an  on - s i t e  blending o f ' t h e  aromatic  ' 



hydrocarbon by-product stream w i t h  t h e  primary p roduc t  could  p r o v i d e  

a l i q u i d  f u e l  which . is more h i g h l y  s u i t e d  f o r '  e v e n t u a l  a d d i t i o n '  t o  

g a s o l i n e  t h a n  m i g h t  b e  t h e  e t h a n o l '  a l o n e .  
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8.0. PROCESS ECONOMICS 

Of'  fundamental importance t o  e thano l '  fe rmenta t ion '  i s  t h e  c o s t  of ' t h e  

fe rmentable  sugar .  There a r e  a number of ' sources of ' sugar including sugar  

c rops ,  g r a i n  c rops  ( s t a r c h ) ,  and c e l l u l o s i c  m a t e r i a l s .  I n  each case ,  t h e r e  

a r e  two u n i t  c o s t s  involved: (1) t h e  c o s t  o f '  t h e  r a w  m a t e r i a l  i t s e l f ,  and 

(2) t h e  c o s t  of conver t ing  t h e  raw m a t e r i a l  t o  a sugar so lu t ion .  F o r ' t h e  

sugar  and g r a i n  c rops  t h e  conve r s ion ' cos t  is  r e l a t t v e l y  Inw'as  r.nmpared tn  

rhar of t h e  c e l l u l o s i c  m a t e r i a l s .  . ,  

The p r i c e  of r a w  sugar  has va r i ed  widely over t h e  l a s t  few yea r s  rang- 

i ng  from $0.01 t o  $0.65 per  pound of r a w  sugar  (1 ) .  1977 c o s t s  f o r  sugar 

i n  molasses and in cane j u i c e  were repor ted  t o  'be $0.05 and $0.06 per  pound 

of sugar  r e s p e c t i v e l y  (2 ) .  

Grains,  such a s  corn,  con ta in  s t a r c h  which is  e a s i l y  hydrolyzed t o  

sugar  s o l u t i o n s .  The effect of corn  p r i c e  on t h e  raw mar~ri.a1 r o s t  of h e x ~ s ~ e  

from corn  s t a r c h  is  shown i n  Table 8.1. (3). 

. The c o s t  of conver t ing  t h e  corn  i n t o  hexose would be  a nominal $.01 

per  pound of hexose. 

C e l l u l o s i c  m a t e r i a l s  a r e  much more d i f f i c u l t  t o  hydrolyze than  is s t a r ch .  

There a r e  two gene ra l  methods of hydrolyzing c e l l u l o s e ,  enzymatic and a c i d i c .  

. Nei ther  method ~ u r r e n t . 1 ~  produces a 100 per  cent  conversion of c e l l u l o s e  

t o  hexose. Recent pub l i ca t ions  desc r ib ing  enzymatic hydro lys is  processes  

u s e  a y i e l d  of 0.45 pound of hexose per  pound of c e l l u l o s e  (41% of theory)  

w i t h  0.55 pounds of c e l l u l o s e  remaining unhydrolyzed (4 ,5 ,6) .  S imi l a r ly  

v a r i o u s  ac id  hydro lys i s  processes  u s e  y i e l d s  of 0.6 pounds of hexose per  

pound of c e l l u l o s e  (35% of theory)  w i t h  a varying po r t ion  of t h e  unaccounted 

f o r  c e l l u l o s e  being degraded i n t o  chemical by-products (7.8). A so lvent  



Table 8.1. E f fec t  of Corn P r i c e  on Raw Mater ia l  Cost of - .  

Hexose from Corn Starch* 

Corn S ta rch  

P r i c e  of Corn 
$/Bushel 

Raw Mater ia l  
Cost,  $ / l b  o f  Hexose 

* GT c a l c u l a t i o n s  based on Reference ( 3 ) .  . 



a c i d  hyd ro lys i s  p rocess  i s  d e s c r i b e a ' a s  conver t ing  97% of t h e  c e l l u l o s e  

i n t o  hexose (9, lO).  Obviously n o t ' o n l y  t h e  u n i t  c o s t  o f ' t h e  raw m a t e r i a l  

b u t  a l s o  t h e  y i e l d  w i l l  d r ama t i ca l l y  , e f f ec t  t h e  u n i t  c o s t  o f '  t h e  hexose 

produced. 

The e f f e c t  of corn  s t o v e r  p r i c e  and yie.1.d on t h e  raw m a t e r i a l  c o s t  is 

shown i n  Table  8.2. The co rn  s tove r  i s  assumed t o  be  40 percent  ce l - lu los ic  

(hexsans only) m a t e r i a l s  on '  a d ry  b a s i s  (1).  The e f f e c t  of.' wheat s t raw 

p r i c e  and y i e l d  on t h e  saw m a t e r i a l  c o s t  i a  shown i n  Table  8.3. The wheat 

s t r a w  is assumed t o  be  34 percent  c e l l u l o s i c  (hexosans only)  m a t e r i a l  (5) .  

