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VACUUM PYROLYSIS OF BARK FROM PINUS PONDEROSA 

T.L. Lowary and G.N. Richards* 
Wood Chemistry Laboratory  

U n i v e r s i t y  o f  Montana 
Missoula. Montana 59812, USA 

ABSTRACT 

The i n n e r  and o u t e r  barks o f  ponderosa p i n e  (P. ponderosa) 
have been pyro lysed a t  350°C i n  vacuum and t h e  t a r s  analyzed by 
gas chromatography a f t e r  t r i - 0 - m e t h y l s i l y l a t i o n .  The n i n e  major  
peaks i n  t h e  gas chromatogram have been i d e n t i f i e d  and q u a n t i f i e d  
and i t  i s  c o n c l u d e d  t h a t  a l l  ( e x c e p t  p i n i t o l )  o r i g i n a t e  
predominant ly  f rom po lysacchar ide  components o f  t h e  barks. They 
account f o r  up t o  53% o f  t h e  t o t a l  t a r .  Removal o f  most o f  t h e  
meta l  ions  f rom the  barks by i o n  exchange w i t h  d i l u t e  a c i d  has a 
dramat ic  i n f l u e n c e  on t h e  t a r  c o n s t i t u e n t s ,  e.g. i n c r e a s i n g  t h e  
y i e l d  o f  levoglucanosan f rom i n n e r  bark  from 0.8% t o  13%. which 
represents  31% o f  t h e  o r i g i n a l  g lucan c o n t e n t  o f  t h e  bark. The 
polyphenol  and l i g n i n  components o f  t h e  bark a re  p redominant ly  
conver ted d i r e c t l y  t o  char  a t  350°C. 

INTRODUCTION 

Bark remains a major  high-volume low-value "waste" p roduc t  o f  

t h e  f o r e s t  products  i n d u s t r y  e s p e c i a l l y  f rom softwood, d e s p i t e  

ex tens ive  research i n t o  i t s  c o n s t i t u e n t s  and uses (e.g., more than 

500 p a p e r s  and p a t e n t s  s i n c e  1967). However, one avenue o f  

u t i l i z a t i o n  which has been l e s s  e x t e n s i v e l y  i n v e s t i g a t e d  t h a n  

o t h e r s  i s  t h e  thermal  convers ion o f  bark, e i t h e r  w i t h  a view t o  

i s o l a t i o n  o f  h igh-va lue produc ts  by p y r o l y s i s  o r  f o r  g a s i f i c a t i o n .  

* Address correspondence t o  t h i s  author .  
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3 94 LOWARY AND RICHARDS 

This i s  desp i te  the  very extensive l i t e r a t u r e  on such thermal 
treatments of wood and ce l lu lose .  This paper represents  our f i r s t  
r e p o r t  of an a t t empt  t o  use  a n e w  concept  o f  ion c o n t r o l  
( including t o t a l  removal of metal ions) t o  influence the  pyro lys i s  
of barks. The concept i s  based on recent work ca r r i ed  out i n  this 
laboratory on ce l lu lose  and wood (e.g. 1-3) and seemed l i k e l y  t o  
be even more e f f ec t ive  with bark because of the g rea t e r  proportion 
of ac id ic  and phenolic groups ava i lab le  i n  bark which wil l  bind 
metal ions in nature. The ult imate t a r g e t s  a r e  t o  obtain high- 
value products by pre-extraction and ion-controlled pyrolysis.  A 

complementary study o f  gas i f i ca t ion  of chars from the  barks t o  
produce gases e i t h e r  f o r  combustion or  (preferab ly)  conversion t o  
products such as methanol wi l l  be reported separa te ly .  

T h e  major d i f f e r e n c e s  between bark and wood f o r  a given 
species in terms of gross chemical content a r e  genera l ly  t h a t  
"bark contains more polyphenols, inorganic cons t i tuents  and uronic 
acid (pec t in)  than the  wood. b u t  l e s s  glucose ( c e l l u l o s e )  and 
mannose residues'I.4 A l a rge  proportion of the  polyphenols i s  
readi ly  extracted from bark and may have poten t ia l  commercial 
va lue ,  e . g .  a s  adhesives.5 The higher content of indigenous 
ca t ions  i n  the polyphenols of bark (compared w i t h  wood) w i l l  
c e r t a in ly  have a major influence on any thermal treatment of whole 
bark and hence bark was expected t o  be espec ia l ly  s e n s i t i v e  t o  our 
procedures fo r  ion control in thermal treatments. 

