
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 25 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Wood Chemistry and Technology
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597282

Physical Aspects of the Liquefaction of Poplar Chips By Rapid Aqueous
Thermolysis
David G. B. Boococka; F. Porrettaa

a Department of Chemical Engineering and Applied Chemistry University of Toronto, Toronto,
Ontario, Canada

To cite this Article Boocock, David G. B. and Porretta, F.(1986) 'Physical Aspects of the Liquefaction of Poplar Chips By
Rapid Aqueous Thermolysis', Journal of Wood Chemistry and Technology, 6: 1, 127 — 144
To link to this Article: DOI: 10.1080/02773818608085219
URL: http://dx.doi.org/10.1080/02773818608085219

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713597282
http://dx.doi.org/10.1080/02773818608085219
http://www.informaworld.com/terms-and-conditions-of-access.pdf


J O U R N A L  OF WOOD C H E M I S T R Y  AND TECHNOLOGY, 6(1), 127-144 (1986) 

PHYSICAL ASPECTS OF THE LIQUEFACTION 
OF POPLAR CHIPS BY RAPID AQUEOUS THERMOLYSIS 

David G. B .  Boocock and F. P o r r e t t a  

Univers i ty  o f  Toronto 
Toronto,  Ontar io ,  Canada M5S 1 A 4  

D e p a r h e n t  of Chemical Engineer ing and Applied Chemistry 

ABSTRACT 

Hybrid p o p l a r  c h i p s  (6.35 mm square  c r o s s  s e c t i o n )  are con- 
v e r t e d  t o  a 45-50 p e r  c e n t  mass y i e l d  of ace tone  s o l u b l e  products  
when h e a t e d  f a i r l y  r a p i d l y  t o  33OOC i n  t h e  p r e s e n c e  of water. 
V i r t u a l l y  no char  or unconverted wood is  produced a t  330'C. 
( 1 5 % ) ,  carbon d i o x i d e  ( 6 . 4 % ) ,  aqueous o r g a n i c s  (8 .5%) ,  and carbon 
monoxide (0 .4%)  are a lso s i g n i f i c a n t  products .  Element ba lances  
f o r  carbon,  hydrogen and oxygen are 86, 98 and 96%, r e s p e c t i v e l y ,  
based on t o t a l  i n p u t ,  o r  86, 80 and 75% based on t h e  wood i n p u t .  

Extending t h e  heat-up from 3 minutes  t o  6 and 9 minutes  in-  
creases t h e  o i l  y i e l d ,  a l though t h e  molecular  weight  d i s t r i b u t i o n  
and chemical  composi t ions of  t h e  p r o d u c t  may be  d i f f e r e n t .  Rate 
of o i l  product ion  and t h e  o i l  y i e l d  are i n c r e a s e d  when less water 
i s  p r e s e n t ,  b u t  t h i s  o i l  c h a r s  more r e a d i l y  a t  h i g h e r  temperature  
because l i q u i d  water acts as a stabiliser. 

Water 

INTRODUCTION 

Any f u t u r e  commercial wood l i q u e f a c t i o n  p r o c e s s  w i l l  be  based 

on technology having c e r t a i n  i n h e r e n t  f e a t u r e s .  F i r s t ,  t h e  wood 

s u b s t r a t e  w i l l  be  i n  c h i p  form; secondly it w i l l  c o n t a i n  some 

water: and t h i r d l y ,  t h e  substrate w i l l  be brought  t o  r e a c t i o n  t e m -  

p e r a t u r e  f a i r l y  r a p i d l y .  Under t h e  l a t t e r  c o n d i t i o n  it i s  d o u b t f u l  

whether  heterogenous c a t a l y s t s  have t i m e  t o  i n t e r v e n e  i n  t h e  

r e a c t i o n s .  Such c a t a l y s t s  are e f f e c t i v e  under r e l a t i v e l y  s l o w  hea t -  
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128 BOOCOCK AND PORRETTA 

up and may, i n  t h e  presence  of hydrogen, h e l p  t o  stabilise t h e  

p r o d u c t s .  On t h e  o t h e r  hand, water -so luble  c a t a l y s t s  or pH 

changes are more l i k e l y  t o  effect  the course of  f a i r l y  r a p i d  

r e a c t i o n s .  