The e f f e c t  of wood c h i p s  p r i c e  and y i e l d  on t h e  raw m a t e r i a l  c o s t  i s  

shown i n    able 8.4 The wood ch ips  are assumed t o  be 55% c e l l u l o s i c  m a t e r i a l s  

and 25% l i g n i n .  

There have been a number of p rocesses  proposed t o  convert  c e l l u l o s e  t o  

hexose. Wilke, Yang and van Stochar  (1977) a t  Berkeley estimated t h a t  an 

enzymatic p l a n t  w i t h  a f eed  of 885 t o n  per  day of newsprint would produce 

hexose f o r  a conversion c o s t  of $0.052 pe r  pound of hexose (y i e ld  of 0.35 

l b .  hexose per pound c e l l u l o s i c  m a t e r i a l s )  (4) .  . Recently Spano -- et a 1  (1978) 

a t  Nat ick  est imated a s i m i l a r  p rocess  t o  t r e a t  230 ton  of c e l l u l o s e  per  day 

from urban waste,  wheat s t raw,  o r  .poplar would produce h w o s e  f o r  a con- 

v e r s i o n  c o s t  of $0.054 per  pound of hexose ( y i e l d  of 0.45 l b .  h&ose per  

pound c e l l u l o s e )  (5).. With a des ign  based on d a t a  from Berkeley and Nat ick 

'SRI c a l c u l a t e d  a conversion c o s t  of $0.19 per l b .  of hexose f o r  a f a c i l i t y  

t o  treat 3300 t o n  wheat s t raw per day (y i e ld  of .45 l b .  hexose per  pound 

hexsan) (5 ) .  G r e t h l e i q  (1978) es t imated a conversion c o s t  of between 

$.0.018 t o  $0.025 .per  .pound of 'hexose f o r  a cont inuous .acid h y d r o l y s i s . f a c i l i t y  

( y i e l d  of 0.47 pound 'of hexose per pound of c e l l u l o s i c  m a t e r i a l s )  (7y. . 

*l3ased on newsprint .  Excludes raw m a t e r i a l  c o s t .  
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Table 8.2.Effect of Corn Stover B r i c e  o n ' ~ a w  Mater ia l  Cost o f '  
Hexose from Corn Stover & 

Cost of Corn 
Stover $ /dry  ton  

Raw Mater ia l  Cost,  
$ / l b .  of hexose, 
Based on y i e l d  of 
0.45 l b .  hexose per  
pound of c e l l u l o s i c  
m a t e r i a l s  

Raw Mater ia l  Cost,  
$ / l b .  of hexose, 
Based on y i e l d  of 
0.6 l b .  hexose per  
pound of c e l l u l o s i c  
m a t e r i a l s  

Raw Mate r i a l  Cost,  
$ / lb .  of hexose, 
Based on y i e l d  of 
0.75 l b .  hexose per  
pound of c e l l u l o s i c  
m a t e r i a l s  

* GT c a l c u l a t i o n s  based on Reference (1 ) .  



Table 8.3,The Effec t  of Wheat,Straw Pr ices  on Raw Material  Cost of 
Hexose from Wheat Straw ' d  

Cost of Wheat 
Straw $ / ton  

Raw Mater ia l  Cost, 
$ / l b  Hexose,Based 
on y i e l d  of 0.45 l b .  
Hexose per lb .  of 
c d l u l o s i c  ma te r i a l  .033' ' .050 ,066 .081 

Raw Material Cost, 
$ / l b  Hexose, Based 
on y i e l d  of 0.6 l b .  
Hexose per  l b .  of 
c e l l u l o s i c  mater ia l  .024 .038 .050 .062 

Raw Mater ia l  Cost, 
$ / l b  Hexose, Based 
on y i e l d  of 0.75 l b .  
Hexose per l b .  of 
c e l l u l o s i c  ma te r i a l  .. 02 .030 .039 .050 

* i;T ca lcu la t ions  based on Reference ( 3 ) .  



Table 8.4. The Ef f ec t  o f '  Wood' Chip P r i c e  on '  ~ a w  Mate r i a l  c o s t s  o f '  
. , Hexose from Wood' Chips 

Cost of Wood Chips 
$ /dry  t on '  

Raw Ma te r i a l  Cost ,  
$ / l b .  o f '  Hexose 
Based' on'  y i e l d  of 
0.45 l b .  ~ e x o s e /  , 

l b .  c e l l u l o s i c  .040 .051 .060 0.071 .080 

Raw Mate r i a l  Cost ,  
$ / l b .  of Hexose 
Based on y i e l d  of 
.6  l b .  ~ e x o s e l l b .  
c e l l u l o s i c  

Raw Mate r i a l  Cost., 
$ / l b .  of Hexose 
Based on y i e l d  of 
0.75 l b .  ~ e x o s e / l b .  
c e l l u l o s i c  .025 .031 .037 ' .  .043 .048 

* GT c a l c u l a t i o n s  based .on  Table  8.3. 