The thermal treatment of extracted barks (which could  b e  
car r ied  out a f t e r  removal of polyphenols f o r  other uses) involves 
the  reaction of several  species of polysaccharides which  (with 
suberin and l i gn in )  make up t he  bulk o f  t h e  non-extractable pa r t  
of the bark. These polysaccharides have been very ex tens ive ly  
studied, espec ia l ly  by Time11 and  coworker^.^-^ who have shown 
e.g. t h a t  Amabilis Fir bark contains 50X6 and White Birch bark 
54%.' Several softwood barks have been shown t o  contain 30-38% 
a-cel lulose.8 Pectins6 and galactoglucomannans9 are  a l so  major 
bark cons t i tuents .  The uronic acid content o f  polysaccharides in 
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VACUUM P Y R O L Y S I S  OF BARK 395 

bark  i s  much h i g h e r  than  i n  wood4 and hence t h e  po lysacchar ide  

f r a c t i o n ,  l i k e  t h e  polyphenol  f r a c t i o n ,  w i l l  a l s o  c o n t a i n  more 

ind igenous c a t i o n s  than  comparable wood and w i l l  be more s e n s i t i v e  

t o  ou r  i o n - c o n t r o l  thermal  t reatments.  

Several au tho rs  have c a r r i e d  ou t  thermal  a n a l y s i s  on barks,  

(e.g. 10-15). b u t  t h e r e  i s  need f o r  more e x t e n s i v e  i d e n t i f i c a t i o n  
o f  m a j o r  v o l a t i l e  p r o d u c t s .  I n  p a r t i c u l a r ,  M c G i n n i s  a n d  

coworkers10 have c a r r i e d  o u t  thermal  a n a l y s i s  o f  ba rks  w i t h  and 

w i t h o u t  a l k a l i n e  p r e - e x t r a c t i o n ,  and have i d e n t i f i e d  some o f  t h e  

v o l a t i l e  p roduc ts  o f  f l a s h  p y r o l y s i s , l 6 - 1 8  b u t  w i t h o u t  t h e  i o n  

c o n t r o l  which i s  t h e  c e n t r a l  f e a t u r e  o f  t h e  p resen t  i n v e s t i g a t i o n .  

Ross and coworkers11912 have c a r r i e d  o u t  thermal  a n a l y s i s  o f  b a r k  

w i t h  many i n o r g a n i c  a d d i t i v e s ,  b u t  have n o t  i d e n t i f i e d  any  

p roduc ts  f rom p y r o l y s i s .  Furthermore, we have shown w i t h  wood 

t h a t  such an a d d i t i v e  approach w i l l  y i e l d  comp le te l y  d i f f e r e n t  

r e s u l t s  f rom t h e  i o n - c o n t r o l  procedures which we propose, which 

w i l l  d i s p e r s e  i n d i v i d u a l  me ta l  i o n s  w i t h i n  t h e  ba rk  morphology i n  

accordance w i t h  t h e  d i s t r i b u t i o n  o f  n a t u r a l l y - o c c u r r i n g  c a r b o x y l i c  

and pheno l i c  groups. For  example, DeGroot and Sha f i zadeh l  s t a t e  

"potassium carbonate absorbed on c e l l u l o s e  s i g n i f i c a n t l y  i nc reases  

i t s  decomposi t ion temperature, a l t hough  i t  has t h e  o p p o s i t e  e f f e c t  

when added t o  wood t h r o u g h  i o n  exchange" .  The p r o f i l e  o f  

p y r o l y s i s  p r o d u c t s  f r o m  c e l l u l o s e 2 0 - 2 1  and a l s o  f rom ano the r  

n e u t r a l  po l ysacchar ide  ( 6 - 1 ,  3 - g l u c a n )  have b e e n  shown t o  b e  

c o m p l e t e l y  c h a n g e d  b y  p r e s e n c e  o f  l e s s  t h a n  0.2% s o d i u m  

c h 1 o ri de. 22 
Ponderosa P ine  (Pinus ponderosa) was s e l e c t e d  f o r  i n i t i a l  

s t u d y  because  i t  i s  an a b u n d a n t  c o m m e r c i a l i z e d  s p e c i e s  i n  

Nor thwestern America and has a r e l a t i v e l y  heavy ba rk  i n  which t h e  

o u t e r  bark i s  preponderant. 

