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TWO-STAGE STEAM PRETREATMENT OF 
WILLOW FOR INCREASED PENTOSE YIELD 

Robert Eklund, Mats Galbe and Guido Zacchi 

Chemical Engineering I ,  U n i v e r s i t y  o f  Lund, 
P.0.Box 124, S-221 00 Lund, Sweden 

ABSTRACT 

A two-stage procedure f o r  pretreatment o f  fast-growing w i l -  
low w i t h  steam has been invest igated.  The f i r s t  stage was per-  
formed a t  temperatures i n  the  range 180°C t o  220°C f o r  t imes be t -  
ween 6 and 10 minutes w h i l e  the second stage was performed a t  
220°C f o r  10 minutes. 

The f i b r o u s  mater ia l  was washed between the  two stages t o  
remove the pentosans and thus increase the pentose y i e l d .  The 
pretreatment was assessed i n  terms o f  glucose y i e l d  and xylose 
y i e l d  i n  the subsequent enzymatic hyd ro l ys i s .  

The maximum y ie lds ,  around 70% f o r  both glucose and xylose, 
were obtained f o r  a pretreatment temperature o f  200°C i n  the 
f i r s t  stage. The major p a r t  o f  t he  xylose was found i n  the  f i r s t  
r i n s i n g  water wh i l e  almost a l l  the glucose was recovered from the 
f i n a l  f i b r o u s  ma te r ia l .  

The glucose y i e l d  was increased t o  above 80% when wet mate- 
r i a l  (30% ODM) was used i n  the f i r s t  stage. This  requ i red  a modi- 
f i c a t i o n  of t he  steam pretreatment u n i t ,  a1 lowing f o r  condensate 
removal dur ing steaming. The r e s u l t s  are very promising b u t  
f u r t h e r  i n v e s t i g a t i o n s  are needed t o  opt imize the  process. 
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INTRODUCTION 

EKLUND, GALBE AND ZACCHI 

The costs  o f  raw mate r ia l  and enzyme are major c o n t r i b u t o r s  
i n  the  economics o f  b ioconversion o f  l i g n o c e l l u l o s i c  ma te r ia l s  
t o  ethanol'. It i s  consequently necessary t o  conver t  as much as 
poss ib le  o f  t he  c e l l  u l  ose and hemicel l  u l  ose t o  fermentable 
sugars. Steam treatment o f  t he  raw mate r ia l  has, i n  several i n -  
v e s t i g a t i o n ~ * - ~  , been shown t o  s u b s t a n t i a l l y  increase the enzyma- 
t i c  d i g e s t i b i l i t y  o f  the ce l l u lose .  

Steam pretreatment o f  w i l l o w  was inves t i ga ted  i n  a previous 
study5 t o  f i n d  the optimum temperature and t ime regarding the 
glucose y i e l d .  Pretreatment a t  220°C f o r  10 t o  15 minutes was 
found t o  g i ve  the h ighest  glucose y i e l d ,  about 80%, based on the 
raw mater ia l .  The xylose y i e l d  was below 15% b u t  increased a t  
lower temperatures. A t  180°C the  xylose y i e l d  from the f i b r o u s  
product was about 20% and a small b u t  non n e g l i g i b l e  amount o f  
o l  igosaccharides was detected i n  the r i n s i n g  water. 

I n  t h i s  study a two-stage steam pretreatment procedure was 
adopted. The f i r s t  pretreatment step was performed a t  a tem- 
perature around 200°C and the second a t  a h igher  temperature. A 

wide range o f  pretreatment cond i t i ons  has been inves t i ga ted  t o  
opt imize both the  glucose and xylose y i e l d s .  The p re t rea ted  
substrates and r i n s i n g  waters were assessed i n  terms o f  enzymatic 
hyd ro l ys i  s. 

EQUIPMENT 

Most o f  t he  pretreatment experiments were performed w i t h  a 
steam explosion u n i t  cons i s t i ng  o f  a b o i l e r ,  a v e r t i c a l l y  mounted 
s tee l  cy l i nde r ,  equipped w i t h  three a i r - a c t i v a t e d  b a l l  valves, 
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TWO-STAGE STEAM PRETREATMENT OF WILLOW 381 

and a cyclone. The maximum pressure i n  the b o i l e r  i s  40 bar, 

which i s  equiva lent  t o  saturated steam a t  250°C. A maximum o f  

100 g ODM can be charged i n t o  the pressure vessel. The equipment 

has been descr ibed i n  more d e t a i l  elsewhere5. 