~ r t h u r  G.. McKee & Company (1978) est imated a conversion '  c o s t  of ' $0:. 035 

per  l b .  o f ' hexose  f o r  a f a c i l i t y  t o  t r e a t  approximately 1800 tons  of corn 

s t o v e r  per  day us ing  a so lvent  a c i d , h y d r o l y s i s  process  (y i e ld  of 1.07 l b .  

of hexose per  pound of c e l l u l o s i c  m a t e r i a l )  (9).  B a t t e l l e  (1978) f o r  a 

s i m i l a r  so lven t  a c i d  hydro lys is  process  est imated a conversion c o s t  of 

$0.047 per  pound hexose f o r , ' a  f a c i l i t y  t o  convert  1400 tons. per  day of 

co rn  s tove r  (1.07 pounds of hexose per  pound of c e l l u l o s i c  m a t e r i a l s )  (10) .  

Reported c e l l u l o s i c  conversion c o s t s  t.hen range from $0.018 t o  $0.19 

per  pound of hexose. S ince  t h e  c o s t  es t imat ing  used t o  c a l c u l a t e  t h e  con- 

v e r s i o n  c o s t s  v a r i e d  dramat ica l ly ,  it i s  not  p o s s i b l e  t o  d i r e c t l y  compare 

each process  only on t h e  b a s i s  of conversion c o s t s .  It appears  s a f e  t o  

assume, however, t h a t  t h e  conversion c o s t s  f o r  t h e  c e l l u l o s i c  m a t e r i a l s  

w i l l  b e  a t  least t w i c e , t h a t  of s t a r c h  (a.nomina1 $0.01 per  pound of hexose). 

From.the r e l a t i v e  raw m a t e r i a l  c o s t s ,  i t  is  apparent  t h a t  h igh  conversions 

of t h e  c e l l u l o s i c  materials i n t o  hexose w i l l  be  necessary f o r  it t o  be com- 

p e t i t i v e  with corn. I n  a l l  of the aforementioned conversion cost ~ s t j m s t e s ,  

no c r e d i t  was taken f o r  by-products such a s  pentoses ,  unreasted c e l l u l o s e ,  

and s i n g l e  c e l l  p ro t e in .  C r e d i t s  f o r - s u c h  by-products can dramat ica l ly  

a f f e c t  t h e  u n i t  c o s t s  of t h e  hexose produced, 

The c u r r e n t  pr ice of corn is  approximately $ 2 .  Snlh i l sh~l  , Fnr the  produc- 

t i o n  of hexose, t h e  raw m a t e r i a l  c o s t  due t o  the corn would h e  $O.Ohllpound 

( s e e  Table 8.1) .With a conversion c o s t  of $O.Ol/pound hexose, t h e  est imated 

sugar  c o s t  would be  $0.07l/pound f o r  a corn process .  The by-product from 

t h e  corn  process ,  d i s t i l l e r s  g r a i n  f eed ,  could c o n t r i b u t e  a c r e d i t  of $0.026/ 

pound of hexose (3) .  Thus hexose from corn  would be from $.035 and $.071 

per  pound of hexose. In  order  t o  b e  c o s t  e f f e c t i v e ,  sugar from c e l l u l o s i c  



m a t e r i a l s  must be competi t ive.  This  c a n . 6 e  accomplished only by .opt imiz ing  

hexose f rom 'ce l lu lose  c o s t s  including raw m a t e r i a l  c o s t s .  

Ethanol '  a t  $1.20/gal. o f '  95% ($15/MMBTU) is  t h e  equiva len t  o f '  $0.0771 

pouhd of hexose. The c o s t  o f '  conirerting'hexose t o  95% e thano l '  i s  approxi- 

mately $0:.02 per  pound o f '  hwose .  . Thus t h e  c o s t  of e thanol  (95%) can be  

held t o  below $1.20/gal. if hexose can be  produced from c e l l u l o s i c  m a t e r i a l s  

f o r  SO.057Ipound hexose. 
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INFORMATION FROM TELEPHONE CALLS MADE 1/11 - 1/15  

STRAW RESIDUES 

Cost e s t ima te s :  $60 per  t o n  appears  t o  be  a  r e a l i s t i c  e s t ima te  - 

assumes t h a t  Tech purchases  when harves ted .  (wheat straw) 

Es t imates  of c o s t  suppl ied  by ind iv idua l s  

McWhorter (Ga. Dept. o f 'T ranspo r t a t i on ) :  Should b e  a b l e  t o  g e t  it 

f o r  $40-60 pe r  ton.  