EXPERIMENTAL 

P r e p a r a t i o n  o f  Barks 

Bark  was c o l l e c t e d  f rom a 120 cm l e n g t h  o f  b o l e  f rom a 

h e a l t h y  49 yea r  o l d  t r e e  (12 m x 20 cm d iamete r  a t  base)  a t  
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396 LOWARY AND RICHARDS 

Lubrecht Experimental Forest a t  t he  University o f  Montana i n  June. 
The inner bark (thickness ca. 2 mm) was immediately s t r i p p e d  
manually from the  outer bark (thickness 10-30 mm). Both barks 
were a i r  dried overnight i n  the  dark, Wiley milled t o  pass a 1 mm 
s c reen  and then s tored  i n  sealed p l a s t i c  bags a t  -20°C. The 
respective a i r  d r y  y i e lds  were 249 g ( i nne r )  and 2297 g (ou te r )  
and removal o f  inner bark from outer was 50-70% complete. 1.e. 
the  inner bark sample was f r e e  from outer  bark and a l l  subsequent 
r e s u l t s  a re  regarded as representa t ive  of ''pure'' phloem. The 
outer bark sample was tenfold g rea t e r  i n  weight than the inner 
bark and therefore  the 30-50% of t o t a l  inner bark l e f t  w i t h  the  
outer  bark wi l l  have only a small influence on the  subsequent 
r e s u l t s  obtained with the  l a t t e r  f rac t ion .  Samples (20 g) of 
ground bark were washed as follows. The bark was covered w i t h  t he  
wash l i q u i d ,  degassed a t  15 mm Hg and t ransfer red  t o  a g l a s s  
column. Water-washed barks were then eluted w i t h  water ( 2  L )  over 
a period of ca. 10 hr a t  room temperature. Acid-washed barks were 
washed w i t h  0.05 N hydrochloric acid (1.5 L) followed by water (2  
L). Strong acid-washed barks were washed with 1 N hydrochloric 
acid ( 5  L) followed by water ( 2  L). EDTA-washed outer  bark was 
eluted w i t h  0.07 M EDTA ( 3  L) followed by 0.05 N hydrochloric acid 
( 2  L) and then water ( 3  L). All washed barks were f i l t e r e d ,  
vacuum dried a t  40°C and stored a t  -20°C. 

Pyrolysis Conditions 

Batch vacuum pyrolyses were conducted on 0.5-2.0 g samples 
u n d e r  a flow o f  nitrogen a t  approximately 1 . 5  mm Hg.23 The 
material condensing a t  room temperature i s  described as ' 'tar' ' and 
was almost e n t i r e l y  soluble i n  methanol. The material  which 
subsequently condensed a t  -40°C i s  described as " d i s t i l l a t e "  and 
contained a l a rge  proportion of water. Trace amounts of waxes 
were present i n  both t a r  and d i s t i l l a t e  from 350°C pyrolyses, 
these were not soluble in methanol or water and were not included 
i n  subsequent analyses. In some limited pyrolysis experiments a t  
higher temperatures, increased y ie lds  of waxes were observed, 
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VACUUM PYROLYSIS OF BARK 397 

Gas Chromatography 

Packed n i c k e l  columns, n i t r o g e n  c a r r i e r  gas, f lame i o n i z a t i o n  

d e t e c t i o n  and d i g i t a l  i n t e g r a t i o n  were used w i t h  t h e  f o l l o w i n g  

columns: (a )  3% SE52 on GasChrom Q (100-120 mesh) (2.2 mrn 0.d. x 

2.4 m) programmed from 130" t o  250°C a t  6 " /  min f o r  TMS e t h e r s  and 

(b )  3% ECNSS on GasChrom Q (100-120 mesh) (2.2 mm 0.d. x 1 m) 

programmed f rom 160" t o  190°C a t  2"/min f o r  a l d i t o l  acetates.  

The t a r  was d e r i v a t i z e d  f o r  gas chromatography on column ( a )  

w i t h  b i s - (  trimethylsily1)trifluoro-acetamide (BSTFA, P i e r c e  

Chemical Co.) i n  p y r i d i n e  a t  90" f o r  10 min a f t e r  a d d i t i o n  o f  D- 

g l u c i t o l  as i n t e r n a l  standard. 

