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INTRODUCTION 

There has been a recent increased i n t e r e s t  i n  the  possible comnercial u t i l i za t ion  of 
waste biomass f o r  both material and energy recovery due t o  the  s teadi ly  r i s i n g  price 
of fossi l  fuels .  
a r e  inadequate f o r  the cost e f fec t ive  u t i l i z a t i o n  of t h e i r  l a t e n t  energy values; 
waste cel lulose conversion via acid hydrolysis t o  xylose and glucose followed by 
fermentation t o  ethanol of fe rs  an a t t r a c t i v e  a l te rna t ive .  Additionally, as  is  
shown i n  Figures 1 and 2, the  xylose and glucose from ce l lu los ic  wastes coyld be 
used a s  the basic raw material f o r  the manufacture of many "petrochemicals , or  
more precisely volume chemicals which a r e  presently obtained from petrochemical 
feedstocks. 

Ethanol production from biomass sources i s  proposed t o  increase due t o  various govern- 
ment incentives to  meet projected "Gasahol" production leve ls  by 1985. 
high yield,  energy e f f i c i e n t  process based on waste ce l lu lose  would have many advan- 
tages as compared t o  the  more conventional grain processing technology now being 
u t i l i zed .  The economic v i a b i l i t y  o f  ethanol from cel lulose does not exclusively 
depend on by-product values, as does ethanol from grain,  b u t  would be most sens i t ive  
t o  the cost of the waste ce l lu lose  feedstock. 

The N Y U  continuous acid hydrolysis process has been u t i l i zed  i n  the  past primarily 
f o r  the  conversion of c r y s t a l l i n e  a-cel lulose t o  glucose. Under the rather  severe 
conditions of h i g h  temperature required f o r  t h i s  process, the amorphous hemicellulose 
fract ion primarily composed of pentosans i n  hardwoods is  converted beyond the sugars 
t o  fur fura l .  I t  has been the  object ive of our recent experiments t o  show the f i a s i -  
b i l i t y  of performing a continuous two  s tage  hydrolysis which would allow foi, a mwe 
complete u t i l i z a t i o n  of carbohydrate content. Conceptually, the pr,ocess i s  shown i n  
Figure 3. By using a mild prehydrolysis and extract ion,  i t  i s  possible t o  reclaim 
a major portion of the hemicellulose f rac t ion  as  xylose. Subsequently i t  i s  pro- 
posed t o  hydrolyze continuously the remaining hexosan f rac t ion  to  glucose by the 
usual process. 

Currently employed methods f o r  dealing with these sol id  r e s i d x s  

A re l iab le ,  

HISTORICAL REV I EW 

Acid hydrolysis of cel lulose has been extensively studied f o r  the bet ter  par t  of a cen- 
tu ry ,par t icu lar ly  i n  connection with the manufacture of ethanol f ran  wood wastes. (1,2,3) 
Attempts t o  commercialize th i s  technology in Europe and the  U.S. occurred only a t  war- 
time when petroleum was cu t  off. A s ign i f icant  e f f o r t  has been ongoing i n  the  USSR. 
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Cel lu lose  de r i ved  from f o r e s t r y ,  a g r i c u l t u r a l  o r  mun ic ipa l  res idues  has th ree  main com- 
ponents; c r y s t a l l i n e  a -ce l l u lose ,  amorphous hemice l lu lose  and 1 i g n i n .  The c e l l u l o s e  
f rac t i ons  i n  these residues reac t  d i f f e r e n t l y  when exposed t o  a c i d  hyd ro l ys i s  condi-  
t i o n s  because o f  t h e i r  r e l a t i v e  degree o f  mo lecu la r  o rde r  o r  a c c e s s i b i l i t y .  
phous hemice l lu lose  reac ts  t o  form sugars a t  cond i t i ons  much less  severe than those 
requ i red  f o r  t he  c r y s t a l  l i n e  a - c e l l u l o s e  conversion t o  glucose. (4 )  
t o  e x t r a c t  t he  maximum carbohydrate va lue  from c e l l u l o s e  residues, s tud ies  t o  accomplish 
a two stage hyd ro l ys i s  i n  which the  hemice l lu lose  f r a c t i o n  i s  prehydrolyzed and ex- 
t rac ted  p r i o r  t o  a concentrated s u l f u r i c  a c i d  a -ce l l u lose  h y d r o l y s i s  have been repor ted  
by Dunning e t .  a l .  and by  S i t t o n  e t .  a l .  (5 ,6)  