As f a r  as we are a w a r e ,  ch ip-s ized  wood has  n o t  been s t u d i e d  

i n  water-based p r o c e s s e s ,  a l though t h e  s e p a r a t i o n  of p o p l a r  i n t o  

i t s  c o n s t i t u e n t s  (e .g . ,  h e m i c e l l u l o s e ,  c e l l u l o s e  and l i g n i n )  by 

steam explos ion  h a s  been c a r r i e d  o u t  a t  lower temperatures  and 

s t u d i e d  i n  equipment similar t o  o u r s ' .  

the novel  vacuum p y r o l y s i s  system developed by Roy2, a l though some 

c h a r  i s  formed i n  t h i s  i n s t a n c e .  Abla t ive  p y r o l y s i s  of  c h i p s  h a s  

been i n v e s t i g a t e d  by Diebold i n  a n  a t t e m p t  to  overcome h e a t  and 

mass t r a n s f e r  problems'. 

Chips have been used i n  

As an e x t e n s i o n  o f  our  work on c a t a l y t i c  wood l i q u e f a c t i o n ,  

w e  s t u d i e d  a semi-continuous wood l i q u e f a c t i o n  u n i t  i n  which n i c k e l  

carbonate  served  as a p r e c u r s o r  f o r  t h e  n i c k e l  metal c a t a l y s t ,  t h e  

l a t t e r  being formed i n  s i t u  by r e d u c t i o n  w i t h  hydrogen4. 

powdered and s l u r r i e d  f e e d  e n t e r e d  t h e  reactor i n t e r m i t t e n t l y ,  and 

it w a s  r e a l i s e d  tha t  the f e e d  w a s  b rought  t o  temperature  r a t h e r  

q u i c k l y  due t o  the l a r g e  thermal mass of the r e a c t o r  and i t s  

c o n t e n t s .  The n i c k e l  c a r b o n a t e  d i d  n o t  reduce (it decomposed t o  

n i c k e l  oxide and carbon d i o x i d e )  b u t  even i f  it had,  n o n - c a t a l y t i c  

thermal  processes  would have s t i l l  dominated. An o i l  w a s  produced,  

even i n  t h e  absence of  n i c k e l  carbonate  and hydrogen, b u t  c h a r r i n g  

o c c u r r e d ,  and the o i l  y i e l d  w a s  low (25%)  because of the unavoid- 

able long r e s i d e n c e  time. 

The 

These r e s u l t s  prompted a s tudy  of t h e  r a p i d  aqueous p y r o l y s i s  

of powdered p o p l a r  wood546. 

and o i l  y i e l d s  of  48 per c e n t  chloroform s o l u b l e s  o r  5 3  p e r  c e n t  

ace tone  solubles w e r e  o b t a i n e d .  The oxygen c o n t e n t s  of t h e  o i l s  

were i n  t h e  range 25-30 p e r  c e n t  when o i l  y i e l d s  were h i g h e s t .  

G a s  y i e l d s  w e r e  i n  the range 4.5  to  10.0 p e r  c e n t  wi th  va lues  i n  

t h e  upper p a r t  of the range be ing  more common. The g a s  conta ined  

86-90 per c e n t  carbon d i o x i d e  and 10-13 p e r  c e n t  carbon monoxide. 

Temperatures up to  350°C w e r e  used 
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POPLAR CHIPS LLQUEFACTION 129 

Highest o i l  y i e l d s  were obtained when the r e a c t o r  w a s  p ressur i sed  

with n i t rogen .  Only pressures  of 0 .4 ,  2.17 and 4 .0  MPa were 

studied. O i l  y i e l d s  f o r  the  two upper pressures  were i d e n t i c a l  

bu t  s i g n i f i c a n t l y  h igher  than those  obtained a t  the  lower pressure .  