County Agents 

Bigham: $1  per  b a l e  (35-40 l b s .  111 ba le )  dellv-ered t o  A t l an t a .  

Daniel:  around $70-75  dc l ivc red ;  not  o v e r  $80. 

Farmers : 

Waters: $1 .25  per  b a l e  a t  barn;  $1~.'50 per  b a l e  de l ive red  i n  A t l an t a ;  

70-75 b a l e s  i n  a  t o n  

McClure: $70 per  t o n  de l ive red  

Anderson: 3 1 1 2 ~  - 4~ per  pound de l ivered .  

11. F'actors a f f e c t i n g  c o s t .  

1. Weather: Amount of r a i n  and v a r i a t i o n s  i n  temperature  

2. - P r i c c  of wheat t h i s  season in f luences  t h e  amount p lan ted  t h e  

next  season. Anderson (farmer) s a i d  he  knew t h a t  4,000 a d d i t i o n a l  

a c r e s  were p lan ted  i n  Newton County t h i s  year  because of h igher  

wheat p r l c c o .  

3.  Time of purchase: V i r t u a l l y  everyone remarked t h a t  Lhe p r i c e  would 

be  less i f  t h e  farmer d i d n ' t  have t o  s t o r e  t h e  s t raw.  Brannen 

(county agent )  commented t h a t  s t o r a g e  changes/ lessens t h e  n u t r i -  

t i v e  con ten t  of t h e  s t raw.  

4. Combining and d e l i v e r y .  "It c o s t s  a s  much t o  combine, etc. t h e  



poorest  s t raw a s  it  does t h e  b e s t  hay ." The farmers  don ' t  want - 

t o  s e l l  i n  t o n ' l o t s  - they l i k e  handling ba l e s .  .One o f . t h e  fanners  

t o l d  me t h a t  t h e  s t raw had t o  be baled t o  g e t  it off t h e  f i k l h  - 

t h i s  I don ' t  bel ieve.  

I n  d iscuss ing  c o s t s ;  one o f '  t h e  county agents  r e f e r r e d  t o  t h e  im- 

pact  of whether a farmer h a s . t o  load and unload t h e  t ruck .  This 

could mean t h a t  i f  ' Tech supplied t h e  manpower ' t o  unload  the^ .straw, 

t h e  p r i c e  might be l e s s .  

111. Straws Available: 

Wheat s t raw appears t o  be t h e  most l i k e l y  feeds tock  - t h a t  is,  it is  

a v a i l a b l e  i n  s u f f i c i e n t  q u a n t i t i e s  . 
Only one farmer'(Anderson) ind ica ted  t h a t  he had s t raws  o the r  than  

wheat ava i l ab l e .  The farmer who is c los ing  shop has o a t  s t raw c u r r e n t l y .  

There was genera l  agreement among . a l l  t h e  comments ' t h a t  wh&t was t h e  bes t  

prospect  of those  named, followed by o a t s  and r y e  i n  t h a t  order .  .The 
. . 

comments. about t h e  a v a i l a b i l i t y  of sorghum were a l l  negat ive.  One person 

s a i d ' ~ e o r g i a  mountain area might have some but  g e t t i n g  it would be too  c o s t l y .  

Severa l  people asked i f  soybean and peanut v ines  were being considered 

and Bigham (county agent)  s t r e s s e d  t h e  va lues  (from':the farmersl ,s  po in t  

of view) using a " t rash""crop  a s  a feeds tock  f o r  t h e  p ro j ec t  - " t r a s h  crop" 

.being i n  eff'ect t h e  r e s u l t s  of t h e  c leaning  of an  i d l e ,  uncared f o r  f i e l d .  

I V .  Sources/ locat ions of supply: 

~ n f o n n a t i o n  provided i n d i c a t e s  t h a t  wheat 'straws can be obtained from 

Newton, Henry, Fayet te ,  But t s ,  and ,Jackson  count ies .  

A l l  7 of t h e  county agents  ind ica ted  wi l l ingness  t o  he lp  i d e n t i f y  

farmers who could supply s t raw.  N ~ t ' s u r ~ r i s i n g l y ,  agents  i n  DeKalb, Ful ton,  



and Cobb were n o t . o p t i m i s t i c  about straw being a v a i l a b l e  i n  any s i g n i f i c a n t  

amount . i n  those  count ies .  The agent i n  Cobb s a i d  you.might g e t  some i f  

t h e r e  were a c e n t r a l  c o l l e c t i o n ' p o i n t  i n  t h e  county t o  which farmers  could 

b r ing  smal l  amounts. Straw is  a v a i l a b l e  i n  Rockdale county t h e  agent  s a i d ,  

bu t  a l l  of i t  is so ld  t o  n u r s e r i e s ' i n  A t l an t a  for 'mulch  - going r a t e  is 

$1.00 per  b a l e  d e l i v e r e d .  