The equipment was modi f ied t o  b e t t e r  handle the  condensation 

i n s i d e  the pretreatment vessel when us ing wet ma te r ia l  i n  the  

second pretreatment stage. The new vessel i s  a l a r g e r  c y l i n d e r  o f  
i n n e r  diameter 0.1 m and volume 2.4 L. It i s  equipped w i t h  an 

i n n e r  c y l i n d e r  which i s  pe r fo ra ted  t o  separate the condensate 
from the f i b r o u s  mater ia l .  The condensate i s  withdrawn from a 

steam t rap.  A schematic flow-sheet i s  shown i n  F igu re  1. 

MATERIALS 

The raw mater ia l  was a fast-growing wi l low,  S a l i x  caprea 

(Q0821, which was ground and f r a c t i o n e d  The f r a c t i o n  between 

1.0 and 3.15 n was d r i e d  t o  94% ODM a t  room temperature and then 

s tored a t  5°C. The composition o f  the f nal  ma te r ia l  i s  shown i n  
Table 1. The analyses were performed a t  the Swedish U n i v e r s i t y  o f  

A g r i c u l t u r a l  Sciences i n  U1 tuna6. 

The enzyme preparat ion used i n  the  hyd ro l ys i s  was a 1.25:l 

m ix tu re  o f  C e l l u c l a s t  ZL, a c e l l u l a s e  from Trichoderma reesei ,  

and Novozyme 188, a ce l l ob iase  from Asperg i l l us  n i g e r  (both 
generously suppl ied by NOVO A/S, Denmark). The s p e c i f i c  a c t i v i t y  
o f  the C e l l u c l a s t  was 59 FPU/g enzyme solut ion' .  The p-g lucos i -  
dase a c t i v i t y  o f  the ce l l ob iase  was 45 pmole p-n i t rophenol /g  min 

us ing p-ni  trophenol -p-D-gl ucopyranosi de as substrate'. 
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MICROCOMPUTER 
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inlet 
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Woven wire-screen 
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PRETREATMENT '1' To steam-trap 

VESSEL 

FIGURE 1 Steam pretreatment u n i t  

METHODS 

The pretreatment was performed i n  two stages. A ser ies o f  
experiments was performed where the temperature i n  the  f i r s t  
stage was va r ied  between 180 and 220°C w h i l e  the second stage was 
performed a t  220°C. The pretreatment t ime was 10 minutes i n  the  
second stage wh i l e  i t  was va r ied  between 6 and 10 minutes i n  the  
f i r s t  stage. 2009 ODM raw mate r ia l  (94% ODM) were f i r s t  p r e t r e a t -  
ed a t  the se lected temperature and time. Due t o  the s i ze  o f  t he  
pressure c e l l ,  the pretreatment was c a r r i e d  ou t  i n  three con- 
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TWO-STAGE STEAM PRETREATMENT OF WILLOW 383 

TABLE 1 

Composition o f  Willow (%ODM) Harvested i n  1985 and 1986 

1985 1986 

Ex t rac t i ves  7.9 4.9 

K1 ason 1 i gni n 21.1 20.7 

Ce l l  u l  ose 33.7 36.8 

Hemicell u l  ose 24.3 23.0 

- - 

Raw prote in*  ~5-6 -5-6 
Ash* -3 33 

*Estimated from analyses on s i m i l a r  w i l l o w  

secut ive runs, w i t h  1/3 o f  the ma te r ia l  i n  each, w i thou t  emptying 
the cyclone between runs. The p re t rea ted  ma te r ia l  was washed w i t h  

1 L water and then f i l t e r e d .  

The wet s o l i d s  were recharged i n t o  the pretreatment vessel 

and t rea ted  a t  a h igher  temperature. The f i n a l  product was 

thoroughly washed w i t h  f o u r  volumes o f  water o f  which the f i r s t  
volume was saved and the r e s t  discarded. 

The pretreatment was assessed i n  terms o f  enzymatic hydro ly-  
s i s  which was performed i n  s t i r r e d  vessels a t  40°C. I n  a l l  t h e  
hyd ro l ys i s  experiments a t o t a l  amount o f  200 g s o l u t i o n  was used, 

i n c l u d i n g  4.55 g o f  the enzyme mixture.  The amount o f  enzyme was 
chosen t o  g i ve  an enzyme a c t i v i t y l g  ODM comparable t o  our pre- 
v ious work5 i n  which C e l l u c l a s t  from a d i f f e r e n t  batch (76 FPU/g 

s o l u t i o n )  was used. 
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384 EKLUND, GALBE AND ZACCHI 

In the hydrolysis of the solid product, an amount correspon- 
ding t o  20 g ODM was immersed i n  100 g of a 0.1 M sodium citrate 
buffer solution (pH = 4.81, the enzyme was added and the to ta l  
weight was adjusted t o  200 g by adding water. 

The filtrates were also hydrolysed using 200 g of a mixture 
consisting of 95.45 g f i l trate,  4.55 g enzyme mixture and 100 g 
of 0.1 M sodium citrate buffer solution (pH = 4.8). 