Glycan conten t  was determined by h y d r o l y s i s  w i t h  72% s u l f u r i c  

a c i d  fo l lowed by reduc t ion ,  a c e t y l a t i o n  and gas chromatography on 

co lumn ( b )  u s i n g  m y o - i n o s i t o l  as t h e  i n t e r n a l  s tandard and 

c o r r e c t e d  f o r  a c i d  d e g r a d a t i o n  o f  g l y c 0 s e s . 2 ~  Uron ic  a c i d  

c o n t e n t s  were d e t e r m i n e d  on a l i q u o t  p o r t i o n s  o f  t h e  a c i d  

hydro lysa tes  by r e a c t i o n  w i t h  3-phenylphenol, u s i n g  g a l a c t u r o n i c  

a c i d  standards and c o r r e c t e d  f o r  losses due t o  a c i d  degradat ion.24 

NMR Analys is  

D i s t i l l a t e s  were d i l u t e d  w i t h  deuter ium o x i d e  c o n t a i n i n g  

2, 2 -d imethy l -p ropan-1-01  as i n t e r n a l  s t a n d a r d  and 1H-n.m.r. 

recorded w i t h  a Jeo l  FX-9OQ ins t rument  a t  90 MHz. Y i e l d s  o f  

i n d i v i d u a l  products  were then determined by i n t e g r a t i o n  o f  peak 

areas as descr ibed e a r l i e r . 2 5  

RESULTS AND DISCUSSION 

Carbohydrate Components o f  Barks 

The g lycan conten t  o f  t h e  barks i s  shown i n  Table 1. These 

va lues r e p r e s e n t  a b s o l u t e  c o n t e n t s  o f  a n h y d r o g l y c o s e  u n i t s ,  

c o r r e c t e d  f o r  a c i d  d e g r a d a t i o n ,  and t h e y  i n d i c a t e  t o t a l  

carbohydrate conten ts  o f  45% i n  t h e  o u t e r  bark and 66% i n  t h e  
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3 98 LOWARY AND RICHARDS 

i n n e r  bark. The major  non-carbohydrate components a r e  po lypheno ls  

( e s p e c i a l l y  proanthocyanid ins) ,  l i g n i n ,  s u b e r i n  and low mo lecu la r  

we igh t  e x t r a c t i v e s .  16,z6 Among t h e  carbohydrate components, i n  

t h e  o u t e r  bark t h e  g lucose i s  l i k e l y  t o  occur  p redominan t l y  as 

c e l l u l o s e  and t h e  o t h e r  major  t y p e  o f  po l ysacchar ide  i s  p e c t i c  

substance, as i n d i c a t e d  by t h e  h i g h  c o n t e n t  o f  g a l a c t u r o n i c  a c i d  

and by t h e  f a c t  t h a t  p e c t i n s  have p r e v i o u s l y  been i s o l a t e d  f rom 

barks (e.g. Abies amab i l i s6 ) .  The a rab inose  i s  p robab ly  p r e s e n t  

p a r t l y  as a component o f  t h e  p e c t i n 6  and p a r t l y  as an arabinan,  

s i m i l a r  t o  t h a t  r e p o r t e d  f rom Pinus s y l v e s t r i s  bark.27 I n  t h e  

phloem ( i n n e r  ba rk )  g lucose i s  t h e  major  ca rbohydra te  c o n s t i t u e n t .  

T h i s  w i l l  o c c u r  p a r t l y  as c e l l u l o s e ,  b u t  a l s o  as s t a r c h  (20% 

s t a r c h  c o n t e n t  was f o u n d  i n  P. s y l v e s t r i s  phloem28) and as 

ca l l ose ,  a 1,3-B-glucan, o c c u r r i n g  p a r t i c u l a r l y  i n  t h e  s i e v e  

tubes.28 Some g lucose w i l l  a l s o  occu r  as monomer and as sucrose. 

The con ten t  o f  p e c t i c  substances and arabinan i s  r a t h e r  h i g h e r  i n  

t h e  phloem than  i n  t h e  o u t e r  ba rk  and a galactomannan i s  p resen t  

i n  small  amount i n  b o t h  p a r t s  o f  t h e  bark ( c f .  t h e  galactomannan 

f rom P. s y l v e s t r i s 2 9 ) .  

N e i t h e r  t h e  accuracy n o r  t h e  p r e c i s i o n  o f  t h e  ca rbohydra te  

analyses i n  Table 1 i s  high, b u t  some genera l  conc lus ions  a r e  

poss ib le .  The t o t a l  ca rbohydra te  c o n t e n t  i s  i nc reased  by  ac id -  

washing, b o t h  w i th  o u t e r  and i n n e r  barks.  T h i s  i s  due t o  removal 

o f  non-carbohydrate c o n s t i t u e n t s ,  b o t h  me ta l  i o n s  and a l s o  water- 

s o l u b l e  e x t r a c t i v e s  s u c h  as  some o f  t h e  p o l y p h e n o l s ,  