The agents  from both  Faye t t e  and Bu t t s  coun t i e s  s a i d  they were confi-  

dent  t h a t  s t raws  could b e  obtained from those  c o l 6 t i e s  bu t  they d i d  no t  . 

want t o  e s t ima te  how much. A t  t h e  fa rmer ' s  meeting i n  Henry County, 

P ipk in  (county agent )  s a i d  1 5  farmers ind ica ted  i n t e r e s t  i n  supplying s t raw 

and he  has t h e i r  names. 

Each of t h e  farmers  I ta lked  wi th  volunteered t h e  information t h a t  

t h e r e  were o the r  ,farmers i n  h i s  county who would have straw f o r  s a l e .  
. . 

Anderson s a i d  h e  had approximately 150 tons  t h i s  year .  McClure s a i d  he 

u s u a l l y  had wheat s t r a w  a v a i l a b l e  a l l  year  - about 10,000 b a l e s  this year 

( 200 t o n s ? ) .  Waters cou ldn ' t  e s t ima te  what he  had. He d id  t e l l  me t h a t  

70-75 b a l e s  = a ton ;  t o  o f f e r  d e l i v e r y  i n  300 b a l e  l o t s ,  a s  he  d i d  i n  h i s  

ad ,  sugges ts  he must have a l a r g e  quan t i t y  a v a i l a b l e .  

V. Harvest .  time f o r  wheat s t raw 

Newton County: May 1 5  - June 15, no l a t e r  than  June 20 

B u t t s  County: June  

Jackson County : Mid-June 

Telephone Calls Jan .  11 - Jan .  15 

Calls made t o :  

County Agents 

DeKalb County 371-2821 . Newton Hogg 



. - 
Ful ton  County 572-32'61 ' Robert Brannen 

Cobb County 422-2320 B i l l  ~ u r d ' e n  ' 

Rockdale County 922-7750 LeRoy Bigham 
. . 

But t s  County 404-775-2601 Mi l la rd  Daniel 

Henry County 957-9131' J'ohn Pipkin  
. . 

Faye t t e  County 404-461-4580 , Aubrey Varner 

Georgia Dept. of Transpor ta t ion '  293-8911 Barry McWhorter 

Farmers adve r t i s ing  i n  Market B u l l e t i n  

Covington 404-786-,0182' . J . O .  Anderson 

Commerce 

~ e f  f erson 

~ a c  kson 

Jack  Mathis 

. . 
404-335-3867 Dan Waters 

404-367-8695 B.E. McClure 

404-775-2550 Les te r  Barnes (Going out 

of bus iness  - won't have anymore) 
. -  . 

894-3863 

Sandy. Morehouse 581-7228 

c a l l  from 

Bud Greer Daj-ry man i n  Henry County 946-3130 

Telephone Conversation wi th  Alexander Morehouse 1/16: 

He i s  a farmer and apparent ly some kind of brokerlagent .  Jack  Mathis 

r e f e r r e d  me t o  him. Am not even c e r t a i n  I have spe l l ed  h i s  name c o r r e c t l y .  

H e  is  going t o  w r i t e  m e  a l e t t e r ,  however. 
:. . 

He s a i d  he would l i k e  t o  supply t h e  s t raw - a l l  t h a t  Tech would need - 
. .  - 

t h a t  he would not  have a l l  of it on h i s  farm - it  would come d i f f e r e n t  'p laces .  

He s a i d  s t raw is c u r r e n t l y  an  "elusive" commodity. MARTA is  re spons ib l e  

i n  p a r t .  It might be necessary t o  pay f o r  i t  i n  advance t o  " d e f i n i t e l y  

l o c k  it in .  



As t o  c o s t s ,  he  d i d  quick  f iguring.  on t h e  phone: $1.50 .per b a l e  de- 

l i v e r e d  t o  At lan ta ;  35' l b s .  t o  ba l e ;  57 t o  ton;  $85. per  ton.  That he  

s a i d  was high;  h e  thought h e  could do b e t t e r .  

Summary of Telephone Conv.ersation'with Barry McWhorter, G a .  Dept. of 

Transportation'(292-8911) - MEA: 
The Department u ses  t h e  Market B u l l e t i n  t o  l o c a t e  sources o f ' supp ly .  

. . , 

Once sources  a r e  i d e n t i f i e d ,  the .  Dept. has t o  g e t  3  b i d s  and t ake  t h e  lowest 

bfd .  