Perhaps the  only d i r e c t  re levant  study using similar hea t ing  r a t e s  

and temperatures has been t h a t  of Bobleter and Concin7 who s tudied  

Wi l s t a t t e r  poplar l i gn in .  Results showed t h a t  l i g n i n  depolymeri- 

s a t ion  was followed by repolymerisation, the  former occurring an 

order of magnitude f a s t e r  than t he  l a t t e r .  The k i n e t i c s  f o r  both 

s t eps  conf.ormed t o  f i r s t  order.  The ac tua l  hea t ing  r a t e  and time 

required t o  reach temperature were no t ,  however, given i n  t h i s  

study . 
This paper descr ibes  an extension of our rap id  py ro lys i s  

s tud ie s  to .pop la r  wood chips o r  chunks. P r io r  t o  the  s tudy ,  we 

an t ic ipa ted  t h a t  hea t  and mass t r a n s f e r  problems would produce 

some charring of t he  wood. Surpr i s ing ly  t h i s  turned o u t  no t  t o  

be the case.  The small tube-type reac tors  f o r  t he  powdered wood 

study were i d e a l  for studying s ing le  chips of a s u i t a b l e  s i z e .  

In a l a rge r  u n i t ,  cur ren t ly  under cons t ruc t ion ,  the wood is  heated 

by l i v e  steam and, i f  necessary, water. Heating r a t e s  equal t o  

or g rea t e r  than those i n  the  small  batch r eac to r s  w i l l  be 

a t t a inab le .  In  the  tube reac to r s  water p re sen t  a t  t he  beginning 

of the r eac t ion  provides the  steam and a l s o  a c t s  a s  a h e a t  t rans-  

f e r  m e d i u m .  

A key parameter f o r  t h i s  study was the dryness of the  wood. 

Recognisinq t h a t  green wood could have va r i ab le  water contents 

from chip t o  ch ip ,  i t  w a s  decided to  dry the  ch ips  t o  about one 

per  cent  moisture.  The use of green wood has r e su l t ed  i n  s imi l a r  

o i l  y i e lds ,  although the  chemical composition of the  o i l s  could 

be d i f f e r e n t .  

EXPERIMENTAL 

Although the  apparatus has been described i n  p a r t  e l ~ e w h e r e ' ' ~  

we include the  f u l l  descr ip t ion  here ,  since w e  be l i eve  the  r e s u l t s  

of t h i s  study a r e  s i g n i f i c a n t .  
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130 BOOCOCK AND PORRETTA 

The wood used w a s  Populus x Euramericana clone DN 30, (3-5 

years old)  provided by the Ontario Ministry of Natural Resources. 

I t  w a s  cut i n t o  standard chips 7.6 x 0.64 x 0.64 cm and dr ied 

under reduced pressure of 5 kPa f o r  36 hours. The chips used i n  

t h i s  study were taken from the sapwood of the t r e e .  Powdered 

wood f o r  canparative runs was obtained by grinding the wood i n  a 

Tyler b a l l  m i l l  t o  less than 200 mesh. 

The r eac to r  (178 m long) was made from 1 2 . 7  mm OD 316 

s t a i n l e s s  steel  tube (1.66 mm wal l  thickness) capped a t  one end 

by a Swagelock f i t t i n g .  A t  the other end a Chromel-alumel (Type K )  

thermocouple was held i n  place by another Swagelock f i t t i n g  

assembly carrying a s ide arm. A Whitey Union Bonnet valve was 

attached t o  the s i d e  am. The o u t l e t  s i d e  of the valve had a 

quick-connect f i t t i n g  f o r  attachment t o  the product gas handling 

device described elsewhefe6. The l a t t e r ,  by a pressure/volume 

measurement gave the moles of gas produced. Different heating 

r a t e s  fo r  t he  tubes were obtained by using f ib reg la s s  insulat ion 

and aluminum f o i l .  

The amount of wood i n  the reactor  w a s  f ixed a t  about one 

gram. Water/wood r a t i o s  (w/w) between 1 and 5 were used. After 

charging and sea l ing ,  the reactor  was flushed with nitrogen. 

However, the r eac to r  w a s  not pressurised,  s ince t h i s  did not a f f e c t  

the y i e ld  as i n  the case of powdered wood. 