c y c l o h e x i t o l s ,  e t c .  The f a l l  i n  a rab inose  c o n t e n t  o f  t h e  o u t e r  

ba rk  on acid-washing suggests t h a t  some such components c o n t a i n  

arabinose u n i t s .  The inc rease  i n  u r o n i i  a c i d  c o n t e n t  w i t h  ac id -  

washing i n d i c a t e s  t h a t  t h e  p e c t i c  substances o f  t h e  barks a r e  n o t  

w a t e r  o r  a c i d  s o l u b l e  a t  room temperature. The inc rease  i n  

g lucose con ten t  w i t h  m i l d  acid-washing i s  due t o  t h e  f a c t  t h a t  t h e  

m a j o r  g l u c a n  components ( c e l l u l o s e ,  s t a r c h  and c a l l o s e )  a r e  

i n s o l u b l e  i n  room temperature water, b u t  t h e  f a l l  i n  g l u c o s e  

con ten t  between m i l d  and s t r o n g  acid-washing i s  unexpla ined and 

may i n d i c a t e  some s e l e c t i v e  e x t r a c t i o n  o f  a g l u c a n  b y  t h e  
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s t ronger  ac id .  Ac id  h y d r o l y s i s  o f  g lycan bonds by the  s t ronger  

a c i d  does n o t  appear t o  be s i g n i f i c a n t  because t h e  a r a b i n o s e  

conten t  a f t e r  s t r o n g  acid-washing i s  t h e  same as w i th  m i l d  ac id -  

washing and t h e  arabinose component would be expected t o  be t h e  

most s e n s i t i v e  marker o f  h y d r o l y s i s  because i t  i s  most p robab ly  

present  predominant ly  i n  t h e  fu ranos ide  form. 30 

Metal I o n  Const i tuents  o f  Barks 

T a b l e  2 shows t h e  m e t a l  i o n  c o n t e n t  o f  t h e  b a r k s  as 

determined by argon plasma spectrometry. I n  t h e  o u t e r  bark. t h e  

major metal i o n  i s  calcium. The phloem conta ins  a s i m i l a r  amount 

o f  calcium, b u t  even more potassium and a l s o  a h i g h  conten t  o f  

magnesium and phosphorus. Th is  d i f f e r e n c e  i s  p robab ly  assoc ia ted  

w i t h  t h e  f a c t  t h a t ,  u n l i k e  t h e  o u t e r  bark, t h e  phloem conta ins  

l i v i n g  c e l l s .  The l a t t e r  c e l l s  t h e r e f o r e  c o n t a i n  cytoplasm, which 

i s  probably  the  major  source o f  t h e  potass ium, magnesium and 

phosphorus ,  whereas t h e  ca lc ium appears t o  be predominant ly  a 

c e l l - w a l l  c o n s t i t u e n t ,  p resent  as t h e  counter- ion t o  t h e  u r o n i c  

acids.* Accord ing ly ,  t h e  potassium i s  r e a d i l y  removed by water-  

washing (e.g. as potassium s a l t s  o f  o rgan ic  ac ids) ,  w h i l e  t h e  

c a l c i u m  i s  s t r o n g l y  bound b y  i o n  exchange i n  t h e  c e l l  w a l l ,  

r e s i s t s  removal by water-washing and even increases as a r e s u l t  of 

remova l  o f  w a t e r - s o l  u b l e  o r g a n i c  e x t r a c t i v e s ,  About th ree-  

quar te rs  o f  the  ca lc ium i s  removed by i o n  exchange as t h e  r e s u l t  

of washing w i t h  0.05 M h y d r o c h l o r i c  a c i d  a t  room temperature, b u t  
t h e  balance i s  remarkably r e s i s t a n t  even t o  e x t r a c t i o n  w i th  Molar  

h y d r o c h l o r i c  a c i d  and w i t h  EDTA. The b a s i s  o f  t h i s  r e s i s t a n c e  o f  

p a r t  o f  t h e  ca lc ium t o  i o n  exchange w i l l  be f u r t h e r  i n v e s t i g a t e d .  

I n  t h e  meantime however, t h e  r e s u l t s  descr ibed below show t h a t  

even the  p a r t i a l  removal o f  meta l  i o n s  has a major  i n f l u e n c e  on 

t h e  products  o f  subsequent p y r o l y s i s .  