The Dept. c a n ' t  u s e  mixed s traw.  Donl.t l i k e  i t  t o  inc lude  weeds. 

U s e s  a l o t  of week straw. 

Dept. buys i n  t o n  l o t s .  P r i c e s  vary. Time of year and weatherlcrop 

a f f e c t  p r i c e .  Las t  year  dur ing  t h e  win ter  w e r e  paying $80-90 per t o n  de- 

l i v e r e d  t o  t h e  s i te  where it was t o  be  .used'. I n  t h e  summer r i g h t  a f t e r  i t  

w a s  harves ted ,  p r i c e  was $50-60 per ton  but  crop wasn't  good because of . 

d r y  weather.  H i s  e s t ima te  of normal p r i c e  range i s  $40-60 per  ton  de l ivered  

t o  s i t e .  

H e  agreed t h a t  t h e  farmers  want t o  sell  it by b a l e  r a the r .  than ton  but 

s a i d  t h a t  Tech should i n s i s t  on tons .  That t h e  farmers can load i t  on t h e  

t r u c k  and then  weigh i t  al though they don ' t  l i k e  t o  weigh. . . 

H e  of fe red  t h e  name of a farmer from whom t h e  Dept. had always b.een 

a b l e  t o  secure  s t raw.  Turned out  t o  be McClure t o  whom I had a l ready  ta lked .  

c a l l  from Bud Greer (Dairyman i n  Henry County) 1/12 : 

Greer had a t tended  t h e  meeting (Henry County) a t  which M r .  P ipkin  had 

asked about  p o t e n t i a l  i n t e r e s t  of farmers  i n  supplying straws. ~ r e e r ' s  c a l l  

w a s  a n  awkward one f o r .  m e  because I had someone i n  t h e  o f f i c e  who had t o  -wait 

w h i l e  -1 ta lked  w i t h  M r .  Greer and I had t r o u b l e  br inging  h i s  c a l l  t o  a  con- 



c lus ion .  

Among o ther  i tems, M r .  Greer explained a t  some l eng th  t h a t :  

1. He bel ieved you would ge t  a  b e t t e r  r e t u r n  from'using manure o r  g r a i n  a s  

feeds tocks  . 
2. He f e l t  t h e  demonstrat ion 'should be  conducted o u t s i d e  of A t l an t a  - 
where wheat and t h e  o the r  g ra ins  a r e  grown i n  quan t i t y .  

3.  He had c a r r i e d  out  lengthy but  unproductive nego t i a t i ons  wi th  a brewery 

i n  t h e  At l an ta  a r e a  i n  regards  t o  s e l l i n g  it wheat and buying r e s i d u e s  from 

t h e  brewery. 

4 .  He would be i n t e r e s t e d  in .  s e l l i n g  s t raws  t o  Tech and buying r e s idues /  

waste from t h e  p ro j ec t .  

5. D a i r i e s  would be  a  source of supply. 



Corn Stubble/Stover  Telephone Sulllrnary 

I. Costs:  Maybe $45 per  t o n ' p l u s  d e l i v e r y  

Most o f ' t h e  men seemed t o  f e e l  t h a t  t h e  c o s t  of t h e  s t u b b l e  would be 

about t h e  same a s  f o r  t h e  straws.. Considering t h a t  4 of t h e  5 es t imates  

d i d ,  no t  incude d e l i v e r y ,  t h e i r  r e a c t i o n '  seems .cons is ten t  t h a t  is,  ; the  

e s t ima te s  they  gave correspond t o  t h e  es t imates  f o r  t h e  s t raws  when de l ive ry  

charges  a r e  included.  

u n l i k e  t h e  s t raws ,  however, none o f ' t h s  c o s t  es t imates  have come from 

farmers  who a r e  a c t u a l l y  s e l l i n g  s tubble .  There have been no a d s  i n  t h e  

i s s u e s  of t h e  Market B u l l e t i n  t h a t  I have checked and I haven' t  asked t h e  

county agents  f o r  t h e  names of s p e c i f i c  farmers.  Spec i f i c  es t imates  pro- 

vided by t h e  v a r i o u s  ind iv idua l s  were: 

$40-45 per  t o n  p l u s  d e l i v e r y  (Brown, Taurens) 

$30-50 per  t o n  p l u s  d e l i v e r y  (Andrews, Washington) 

$50 ' per  t o n  p lus  d e l i v e r y  ( ~ r a c h ,  C a r r o l l )  

$40-50 per  t o n  p lus  d e l i v e r y  (Hamilton, Coweta) 

$50-7.5 per  t o n  de l ive red  (Sheff i e l d ,  GFB) 