A Techne SBL-2 Series 3000fluidised sand bath provided the 

heating medium. The bath temperature w a s  f ixed at 39OOC. The 

reactor  w a s  suspended i n  the sand bath from an eccentr ic  d r ive  

which provided mixing. 

mixing mode is not  necessary. A 2 . 5  cm thick s t e e l  b a r r i e r  provided 

protect ion.  The b a r r i e r ,  heating bath and cooling bath a re  mounted 

on wheels which run along f l o o r  rails .  The baths a re  supported on 

a counterbalanced l i f t  which can be raised or lowered manually. A 

combination of l a t e r a l  movements on the f loo r  rails and operation 

of the l i f t  successively immersed the reactor  i n  the heating and 

cooling baths with very l i t t l e  delay. 

Subsequent experiments have shown t h a t  the 
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POPLAR CHIPS LIQUEFACTION 131 

The gas phase was measured quan t i t a t ive ly  and q u a l i t a t i v e l y  

using the  gas-handling device and gas chromatographic assembly. 

The r eac to r  was opened and the  aqueous phase poured o f f .  Suspen- 

ded materials were removed by cent r i fuga t ion .  A l l  remaining 

mater ia l  w a s  removed from the  reac tor  with acetone which w a s  then 

f i l t e r e d  t o  remove acetone inso lubles .  Rotary evaporation of the  

acetone a t  5OoC (30 kPa followed by 5 kPa) yielded the  o i l .  The 

procedure thus separated gas ,  aqueous, o i l  and s o l i d  phases. 

Previously chloroform had been used f o r  d i s so lu t ion  of the o i l 6  

mainly because of its ant ic ipa ted  unreac t iv i ty  towards the  sub- 

s t r a t e .  I t  a l s o  does not i n t e r f e r e  i n  the  Karl-Fischer determin- 

a t ion  of water. However. chlorofonn does not e f f i c i e n t l y  separa te  

converted and unconverted wood. Materials t h a t  were obviously not 

char ,  although converted, would have been c l a s s i f i e d  as such 

because they would not d i sso lve  i n  chloroform. W e  believed t h a t  

only unconverted wood and char should be c l a s s i f i e d  a s  so l id s .  

F u r t h e r  c l a s s i f i c a t i o n  of the o i l  i n t o  low molecular weight com- 

pounds, dimers and trimers of l i gn in  were made using d i e thy l  

e the r  ex t r ac t ion  of the  acetone so luble  o i l .  Higher molecular 

weight oligomers of l i gn in  a r e  not  so luble  i n  the  d i e thy l  e the r .  

The experiments were c l a s s i f i e d  i n t o  seven sec t ions  of which 

f ive  a r e  discussed here: 

1) Qual i ta t ive  s tud ie s  

2 )  Heating r a t e  s t u d i e s  

31 Water:wood r a t i o  e f f e c t s  

4 )  Effec t s  of p a r t i c l e  s i z e  

5 )  Mass balances and reproducib i l i ty  of r e s u l t s .  

The product d i s t r i b u t i o n s  and chemical compositions w i l l  be the 

subjec t  of a separa te  publ ica t ion .  

Five i d e n t i c a l  runs were made and the  r e s u l t s  from them 

compared. Experiments were a l so  designed t o  close a mass balance. 

A key aspect to  t h i s  w a s  the  determination of the  amount of water 

produced. 

t he  reac t ion  i n  tetrahydrofuran (THF) of known water content and-- 

determining the  r e s u l t a n t  water content using a Karl-Fischer 

This w a s  accomplished by d isso lv ing  the  l i qu ids  from 
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132 BOOCOCK AND PORRETTA 

PLATE 1. Degradation of a standard poplar chip t o  o i l .  

T i t r i m e t e r .  Acetone could not be used because it i n t e r f e r e s  with 

the reagent. An i den t i ca l  run was performed t o  c o l l e c t  the 

remaining da ta  f o r  the mass balance. 

RESULTS 

Qua l i t a t ive  Study 

This study l o o h d  qua l i t a t ive ly  a t  the physical breakdown of 

The observations were poplar  chips under rapid heat-up i n  water. 

made under the following conditions : 

heating r a t e  - 2 .9  min t o  350°C 

water:wood mass r a t i o  - 3 

chip s i ze  - 7.6 cm x 0.64 an x 0.64 ~ m .  

The various stages i n  the conversion of wood a re  shown i n  p l a t e  1. 