Components o f  P y r o l y s i s  Tars 

I n  t h e  p y r o l y s i s  o f  t h e  barks, r e l a t i v e l y  low temperature 

vacuum c o n d i t i o n s  were used i n  o rder  t o  g a i n  maximum i n f o r m a t i o n  
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402 LOWARY AND RICHARDS 

on t h e  mechanisms o f  p y r o l y s i s  o f  t h e  v a r i o u s  components. The 

y i e l d s  o f  char were accord ing ly  h i g h  and these types o f  c o n d i t i o n s  

m i g h t  be a p p r o p r i a t e  f o r  p r o c e s s  d e s i g n  w h i c h  i n c o r p o r a t e d  

subsequent economic b e n e f i t  f rom g a s i f i c a t i o n  o f  char. I n  any 

process designed t o  maximize y i e l d  o f  p y r o l y s i s  o i l s ,  i t  would be 

l o g i c a l  t o  use h i g h e r  temperatures (and p o s s i b l y  f l a s h  p y r o l y s i s ) .  

The y i e l d s  o f  p y r o l y s i s  f r a c t i o n s  a r e  shown in Table 3. The 

i n f l u e n c e s  o f  water- and acid-washing on t a r  y i e l d s  were g r e a t e r  

w i t h  i n n e r  than w i t h  o u t e r  bark, presumably because t h e  metal i o n  

conten t  and e x t r a c t i v e s  removed by t h e  washing were g r e a t e r  i n  t h e  

former. Some major  e f f e c t s  o f  t h e  washing procedures were found 

i n  t h e  GC analyses o f  t h e  TMS e t h e r s  prepared f rom t h e  t a r s  a f t e r  

a d d i t i o n  o f  D - g l u c i t o l  as i n t e r n a l  s tandard (Tables 4 and 5). 
The products  l i s t e d  i n  these t a b l e s  correspond t o  a l l  o f  t h e  major  

peaks detected i n  t h e  gas chromatography. Reten t ion  t imes and 

r e l a t i v e  r e s p o n s e  f a c t o r s  a r e  shown i n  T a b l e  6 .  The 

i d e n t i f i c a t i o n s  were by comparison w i t h  a u t h e n t i c  compounds and by 

mass spectrometry. A l l  o f  t h e  peaks were comple te ly  reso lved f rom 

each o t h e r  except  f o r  5-(hydroxymethyl)-2-furaldehyde and 1,2- 
d i h y d r o x y b e n z e n e ,  w h i c h  c o i n c i d e d .  I n  t h i s  case t h e  mass 

spect rometry  was compat ib le  w i t h  a m i x t u r e  o f  these two components 

and the  combined y i e l d s  are expressed as t h e  t o t a l  f o r  t h a t  peak, 

us ing  a response f a c t o r  (Table 6) which was t h e  average o f  t h e  

two pure components. 

It i s  no tab le  t h a t  t h e r e  are some major  components o f  t h e  
t a r s  which are  not detec ted  by GC of TMS ethers.  Thus t h e  h i g h e s t  

"recovery" i n  Tables 4 and 5 i s  53% o f  t h e  t a r  f rom s t r o n g  ac id-  

washed i n n e r  b a r k ,  w h i l e  t h e  l o w e s t  i s  16% o f  t h e  t a r  f rom 

unt rea ted  o u t e r  bark. E v i d e n t l y  some major  components o f  t h e  t a r s  

a re  n o t  determined by GC o f  t h e  TMS ethers,  presumably because 

they do n o t  pass through the  GC column. I t  seems probable t h a t  

t h e  u n i d e n t i f i e d  components a r e  o f  h i g h e r  mo lecu la r  we igh t  than 

those shown i n  Tables 4 and 5. The same d isc repanc ies  occur i n  

t h e  e a r l i e r  s t u d i e s  o f  t a r  f rom p y r o l y s i s  o f  c e l l u l o s e  us ing  

s i m i l a r  techniques and i n  such cases t h e  t a r  components which are  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
1
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



TA
BL

E 
3 

<
 * n C C 3 

Va
cu

um
 P

yr
o

ly
si

s 
o

f 
P

on
de

ro
sa

 P
in

e
 B

ar
ks

, 
35
0°
C.
 

30
 m

in
. 