There e x i s t ,  bo th  economic and techn ica l  f a c t o r s  which favo r  d i l u t e  a c i d  hyd ro l ys i s  
O f  a -ce l l u lose  t o  glucose t o  be conducted a t  h i g h  temperatures f o r  s h o r t  t imes so as t o  
maximize the  glucose y i e l d .  Numerous k i n e t i c  s tud ies ,  i n i t i a l l y  by Saeman and l a t e r  
Porteous, Fagan, Converse and Gre th le in  have been use fu l  i n  the  cha rac te r i za t i on  o f  
heterogeneous hyd ro l ys i s  of  var ious  c e l l u l o s e  feedstocks.  
mum sugar y i e l d  o f  55% w i t h  0.4% a c i d  a t  230°C, the  y i e l d s  be ing  based on percentage 
conversion o f  a v a i l a b l e  a - c e l l u l o s e  t o  glucose. 
ou t  w i t h  r a t h e r  small samples (0.5 gms) of  b a l l  m i l l  K r a f t  paper and v e r i f i e d  the  
Porteous p red ic t i ons .  
ment o f  improved process designs and economic data o f  waste c e l l u l o s e  and/or e thy l  a l -  
cohol p roduc t ion  f a c i l i t i e s  (2,7,8,9, 10).  

Gre th le in  has r e c e n t l y  proposed and b u i l t  a p lug  f l o w  p i p e  r e a c t o r  i n  which near l y  
isothermal cond i t i ons  can be maintained. 
based on a ba tch  r e a c t o r  i s  c u r r e n t l y  underway. 
temperature, sho r t  t ime d i l u t e  a c i d  h y d r o l y s i s  reac t i ons  f a v o r  t h e  produc t ion  of g lu -  
cose versus i t s  degradat ion.  Y ie lds  o f  80-90% o f  t he  a v a i l a b l e  glucose may t h e o r e t i -  
c a l l y  be ob ta ined under i d e a l  cond i t i ons .  (11,121 

Experimental i nves t i ga t i ons  on the  d i l u t e  a c i d  hyd ro l ys i s  of waste c e l l u l o s e  t o  g lu -  
cose have been c a r r i e d  ou t  a t  t he  Department o f  App l ied  Science o f  New York U n i v e r s i t y  
over the pas t  f i v e  years.  The waste c e l l u l o s e  feedstock employed i n  the  i n i t i a l  s tud ies  
was newspaper pu lp .  
ness of  var ious  pretreatments f o r  enhancing t h e  a c c e s s i b i l i t y  o f  t he  c e l l u l o s e  and the  
de terminat ion  o f  t he  optimum reac t i on  cond i t i ons  f o r  maximizing t h e  sugar y i e l d s .  

The hyd ro l ys i s  experiments were i n i t i a l l y  c a r r i e d  o u t  batchwise w i t h  two d i f f e r e n t l y  
s i zed  s t i r r e d  s t a i n l e s s  s t e e l  au toc lave  reac tors .  
determined t o  be temperatures around 22OoC-230"C and r e a c t i o n  t imes o f  less than 30 
seconds w i t h  about 1 w t %  of  s u l f u r i c  ac id .  (13) These r e s u l t s  agree q u i t e  w e l l  w i t h  
the  r e s u l t s  o f  t h e  k i n e t i c  r a t e  s tud ies  which were p rev ious l y  repo r ted  by Porteous and 
Fagan. (9 )  