The samples were obtained by quenching the react ion a t  d i f f e r e n t  

temperatures during the heat-up. The samples w e r e  allowed t o  dry 
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POPLAR CHIPS LIQUEFACTION 133  

0 
0 

I 

E 
P 

c' 

300 

2 0 0  ., /' A - 2 . 3  n i n s .  
6 - 6 .6  mins.  

C - 9.3 mins.  

0 2 4 6 8 10 

T i m e -  m i n u t e s  

FIGURE 1. Heat ing curves  f o r  unlaqcjed ( A )  and lagqe2  (€3 and C) 
tubes. 

a t  ambient c o n d i t i o n s  b e f o r e  t h e  d i s p l a y  w a s  made. As t h e  h e a t i n g  

progressed ,  water w a s  vapour ised  and absorbed by t h e  wood. This 

absorp t ion  cont inued  u n t i l  a t  3OO0C no s e p a r a t e  water  phase could 

be removed from t h e  tube .  The wood no longer  e x i s t e d  as t h e  c h i p ,  

t h e  water and wood forming a s o f t  and almost  f l u i d  medium. 

Obviously the steam had passed  i n t o  the wood. Condensative h e a t  

t r a n s f e r  o c c u r r e d ,  and t h e  absorped water caused the wood t o  s w e l l .  

Between 300-320°C t h e  wood breakdown cont inued .  The d isp layed  

samples o b t a i n e d  from t h i s  temperature  reg ion  occupied a much 

l a r g e r  volume when w e t  and t h u s  are n o t  t r u l y  r e p r e s e n t a t i v e  of 

t h e  breakdown sequence. 

By 32OOC the aqueous phase began t o  r e a p p e a r  and a t  33OOC t h i s  

was complete as w a s  the p h y s i c a l  d i s i n t e g r a t i o n  of t h e  wood. 

D i s t i n c t  o i l  and water phases  were p r e s e n t  i n  t h e  r e a c t o r  a t  t h i s  

p o i n t .  C e l l u l o s e  begins  d e g r a d a t i o n  a t  tempera tures  as l o w  as 

225"C,  and t h e  d i s c o l o u r a t i o n  of t h e  wood a t  250°C is presumably a 

r e s u l t  of degraded carbohydra tes .  Measuseable amounts of acetone- 
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134 BOOCOCK AND PORRETTA 

U 
0 
0 
L 

mlm 
I 
u) 

Q 
0 a 

He at- up t imz 
El A - 2.3 mins. 
0 B - 6.6 mins. 

A C - 9.3 mins. 

0.9 

0 . 7  

0 . 5  

0.3 

0.1 

2 5 0  3 0 0  3 5 0  
T e m p - O C  

FIGURE 2.  Acetone-insoluble ma te r i a l  as  a func t ion  of f i n a l  
temperature. 

so lub le  m a t e r i a l  can be ex t rac ted  a t  t h i s  po in t .  

most r ap id ly  a t  temperatures above 300°C,  and thus  i t  appears 

t h a t  the d i s rup t ion  i n  the  l i g n i n  s t r u c t u r e  causes t h e  u l t imate  

wood breakdown. 

Lignin degrades 

Heating Rate Study 

By i n s u l a t i n a  the  outs ide  of t h e  tubes. it w a s  poss ib le  t o  

reduce the  hea t ing  r a t e s  while maintaining the  des i r ed  asymptotic 

approach t o  350°C. The following conditions were used: 

hea t ing  r a t e  A 2.3 min t o  35OoC 

B 6.6 min t o  35OOC 

C 9.3 min t o  35OOC 

water/wood mass r a t i o  5 

chip  s i z e  7.6 cxn x 0.64 cm x 0.64 cm. 

The r e s u l t s  a r e  p l o t t e d  i n  Figures 1-6. Figure 1 shows the  
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POPLAR CHIPS LIQUEFACTION 135 

9) 
C 
0 
9) 
0 

- 
4 

0 - 2  

Heat-up time 

a A - 2.3 mins. 

Q B - 6.6 m i n s .  

A C - 9.3 mins. 