11. Factors  r e l a t e d  t o  a v a i l a b i l i t y  and c o s t s :  

U n t i l  b i g  ba l ing  equipment came i n t o  use ,  t h e  normal procedure was 

e i t h e r  t o  t u r n  l i v e s t o c k  i n t o  t h e  f i e l d s  Go e a t  t h e  s t u b b l e  o r  t o  plow it 

back i n t o  t h e  f i e l d s ' a s  a s o i l  supplement. With t h e  advent of b ig  ba l ing  

equipment, b i g  b a l e s  (round ba l e s )  a r e  harvested and used as a supplemental 

feed  f o r  l i ves tock .  The s tubb le  has low n u t r i t i o n a l  va lue  but  farmers  u s e  

it i n  connection wi th  some of t h e  new high p r o t e i n  feeds .  

I n  harvest&g,  t h e  machines t a k e  t h e  e a r s  of corn off  t h e  s t a l k  and 

rub  t h e  g r a i n s  of f  t h e  cob. The cobs and shucks are ground t o  b i t s  i n  t h e  



process.  Stubble is, ther'ef orb,  e s s e n t i a l l y  t h e  corn s t a l k s .  

The b ig  ba l e s  (round ba les )  present  no r e a l ' s t o r a g e  problem because they 

do n o t ' h a v e  t o  be  she l t e r ed .  Rain may pene t r a t e  a s  much a s  a n  inch  but  i t ' s  

almost a s  i f  a p r o t e c t i v e  coat ing . o r '  s e a l a n t  developes t h a t  mo i s tu re  cannot 

pene t ra te . .  Small ba l e s  (square ba l e s )  have t o  be  she l t e r ed  so t h e r e  is a 

s t o r a g e  problem wi th  them. 

The obvious f a c t o r s  of 'weather ,  amount of corn p lan ted ,  e t c .  w i l l  in- 

f l uence  both c o s t  and a v a i l a b i l i t y  o f '  s tubble .  

111. Location and a v a i l a b i l i t y  of supply: Laurens, Washington, Car ro l  

Counties : 

M r .  Brown s a i d  ' t h e r e  was p len ty  of ' corn s tubb le  a v a i l a b l e  i n  Laurens 

County r i g h t  now and un le s s  t h e r e  was an -unusua l ly  poor crop, Tech should 
. . 

be  a b l e  t o  secure  l a r g e  q u a n t i t i e s  ( ~ r o b a b l ~  a l l  t h a t  was needed) from 

t h a t  county. He recommended t h a t  8 months p r i o r  t o  t h e  a n t i c i p a t e d  t ime 

of need t h a t  Tech negotiate's con t r ac t  w i th  farmers  t o  supply t h e  s tubb le .  

H e  ind ica ted  t h a t  t h e  con t r ac t  should b e  w r i t t e n  during t h e  p l an t ing  season. 

H e  can  supply t h e  names of farmers.  H e  a l s o  s a i d  he  knew one man who had 

b ig  ba l ing  equipment w i th  whom Tech could con t r ac t .  And then t h i s  man 

could ga ther  s tubb le  from a number of farmers.  We discussed Tech p lac ing  

an ad in t h e  Market B u l l e t i n  and he pointed ou t  t h e  disadvantages (possi-  

b i l i t y  of g e t t i n g  hundreds of r e p l i e s  and having t o  check them) b u t  f e l t  

it w a s  worth doing. 

Mr. Andrews sa id  s tubb le  is  and w i l l  be a v a i l a b l e  i n  Washington County. 

H e  can  provide t h e  names of farmers who have it. 

M r .  Brach sa id  t h a t  much of t h e  corn  i n  C a r r o l l  County i s  cut' f o r  s i l a g e  

but  t h a t  some s tubb le  i s  ava i l ab l e .  He can provide t h e  names of farmers  



who have it. 

M r .  Hamilton' s a i d  t h e  a v a i l a b i l i t y  o f '  s t ubb le  i n  Coweta County depends 

on t h e  p r i c e  of corn -- t h a t  t h e  farmers  t h e r e  w i l l  n o t ' p l a n t  much corn un le s s  

t h e  p r i c e  of c o r n  is higher  than  it i s  now. He is  r e t i r i n g  during 1979 

bu t  s a i d  he w a s  conf ident  t h a t  h i s  .successor 'would he lp  t o  i d e n t i f y  farmers  

who would have s tubble .  Doesn't  appear t o  be  a good county t o  depend' upon 

i n  s p i t e  of i t s  proximity t o  Tech. 

M t .  Emberson ind ica t ed  t h a t  a l though corn i s  grown i n  Morgan County, 

it is  e i t h e r  c & t  f o r  s i l a g e  o r  t h e  s t u b b l e  is  used by t h e  farmers  a s  feed  

o r  a s  a s o i l  supplement. He does n o t  f e e l  any of t h e  s t u b b l e  would be 

f o r  sale. 