B
ar

k 
1
 

OU
TE

R 
BA

RK
 

U
n

tr
e

a
te

d
a

 
21

 
18

 
46

 
ED

TA
-w

as
he

d 
23

 
15

 
47

 
U

n
tr

e
a

te
d

 
25

 
18

 
43

 
W

at
er

-w
as

he
d 

22
 

ND
 

41
 

M
il

d
 a

ci
d-

w
as

he
d 

26
 

17
 

40
 

S
tr

o
n

g
 a

ci
d-

w
as

he
d 

25
 

ND
 

45
 

C
or

k 
21

 
22

 
27

 

IN
NE

R 
BA

RK
 

U
n

tr
e

a
te

d
 

W
at

er
-w

as
he

d 
M

il
d

 a
ci

d-
w

as
he

d 
S

tr
o

n
g

 a
ci

d-
w

as
he

d 

19
 

24
 

31
 

33
 

26
 

28
 

38
 

22
 

29
 

30
 

ND
 

32
 

85
 

85
 

86
 

ND
 

83
 

ND
 

70
 

74
 

87
 

89
 

ND
 

aP
yr

ol
yz

ed
 

15
 m

in
. 

o
n

ly
. 

ND
, 

n
o

t 
de

te
rm

in
ed

. 

Eo W
 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
1
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



TA
BL

E 
4 

M
aj

or
 P

ea
ks

 f
ro

m
 G

.C
. 

o
f 

TM
S 

E
th

er
s 

o
f 

T
ar

s 
fr

om
 I

n
n

e
r 

B
ar

k 
as

 %
 o

f 
d

ry
 b

ar
k.

* 
P

yr
o

l y
si

 s 
C

on
di

ti
on

s:
 

35
0 

O
 /3

0 
m

in
ut

es
. 

P
 

0
 * 

B
ar

k 
P

re
tr

ea
tm

en
t 

U
nt

re
at

ed
 

W
at

er
-w

as
he

d 
M

il
d

 a
ci

d-
w

as
he

d 
S

tr
on

q 
ac

id
-w

as
he

d 
T

ar
 y

ie
ld

 
19

 
33

 
38

 
30

 

1.
5-

A
nh

yd
ro

ar
ab

in
os

e 
1.

03
(4

.6
) 

2.
4(

 7
.2

) 
2.

4(
6.

5)
 

2.
2(
 7

.3
) 

Le
vo

gl
uc

os
an

 p
yr

an
os

e 
0.

8(
 3

.5
) 

10
.3

( 
30

.9
) 

12
.0

(3
2.

7)
 

11
.7

(3
8.

8)
 

Le
vo

gl
uc

os
an

 f
ur

an
os

e 
- 

(-1
 

0
.7

e
.l

) 
1.

3(
 3

.5
) 

1.
2(

4.
0)

 

M
et

as
ac

ch
ar

i n
o1

 ac
to

ne
 

0.
4(

 1
.8

) 
O.

l(O
. 

3)
 

- 
(-1

 
- 

(-1
 

P
in

it
o

l 
0.

5(
 2

.2
) 

- 
(-1

 
-
 

(-
) 

- 
(-

>
 

1,
2-

D
ih

yd
ro

xy
be

nz
en

ea
 

0.
7(

3.
1)

 
O.
l(
O.
3)
 

O.
l(
O.
 

3)
 

0.
2(

0.
7)

 

1,
4-

D
i 

hy
dr

ox
yb

en
ze

ne
 

O.
l(O

. 
5)

 
0.

 1
 (0

.3
) 

O.
l(
O.
 

3)
 

O.
l(O

. 
3)

 

1.
2.

3-
Tr

ih
yd

ro
xy

be
nz

en
e 

0.
2(
1 
.O
) 

O
.l(

O
.3

) 
O

.l(
O

.3
) 

O.
l(O

. 
3)

 

1.
2.

4-
Tr

i 
hy

dr
ox

yb
en

ze
ne

 
0.

3(
 1

.3
) 

0.
4(

 1
.2

) 
0.
6(
 1

.6
) 

0.
4(

 1
.3

) 
r
 
0
 

r:
 * m
 

ro
ta

 1 
"r

ec
ov

er
y"

 
o

f 
ta

r 
(%

) 
18

 
42

 
45

 
53

 

z E n
 

T
 

?- P
 

*F
ig

ur
es

 
in

 p
ar

en
th

es
is

 a
re

 %
 c

o
n

te
n

t 
in

 t
a

r.
 

a
In

cl
 ud

es
 

5-
( 

hy
dr

ox
ym

et
hy

l )
-2

-f
ur

al
de

hy
de

. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
1
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



<
 

r
 a 

TA
BL

E 
5 

Ma
jo
r 

Pe
ak
s 

fr
om
 G

.C
. 

of
 T

MS
 E

th
er
s 

o
f 
Ta
rs
 f

ro
m 

Ou
te

r 
Ba
rk
 a

s 
% 

o
f 
Dr
y 

Ba
rk
.*
 

Py
ro

ly
si

s 
Co
nd
it
io
ns
: 