2 50 300 350 
Temp-OC 

FIGURE 3. Acetone-soluble material  ( o i l )  as  a function of 
temperature. 

temperature, a s  measured by the in t e rna l  thermocouple, as a 

function of t i m e .  In  Figures 2-6 temperature has been chosen as  

the independent variable.  Time could have been chosen, but 

Figure 2 i n  which acetone-insolubles a re  plot ted shows why i t  was 

not. In the range studied, the heating r a t e  had no s ign i f i can t  

e f f e c t ,  and the acetone insolubles were controlled by the tempera- 

t u re  a t  any time. The system appears t o  conform t o  one i n  which 

bonds of g rea t e r  thermal s t a b i l i t y  are broken a s  the temperature 

r i s e s .  There is  l i t t l e  evidence of f a s t  recondensation reactions 

leading t o  acetone-insoluble mater ia l  as  reported by Bobleter7 i n  

h i s  study of poplar l ignin.  However, acetone-soluble materials 

are undoubtedly undergoing fu r the r  chemical reactions.  The 

absence of s ign i f i can t  amounts of char was surpr is ing,  par t icular ly  

a t  the slower heating r a t e s .  In batch autoclaves employing heat-up 

times of an hour or more, considerable amounts of char are formed'. 

Presumably recondensative react ions become more prominent under 

slower heating r a t e s ,  and the more s t a b l e  polymers yield char. 

Figure 3 shows t h a t  t he  f a s t e s t  heating r a t e  produces a 

lower maximum i n  the o i l  y i e ld  than the other slower heating r a t e s .  
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Heat-up t i m e  

a A - 2 . 3  mins. 

Q B - 6.6 mins.  

A C - 9.3 mins. 

2 5 0  300 350 
Temp - O C  

FIGURE 4 .  Tota l  g a s  p r o d u c t i o n  as a f u n c t i o n  of tempera ture  

The molecular  weight  d i s t r i b u t i o n  and chemical  composi t ion of 

t h e s e  o i l s  may be  d i f f e r e n t .  A l s o  t h e  m a x i m u m  y i e l d  i s  reached 

e a r l i e r  such tha t  a t  3 5 0 a C  t h e  y i e l d  i s  s u b s t a n t i a l l y  lower t h a n  

t h o s e  f o r  t h e  o t h e r  h e a t i n g  ra tes .  Measurement of g a s  p r o d u c t i o n  

(F igure  4) shows tha t  less g a s  is produced a t  t h e  s l o w e s t  h e a t i n g  

r a t e ,  whereas a t  t h e  o t h e r  two h e a t i n g  r a t e s  it i s  n o t  s i g n i f i -  

c a n t l y  d i f f e r e n t .  Approximately 90 per c e n t  of t h e  t o t a l  g a s  i s  

carbon d i o x i d e ,  b u t  there is an i n c r e a s e  i n  t h e  carbon monoxide 

product ion  f o r  tempera tures  o v e r  325°C a t  t h e  slowest h e a t i n g  

ra te ,  even though t h e  o v e r a l l  g a s  product ion  i s  lower ( F i g u r e  5 ) .  

Waterpood Rat io  Study 

Using t h e  same p a r t i c l e  s ize  as t h e  p r e v i o u s  s t u d y ,  water/ 

w o o d  mass r a t i o s  of  1, 3 and 5 were used.  This  r e s u l t e d  i n  

v a r i a t i o n s  i n  t h e  time r e q u i r e d  t o  reach 350°C as shown i n  

F igure  6. The m a s s  of  w o o d  w a s  k e p t  c o n s t a n t  i n  these r u n s  and 
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Heat-up time r 
A - 2 . 3  m i n s .  

0 B - 6.6 mins. 
A c - 9.3  r n i n s .  

2 5 0  300 350 
Temp-OC 

F I G U R E  5 .  Carbon monoxide production as a function of temperature. 

L 1 1 I I 

1 2 3 4 

Time - minutes 

F I G U R E  6. Heating curves for water/wood r a t i o s  of 1, 3 and 5 .  
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138 BOOCOCK AND PORRETTA 

F I G U R E  7. 