Samples of about 2 g were withdrawn from the hydrolysis 
after 24, 48, 72 and 96 hours. The samples were analysed for glu- 
cose, xylose and cellobiose w i t h  HPLC using a Bio-Rad Aminex HPX 
87H column a t  60°C and water as eluant a t  a rate of 0.4 m l / m i n .  

RESULTS AND DISCUSSION 

In a previous study pretreatment of willow a t  220°C for 10 
minutes led t o  the highest enzymatic digestibility of the cellu- 
lose part. The glucose y i e l d  was 80-85% based on the original raw 
material. A t  these conditions the xylose (pentose) yield was be- 
low 15%. This gives an unacceptable loss of hemicellulose, mainly 
due t o  byproduct formation. Table 2 shows the degradation of he- 
micellulose a t  different temperatures. The results are obtained 
from analyses of the unwashed pretreated material . 

To increase the pentose yield pretreatment i n  two stages was 
investigated. The intention was t o  remove the major part of the 
pentose fraction in the f i r s t  stage, which i s  performed a t  a 
lower temperature, while the hexoses are obtained from the second 
stage, a t  220°C, as i n  the previous study. Similar results were 
ob ta ined  for all pretreatment times and the following results are 
for treatment times of 10 minutes. 
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TWO-STAGE STEAM PRETREATMENT OF WILLOW 385 

TABLE 2 

Amount o f  Xylose, Based on % o f  Or ig ina l  Raw M a t e r i a l ,  Ava i lab le  
A f t e r  Pretreatment . 

~~ ~ ~ 

Pretreatment Conditions 
200°C, 20 min 

22O0c, 10 min 
235"C, 6 min 

~~ ~~~ 

Xylose Ava i lab le ,  % 

81 
49 
14 

LOSSES IN STEP 1 LOSSES IN STEP 2 TO HYDROLYSIS 
Fzziz - €3xxZz 

-AE&L 
180 C 200 c 210 c 220 c 

TEMPERATURE STEP 1 

FIGURE 2 Mass balance f o r  f ibrous mater ia l  
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80- 

70- 

60- 

aQ 

w 
t 
w 40- 
v) 

3 30- 

20- 

10- 

2 50- 

8 
0 

FILTRATE SUBSTRATE 220 C FILTRATE 220 C 
STEP 1 STEP 2 STEP 2 

Kss3 Fzzzzl 

.' 

'. 

OJ- tao c 190 c 200 c 
TEMPERATURE STEP 1 

210 c 220 c 

FIGURE 3 Glucose y i e l d  

F igure 2 shows the mass balance o f  f i b r o u s  ma te r ia l  f o r  the 
two pretreatment stages. The reduct ion i n  f i b rous  ma te r ia l  i s  
mainly due t o  s o l u b i l i s a t i o n  of the e x t r a c t i v e s  and the pen- 

tosans. A t  h igher  temperatures some degradat ion of the hemicel l u -  

l o s e  t o  byproducts occurs, as can be seen i n  Table 2. The amount 

o f  f i b rous  ma te r ia l  remaining a f t e r  t he  two stages decreases w i t h  
increas ing temperature. 

F igure 3 shows the glucose y i e l d ,  based on the  o r i g i n a l  raw 
mate r ia l .  The amount o f  glucose i n  the  f i l t r a t e s  from steps 1 and 
2 i s  low and almost constant i n  a l l  t he  experiments. The t o t a l  
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FILTRATE SUBSTRATE 220 C FILTRATE 220 C 
STEP 1 STEP 2 STEP 2 

EXEm lzzzz3 

._ 

.’ 

0- L s s i L -  
190 c 

- 
200 c 210 c 

TEMPERATURE STEP 1 
220 c 

FIGURE 4 Xylose y i e l d  

amount of glucose, of which the main p a r t  i s  obta ined from the 
f i b r o u s  ma te r ia l ,  increases w i t h  i nc reas ing  temperature. The 

maximum glucose y i e l d ,  75%, i s  reached when both the pretreatment 
stages are performed a t  220°C. It i s  however lower  compared w i t h  
the  y i e l d  i n  the  previous i n v e s t i g a t i o n  where on ly  one p r e t r e a t -  
ment stage was performed a t  220°C. 

A reason f o r  t h i s  could be t h a t  the s o l i d  ma te r ia l  i n  t h e  
second stage i s  more wet, 35% ODM as compared w i t h  the o r i g i n a l  

raw mater ia l  which holds 94% ODM. 
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"T 

OY 7 

0 24 4a 72 96 

TIME (HOURS) 

FIGURE 5 Hydro lys is  curves For w i l l o w  washed w i t h  c o l d  water 
Pret reated a t  220"C, 10 min 

The xylose y i e l d ,  a1 so based on the o r i g i n a l  raw mate r ia l ,  
i s  shown i n  F igure 4. The t o t a l  amount o f  xylose increases 
s l i g h t l y  w i t h  increas ing temperature t o  a maximum o f  67% a t  200°C 
and then decreases. A t  220°C i t  has dropped considerably t o  about 
35%. A t  200°C more than 60% o f  the recovered xylose i s  i n  the 
f i r s t  r i n s i n g  water. 