More recen t l y ,  ove r  the  pas t  th ree  years,  s tud ies  a t  NYU have r e s u l t e d  i n  t h e  design, 
cos t i ng  and cons t ruc t i on  of  a cont inuous waste c e l l u l o s e  t o  glucose p i l o t  p l a n t  w i t h  
a nominal 1-2 ton lday  capac i ty .  Th is  p i l o t  p l a n t  i s  based on the  concept o f  employ- 
i n g  an i n t e n s i v e  screw mixer lconveyor f o r  con t inuous ly  r e a c t i n g  waste c e l l u l o s e  a t  
s u i t a b l y  e leva ted  temperatures i n  t h e  presence o f  ac id .  

The key t o  successful  opera t ion  o f  a cont inuous a c i d  h y d r o l y s i s  process i s  t he  design 
o f  t he  h y d r o l y s i s  reac tor .  
charging hydro lyzab le  c e l l u l o s i c  ma te r ia l s  cont inuous ly  w h i l e  ma in ta in ing  appropr ia te  
temperatures and assoc ia ted  pressures i n  a reac t i on  zone. 
requ i res  ,exposure o f  t he  r e a c t o r  components t o  d i l u t e  ac ids  a t  h i g h  temperatures and 
pressures, a l l  ma te r ia l s  of  cons t ruc t i on  have t o  be r e s i s t a n t  t o  co r ros ion  e s p e c i a l l y  
i n  the  r e a c t i o n  zone. 

The amor- 

Therefore,  i n  o rde r  

Porteous p red ic ted  a maxi- 

The Fagan exper iments were c a r r i e d  

Such k i n e t i c  s tud ies  a re  o f  cons iderab le  va lue  f o r  t he  develop- 

V e r i f i c a t i o n  o f  p rev ious l y  developed data 
The k i n e t i c  model i nd i ca tes  t h a t  h igh  

Th is  exper imental  work i nvo l ved  an eva lua t i on  o f  t he  cos t  e f f e c t i v e -  

The optimum r e a c t i o n  cond i t i ons  were 

This r e a c t o r  must be capable o f  feed ing ,  conveying and d i s -  

Because t h i s  hyd ro l ys i s  
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A Werner & P f l e i d e r e r  ZDSK53 ( 5 3 m )  twin screw ex t rude r  (Werner & P f l e i d e r e r  Corpor- 
a t i on ,  Ramsey, N. J . )  was se lec ted  on account o f  i t s  capac i t y  f o r  conveying, mix ing  
and ex t rud ing  the  requ i red  amounts of  c e l l u l o s i c  feedstock. 
accura te  c o n t r o l  o f  temperature, pressure,  residence t ime, e tc . ,  w i t h i n  the  p rev ious l y  
es tab l i shed  a c i d  hyd ro l ys i s  ope ra t i ng  cond i t i ons  w h i l e  cont inuous ly  feed ing  and d i s -  
charg ing  ma te r ia l .  

Th is  equipment was ob ta ined and i n s t a l l e d  a t  t he  Antonio F e r r i  Labora tor ies  o f  New 
York U n i v e r s i t y  (Westbury, Long I s land ,  N.Y.) and cons iderab le  progress has been 
achieved i n  t h e  development and c h a r a c t e r i z a t i o n  o f  r e a c t i o n  cond i t ions .  
s ions  o f  50-60% y i e l d  based on a v a i l a b l e  a - c e l l u l o s e  have been repor ted .  (14) Exper i -  
ments have been run  w i t h  d i ve rse  feeds tocks  such as paper pu lp  (10% s o l i d s )  and hard- 
wood sawdust (95% s o l i d s ) .  
w i l l  r e s u l t  w i t h  improved process con t ro l .  