0 w / w = 1  
a w/w = 3 

Q W / F I  = 5 

250 300 350 
Temp-OC 

Acetone-insoluble material  a s  a function of temperature 
fo r  water/wood r a t i o s  of 1, 3 and 5. 

thus more water w a s  added t o  obtain the higher r a t i o s .  A t  f i r s t  

glance the heating curves appear anomalous, s ince the system with 

the highest  thermal mass heats  up the f a s t e s t .  However, a t  the 

lower water/wood r a t i o ,  there  i s  i n s u f f i c i e n t  water t o  s a t i s f y  

the absorption capacity of the wood and l i q u i d  water i s  depleted,  

r e su l t i ng  i n  decreased heat  t r ans fe r  t o  the thermocouple. As the 

swelled wood becanes mobile and par t i cu la r ly  as l i q u i d  water 

reappears, the heat  t r a n s f e r  t o  the thermocouple increases 

again as can be seen c l e a r l y  i n  Figure 6 .  Somewhat unexpectedly 

the conversion of wood a t  the lowest water/wood r a t i o  i s  f a s t e r  

(Figures 7 and 81, and the changes i n  slope of the heating curve 

occur a t  temperatures lower than would be predicted by considera- 

t i on  of Plate  1 which shows wood samples f o r  the water/wood r a t i o  

of 3 .  We thus conclude t h a t  it is steam t h a t  primarily causes 

the conversion and t h a t  l iquid water r e t a rds  the process.  

Presumably l i qu id  water can be forced i n t o  the wood, bu t  it does 
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0 w/w = 1 

aw/w=3 

Q w/w = 5 

250 300 350 
Temp-OC 

FIGURE: 8. Acetone-soluble material  ( o i l )  as a f u n c t i o n  of 
temperature  f o r  water/wood r a t i o s  of 1, 3 and 5 .  

n o t  provide  the condensa t ive  h e a t  of t h e  s team. Thus it i s  l i k e l y  

t h a t  i n i t i a l l y  t h e  h e a t  t r a n s f e r  t o  t h e  wood is  h i g h e r  a t  t h e  

lower water- loading.  T h i s  augers  w e l l  f o r  our  l a r g e r  scale 
system i n  which l i v e  steam w i l l  be i n j e c t e d  i n t o  the s u b s t r a t e .  

I t  can also be  seen from Figure  7 t h a t  l i q u i d  water  p r e v e n t s  

c h a r r i n g  of t h e  o i l  once it i s  formed, and t h a t  i n  t h e  absence of 

s u f f i c i e n t  l i q u i d  water, t h e  ra te  of c h a r  formation i s  cons ider -  

able. The r e s u l t s  a l s o  shaw t h a t  t h e  c h a r  comes from t h e  o i l  and 

is n o t  a d i r e c t  p roduct  f r m  t h e  wood. 

T o t a l  g a s  product ion  (F igure  9)  (90% C02,  10% CO) i s  i n i t i a l l y  

f a s t e r  when i n s u f f i c i e n t -  l i q u i d  w a t e r  i s  p r e s e n t .  

p rocess  at t h i s  r a t i o  i s  accompanied by an i n c r e a s e  i n  gas  produc- 

t i o n  r a t e  beyond 325OC. 

Particle S i z e  Study 

The c h a r r i n g  

The e f f e c t  of reducing  the c h i p  s i z e  w a s  i n v e s t i g a t e d  by 

u s i n g  c h i p s  w i t h  h a l f  of  t h e  c r o s s  s e c t i o n  dimension o f  t h e  
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P 0 w/w = 1 

w / w = 3  

Q w/w = 5 

I I I 

250  3 00 3 5 0  

Tornp-OC 

F I G U R E  9 .  Total gas production as  a function of temperature for 
water/wood r a t i o s  of 1, 3 and 5 .  

standard chip. The s ides  of these chips were thus 3 . 2  mm. For 

a fu r the r  comparison, we  also ran powdered wood ( l e s s  than 200 

mesh) under the same conditions. A water/wood r a t i o  of 5 was 

used throughout and the time taken t o  reach 350OC was approximately 

2 . 3  minutes. 