Some p re l im ina ry  runs in the modi f ied steam pretreatment 
equipment were a l s o  performed. The main d i f f e r e n c e  compared w i t h  
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40T 

w 
(TJ s .. 

3 
10- 

0 I 

0 24 48 72 96 

TIME (HOURS) 

FIGURE 6 Hydro lys is  curves f o r  w i l l o w  washed w i t h  ho t  water. 
Pret reated a t  220°C, 10 min. 

t he  previous equipment i s  the continuous removal o f  the conden- 
sate formed dur ing the pretreatment. The p re l im ina ry  r e s u l t s  
i n d i c a t e  t h a t  the glucose y i e l d  was increased t o  above 80%, and 
up t o  almost 90% when wet ma te r ia l  (30% ODM) was used i n  the  
f i r s t  pretreatment step. On the o the r  hand, the  maximum xylose 
y i e l d  decreased from 67% t o  about 54%. 

A l l  the hydrolyses descr ibed above were performed w i t h  the  
same amount o f  enzyme, i.e. 0.76 FPU/g so lu t i on ,  t o  evaluate the 
maximum achievable amount o f  xylose and glucose. I n  terms o f  
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390 EKLUND, GALBE AND ZACCHI 

TABLE 3 

Amount o f  Glucose and Xylose Obtained from the Hydrolysis.  

Based on 100 g Raw Mate r ia l  

S = Fibrous subst rate W1: Wash water from stage 1 

W2: Wash water from stage 2 

Hydro lys is  o f  Glucose fg)  Xylose (g)  

S 

w1 
w2 
s+w1 

s+w2 

31.9 

0.9 
0.9 

32.4 
32.0 

1.2 

3.6 

1.6 
4.3 
2.5 

FPU/g sugar produced the  enzyme concentrat ion i s  much h igher  i n  

the  r i n s i n g  water hydro lys is ,  about 190 FPU/g sugar, compared 
w i t h  15 FPU/g f o r  the subst rate hydro lys is .  I n  a commercial pro- 

cess the r i n s i n g  water would have t o  be hydrolysed together w i t h  
the  substrate thus reducing t h e  enzyme consumption. 

Previous r e s u l t s  i n d i c a t e  t h a t  hyd ro l ys ing  the  subst rate 

from the second stage w i thou t  washing i t  reduces the  y i e l d .  

Figures 5 and 6 show the  i n f l uence  o f  washing, us ing c o l d  water 

and h o t  water respect ive ly ,  on the hyd ro l ys i s  o f  w i l l o w  p r e t r e a t -  
ed i n  one stage a t  220"C5. The reduct ion o f  the hyd ro l ys i s  r a t e  

when washing i s  omi t ted could be due t o  some i n h i b i t o r y  substan- 
ces o r  t o  the change i n  s t r u c t u r e  o f  t h e  f i b r o u s  ma te r ia l  when 
phys ica l  l y  removing the  sol ubl  e hemi c e l l  u l  osesacchari des . 
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TWO-STAGE STEAM PRETREATMENT OF WILLOW 391 

Some experiments us ing a m ix tu re  o f  t he  r i n s i n g  waters and 

the  subst rate were a lso performed us ing the same enzyme con- 

c e n t r a t i o n  (0.76 FPU/g s o l u t i o n ) .  The r e s u l t s ,  which are shown i n  

Table 3, i n d i c a t e  t h a t  i t  i s  poss ib le  t o  hydrolyse the r i n s i n g  
water together  w i t h  the substrate.  The t o t a l  amount o f  sugars 

from the combined hyd ro l ys i s  i s  only s l i g h t l y  l e s s  than from the 
separate hydrolyses. This i s  somewhat con t rad i c to ry  t o  the re-  

s u l t s  shown i n  Figures 5 and 6. The new r e s u l t s  are obtained w i t h  

ma te r ia l  from the new pretreatment equipment and thus a c e r t a i n  
continuous washing dur ing the steaming i s  obtained due t o  t h e  

condensate removal. 

The r e s u l t s  are very promising b u t  more research i s  needed 

t o  opt imize t h e  two-stage pretreatment. D i f f e r e n t  pretreatment 
cond i t i ons  w i l l  be i nves t i ga ted  i n  f u t u r e  work on improving the  

y i e l d s .  Fu r the r  studies t o  examine the  e f f e c t  o f  t he  r i n s i n g  

water i n  more d e t a i l  are a l so  required. 
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