I V .  Harvest season: August - November ' 

I n  t h e  sou th  Georgia count ies  (Washington and Laur ens) .harvest ing begins 

i n  August; i n  t he .  coun t i e s  c l o s e r  t o  A t l an t a ,  i n  September. 

C a l l s  made to :  

D r .  Jallies J.  Jackson - Agronomist, Univ. of Ga. 4041 241-2978 

J o e  Kelley,  Exec. Sec re t a ry  Ga. Corn M i l l e r s  Assoc. 4041678-7971 

The Assoc ia t ion  has been disbanded. 

Mr. Sheff i e l d  

John Emberson 

Gerald Andrews 

J . D .  Brown 

Bruce Hamilton 

Carl Brach 

. . 

Grain Marketing S p e c i a l i s t  91.21474-8411 

Ga.. ' Farm Bureau Markeing ASSOC r 

County Agents 

Madison (Morgan County) 4041342-2214 

Sknde r sv i l l e  (Washington) 9121552-2011 

Dublin (Laurens) 9121.27 2-2277 

Newnan (Coweta) 4041253-2450 

C a r r o l l t o n  ' (Ca r ro l l )  4041834-2019 





LISTED MARKET PULP'PRICES AND ESTIMATED PRODUCTION COSTS 

(January 25, 1979) 

KIND U.S.A. CANADA 
ESTIMATED ESTIMATED 

LISTED PRICE PROD. COST LISTED PRICE PROD. COST 

S u l p h i t e  P u l p  

Bleached 

Unbleached 

Kraf t (Su lpha te )  

Bleached : 

Softwood 

Hardwood 

Unbleached : 

Softwood 

Hardwood 

Semi-Lleacl~ed 

Groundwood P u l p  

Bleached 

Unbleached 

* f .0 .b .  S.T. = S h o r t  Ton M.T. = Metr ic  Ton 

Notes: (1) L i s t e d  p r i c e  f o r  wood p u l p  i s  g e n e r a l l y  g i v e n  on d e l i v e r e d  b a s i s  

excep t  groundwood pu lp  which i s  g i v e n  on f .0 .b .  b a s i s .  

(2) A c t u a l  s a l e  p r i c e s  a r e  g e n e r a l l y  below of l i s t e d  p r i c e s  pending 

upon i n d i v i d u a l  nego t t a t  Ion.  

(3)  Est imated  p r o d u c t i o n  c o s t s  a r e ' b a s e d  on  70% t o  80% of g i v e n  l i s t e d  

p r i c e s .  Est imated p roduc t ion  o c s t s  i n c l u d e  d e p r e c i a t i o n  and d e b t  

& 4. s e r v i c e .  





Per sona l  V i s i t s  and Meetings 

U. S. Army Labora tor ies ,  Nat ick .  ' 

Dartmouth College,  Thayer Schoo i ' o f '  Engineering 

Massachusetts I n s t i t u t e  of 'Technology, Biochemical Engineering 

Dynatech R/D Co. 

Un ive r s i t y  of ' C a l i f o r n i a ,  .Berkelejr, LBL 

U.S. Department of 'Energy,  Fuels-from-Biomass Branch 

Vogelbusch (Austr ia :  Houston, U. s.'A.) 

Alf a-Lava1 (Sweden) 

Arizona Chemical Co. 

Glidden-Durkee, D3.v; of SCM 

champion Paper Co. ' 

Brusnwick Pulp and Paper 

Hercules (Brunswick, CA) 

Telephone Communications 

Univers i ty  of Alabama (G. C.  Apr i l )  

Univers i ty  of Pennsylvania (E.  Kendall Pye) 

B a t t e l l e  (li. Lipinsky) 

Bechtel Nat iona l ,  Inc .  (J. Yu) 

Io t ech  (E.A. DeLong) 

. Rutgers (B. Montenecourt) 

General ~ l e c t r i c  R & D ,  Schenectady (R.E. Brooks), 

Vulcan C inc inna t i ,  Inc .  (D.R. ~ i l l e r )  

Purdue Un ive r s i t y  TG. Tsao) 

S take  Technology (.M. S. Ozechowsky) 



Gulf O i l  Chemicals Co. 

U.S.   ore st Products  Lab, M a d i s o n ' ( J . ~ .  Saeman) 

Reed Canada ( J .  Benko) 

Rensselaer Polytechnic I n s t i t u t e  (H. Bungay) 

U.S. Army Labora tor ies ,  Nat ick (L. Spano e t  a l )  

Columbia Univers i ty  (H'. Gregor) 

Hydrocarbon Research, Inc.  (M.W. Jones) 

Dept. of Energy, Mines & Resources, Canada (R, Overend) 
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