Th i s  machine a l lows 

Conver- 

It i s  a n t i c i p a t e d  t h a t  s i g n i f i c a n t  increases i n  y i e l d  

CONTINUOUS A C I D  HYDROLYSIS STUDIES-HEMICELLULOSE UTILIZATION 

I n  the  course o f  recent  exper iments t o  improve the  l e v e l  o f  carbohydrate u t i l i z a t i o n  f o r  
t he  cont inuous a c i d  hyd ro l ys i s  process, t he  feedstock used was a mixed hardwood sawdust; 
A rep resen ta t i ve  ana lys is  o f  t h i s  i s  shown i n  Table 1. 

Table 1: Ana lys is  o f  Mixed Hardwood Sawdust. (4 )  

a -ce l l u lose  ( c r y s t a l l i n e )  
hemice l l u los i c  glucan 
g l  ucomannan (ace ta te )  
a rab ioga lac tan  
4-0-methyl-gl ucurono (a rab ino)  xy lan  (ace ta te )  
l i g n i n  

To ta l  

% by w t .  
45 

21 25 i>.’ 
100 

Ana ly t i ca l  procedures f o r  t h i s  complex system are  be ing  developed us ing  h i g h  pressure 
l i q u i d  chromatography (HPLC). I n i t i a l  de termina t ions  o f  sugar y i e l d s  f rom hemice l lu lose ,  
however, u t i l i z e d  a dual-wavelength spec t rophotomet r ic  technique w i t h  o r c i n o l  reagent 
(15) ;  t h i s  and s i m i l a r  e a r l y  methods a re  un fo r tuna te l y ,  sub jec t  t o  s i g n i f i c a n t  in te r fe rences .  

I n i t i a l  p rehydro lys i  s exper iments f o r  t he  hardwood sawdust were d i r e c t e d  toward the  de ter -  
m ina t i on  o f  r e a c t i o n  cond i t i ons  ( a c i d  concent ra t ion ,  temperature and res idence t ime)  f o r  
s a t i s f a c t o r y  u t i l i z a t i o n  o f  t he  hemice l l u lose  f r a c t i o n .  
i n  F igure  4. Subsequently, i t  i s  proposed t o  hydro lyze  the  res idua l  a -ce l l u lose  f r a c t i o n  
by p rev ious l y  descr ibed methods (13, 14)  

P re l im ina ry  f i n d i n g s  are presented 

YIELD ANALYSIS - SUGARS AND ETHANOL 

For the  purpose o f  a p re l im ina ry  a n a l y s i s  t o  determine the  impact on ethanol  y i e l d  o f  hemi- 
c e l l u l o s e  prehydro lys is ,  t h e  chemical composi t ion f o r  hardwood sawdust i s  g iven  i n  Table 1. 
The data g iven i n  Table I 1  assumes 80% conversion o f  t he  hemice l lu lose  t o  sugar (glucose, 
mannose, o r  xy lose)  and 60% conversion o f  t he  a -ce l l u lose  t o  glucose. A 45% conversion of  
a l l  sugars i s  assumed t o  e thano l .  Based on these assumptions, one cou ld  expect a y i e l d  of 
72.2 ga l l ons  of  anhydrous a lcoho l  per  ton  o f  d ry  hardwood sawdust. 
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P R E L I M I N A R Y  ECONOMIC ANALYSIS 

L 

\ 
; 

I 

A p r e l i m i n a r y c o s t  ana lys i s  o f  a p l a n t  processing 2000 tons lday  of sawdust producing 48MM 
ga l l ons  of f u e l  grade ethanol  i s  presented i n  F igu re  5. The t o t a l  p l a n t  investment cos t  was 
est imated a t  $25M i n  1980. The p l a n t  scheme assumes the  energy saving advantages of con t in -  
uous fermentat ion and energy e f f i c i e n t  d i s t i l l a t i o n .  The l i g n o - c e l l u l o s i c  res idue i s  

TABLE ( I :  YIELD ANALYSIS; BASIS 100 LB H A R D W O O D  S A W D U S T  

Hemicellulose fraction (assume EO?? Conversion to sugars) 