Figure 10 shows t h a t ,  a s  expected, the powdered wood i n i t i a l l y  

converts f a s t e r  than the chips; the smaller chips a l s o  l iquefy 

f a s t e r  than the standard chip. Heat t r ans fe r  t o  the powder i s  

obviously f a s t e r  than the chips,  but there  i s  not a dramatic 

difference between the l iquefaction curves fo r  the powder and 

smaller chips.  S i m i l a r  e f f e c t s  are noted i n  the acetone o i l  

y i e lds  and gas production for  the powder and smaller chips 

(Figure 11). The o i l  production for  the standard ch ip  is delayed 

i n  comparison, and the maximum o i l  y i e ld  i s  lower than t h a t  fo r  
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0 7.6 x 0.64 x 0.64 cm 
' . O r  

0 
c 
0 

Q 
0 0 . 2  
U 

c. 

2 50 300 3 5 0  
Temp-cC 

FIGURE 10.  AcetOne-inSOlubk material  as a f u n c t i o n  of 
temperature  f o r  two c h i p  s i z e s  and powdered wood. 

TI 
0 
0 
3 m 1 0  

I 0-6  
u) 
Q, - 
n 
a 0 0.4 

v) 

Q, 
C 

Q 
0 
U 

2 0 . 2  

2 5 0  300 350 
Temp-OC 

0 7.6~0.64x0.64cm 

0 7.6x0.32x0.32cm 

a 200 mesh 

F I G U R E  11. Acetone-soluble material as a f u n c t i o n  of temperature  
f o r  two chip s izes  and powdered wood. 
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0 
0 
0 
3 r n I 0  

-0 
0 

10 

8 

6 

4 

2 

0 7.6x0.64x0.64cm 

0 7.6x0.32x0.32cm 

200 mesh 

2 50 300 350 
Temp- O C  

FIGURE 1 2 .  T o t a l  g a s  product ion  as a f u n c t i o n  o f  temperature  for  
two c h i p  s i z e s  and powdered wood. 

the o t h e r  two s u b s t r a t e s .  More g a s  is a l s o  produced f o r  the 

s t a n d a r d  c h i p  (F igure  12). 

R e p r o d u c i b i l i t y  of Data 

F i v e  t u b e s  c o n t a i n i n g  s t a n d a r d  c h i p s  o f  similar weight  range ,  

(0.8175 9 - 1.0993 9) a t  water/wood ra t ios  of  5 were hea ted  t o  33OaC 

i n  1.7 minutes .  Computed average y i e l d s  w i t h  95% conf idence  l i m i t s  

w e r e  : 

o i l  y i e l d  47.6 -+ 3.5% 
carbon d i o x i d e  4.28 ? 0.43% 

carbon monoxide 0.456 f 0.02% 

s o l i d s  2.38 2 0.69% 

The l a r g e  e r r o r  i n  t h e  s o l i d s  i s  due t o  the l o w  y i e l d  a t  this 

tempera ture .  
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 ass and Element Balances 

The t o t a l  m a s s  balance showed t h a t  96.6% of the  o r i g i n a l  

mass was accounted f o r ,  bu t  this included the  water added i n  

five-fold excess.  I f  the  mass balance was performed considering 

only products ( inc luding  product water) and the  mass of the  wood, 

then 80% of the  wood w a s  accounted fo r .  On the  same basis, the 

element balance accounted f o r  86.4% of carbon, 80.0% of hydrogen 

and 75% oxygen. Sane of the carbon i s  inev i t ab ly  l o s t  i n  the 

ro t a ry  evaporation of t he  o i l .  There would a l s o  be l i q u i d  losses  

when the  tubes a re  vented. 

CONCLUSION AND FUTHER WORK 

I t  i s  thus concluded t h a t  chipped poplar wood w i l l  completely 

y i e ld  acetone so lub le s ,  water so lubles ,  and gases i f  heated under 

the  co r rec t  conditions i n  water. The chemical composition of 

these o i l s  w i l l  be reported shor t ly .  The reac t ions  of o ther  

poplar  clones a s  w e l l  as the  heartwood, sapwood and bark compo- 

nents i s  progressing. The major finding is  t h a t  d i f f e r e n t  clones 

and components y i e l d  d i f f e r e n t  product s l a t e s .  The d e t a i l s  of 

t h i s  study w i l l  a l s o  be published i n  the  near fu tu re .  
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