3 Ib glucon x (180/162) x .8 = 2.26 Ib glucose 

5 Ib glucomannan (Ratio of glucose/mannose = 1/4) 

a) 

I Ib  glucan x (180/162)a) x .8 = 9.89 glucose 

4 Ib  mannon x (180/162)a) x .8 = 3.55 Ib mannose 

25 Ib 4-0-methyl-glucurono (arabino) xylan (acetate) 
(approximately 70% of weight due to xylan) 

25 Ib x . 7 x  (l50/132?) x .8 = 15.96 Ib xylose 

a- cellulose fraction (assume 6Oyo conversion to glucose) 

a) 
45 Ib  x (180/162) x .6 = 30 Ib glucose 

Hydrolyris Summary 

total sugars ~ 5 3 . 0 6  Ib 
Glucose = 33.55 Ib  

Xylose = 15.96 Ib 

Fermentation Y ie ld  (assume 45% conversion of sugars to ethanol 

53.06 Ib  x .45= 23.88 Ib ethano1/100 Ib sawdust 

23.88/661 = 3.61 gallon ethano1/100 Ib  sawdust 

3.61 x 20 =72.2 gallons ethanol/ton sawdust 

or 

or 

''ratio of molecular weight of glucose/glucan = mannose/mannan 

"ratio of molecul ar weight of xylose/xylan 
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u t i l i z e d  t o  generate h i g h  pressure steam f o r  cont inuous a c i d  hyd ro l ys i s  wh i l e  the  t o t a l  
p l a n t  i s  assumed t o  opera te  a t  a 91% capac i t y  f a c t o r .  The r e s u l t s  of  t he  ana lys i s  a re  
q u i t e  promising assuming a $30/ ton  feeds tock  sawdust cos t ;  a t  the  cu r ren t  market p r i c e  
o f  $1.77/ga1 f o r  anhydrous e thano l  t h e  p l a n t  would earn B40.8MM the f i r s t  year. I F  an 
80/20 debt /equ i ty  r a t i o  i s  assumed, a conserva t ive  payback f o r  t he  p l a n t  would be 1.84 
years.  

CONCLUSION AND FUTURE WORK 

The development o f  t he  NYU cont inuous a c i d  hyd ro l ys i s  process has been most favorab le .  
The cha rac te r i za t i on  o f  p r e f e r r e d  r e a c t i o n  cond i t i ons  f o r  bo th  hemice l lu lose  prehydro- 
l y s i s  and e x t r a c t i o n  fo l l owed  by a - c e l l u l o s e  hyd ro l ys i s  i s  con t inu ing .  Po ten t i a l  a lco-  
ho l  y i e l d  w i t h  hemice l lu lose  u t i l i z a t i o n  i s  es t imated  t o  increase 70% beyond t h a t  w i th -  
o u t  p rehydro lys is .  

A da ta  base f o r  the  u t i l i z a t i o n  o f  va r ious  waste c e l l u l o s e  feedstocks i s  being developed. 
P re l im ina ry  s tud ies  on the  fe rmenta t ion  o f  waste c e l l u l o s e  a c i d  hydro lyza tes  i s  underway. 
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PRELIMINARY DATA ON THE EFFECTS OF ACID CONCENTRATION AND TEMPERATURE 
ON THE CONVERSION OF HEMICELLULOSE TO XYLOSE I N  HARDWOOD SAWDUST 
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Total plant cost (1980): 
Conversion of hemi-cellulose to xylose: 
Conversion of a-cellulose to glucose: 
Conversion of sugars to ethanol: 

$75 million 
80% 
60% 
45% 

NET PROFIT: 

PRODUCTION: 48 million gallons anhydrous ethanol per year from 666,000 tons sawdust 

$122,980 per day, $40.8 million per yeor @ 91% copacity factor 

FIG. 5: PRELIMINARY ECONOMICS O F  CONTINUOUS PREHYDROLY SIS 
ACID HYDROLYSIS, FERMENTATION AND D I S T I L L A T I O N  
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