35
0'
13
0 

mi
nu

te
s 

1.
5-
An
hy
dr
oa
ra
bi
no
se
 

Le
vo
gl
uc
os
an
 p

yr
an
os
e 

Le
vo
gl
uc
os
an
 f

ur
an

os
e 

Me
ta
sa
cc
ha
ri
 no

1 a
ct
on
e 

Pi
ni
to
l 

1.
2-
Di
hy
dr
ox
yb
en
ze
ne
a 

1.
4-
Di
hy
dr
ox
yb
en
ze
ne
 

1.
2.
3-
Tr
i 

hy
dr
ox
yb
en
ze
ne
 

l1
2,

4-
Tr

i h
yd
ro
xy
be
nz
en
e 

To
ta
l 

"r
ec
ov
er
y"
 

of
 t

ar
 (

%
) 

0
 

Ba
rk
 P

re
tr
ea
tm
en
t 

Un
tr
ea
te
d 

Wa
te
r-
wa
sh
ed
 

Mi
 Id

 a
ci
d-
wa
sh
ed

 
St
ro

ng
 a

ci
d-
wa

sh
ed

 
ED
TA
-w
as
he
d 

5 v
) 

l-4
 

v,
 

Ta
r 

y
ie

ld
 

29
 

22
 

26
 

25
 

23
 

1.
2(
4.
2)
 

2.
5(
8.
5)
 

O.
l(
O.
3)
 

O.
l(
O.
 
3)
 

O.
Z(

O.
7)

 

0.
4(
 1
.4
) 

O.
l(
O.
 
3)
 

0.
 l
(0
.3
) 

O
.Z

(O
.7

) 

16
 

1.
2(
5.
5)
 

3.
2(
 1

4.
5)
 

0.
2(
0.
9)
 

- 
(-1

 
0.
05
(0
.2
) 

O.
l(
O.
 5
) 

O.
l(
O.
5)
 

O.
l(
O.
5)
 

O.
l(
O.
 
5)
 

23
 

0.
8(
 3
.2
) 

3.
5(
13
.3
) 

0.
2(
0.
8)
 

- 
(-1

 

- 
(-

1 
0.
 1 
(0
.4
) 

0.
 1 
(0
.4
) 

0.
05
(0
.2
) 

O.
l(
O.
4)
 

19
 

1.
4(
5.
4)
 

6.
0(
 2
3.
5)
 

0.
4(
 1
.6
) 

- 
(-

>
 

O.
l(
O.
4)
 

0.
5(
2.
0)
 

O.
Z(
O.
8)
 

O.
l(
O.
4)
 

0.
3(
1.
2)
 

35
 

0
 

W
 

;*
 

1.
3(
5.
7)
 

cr
l 

4.
8(
20
.9
) 

$
 

0.
3(

 1.
3)
 

- 
(-1

 
0.
05
(0
.2
) 

0.
2(

0.
9)

 

0.
 l
(0
.4
) 

0.
05
( 
0.
2)
 

0.
2(
0.
9)
 

30
 

"F
ig
ur
es
 

in
 p
ar
en
th
es
is
 a

re
 %

 c
on
te
nt
 i

n 
ta
r.
 

aI
nc

lu
de

s 
5-

(h
yd

ro
xy

rn
et

hy
l)

-2
-f

ur
al

de
hy

de
. 

e
 

0
 

V
I 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
1
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



406 LOWARY AND RICHARDS 

TABLE 6 

Gas Chromotography of Tri-0-Methyl Silyl Ethers. 

Tar Component Time (min) F.I.D. Response 
Retention Re1 at i ve 

5-(Hydroxymethyl )-e-furaldehyde 

1.2-Di hydroxybenzene 

1.4-Dihydroxybenzene 

1,5-Anhydro-6-L-Arabi nose 

1,2,3-Trihydroxybenzene 

1.2.4-Tri hydroxybenzene 

Levoglucosan (pyranose) 

Levoglucosan (furanose) 

Metasaccharino-1,4-gluconolactone 

Pinitol 

D-Glucitol (Internal Standard) 

4.6 

4.6 

5.7 

5.9 

8.1 

9.1 

11.0 

11.7 

12.3 

13.4 

15.2 

0.30 

0.94 

0.92 

0.44 

0.98 

0.98 

0.12 

0.12 

0.53 

0.91 

1.00 

not accounted for by GC are partly polysaccharide in nature and 
are derived from post-pyrolysis polymerization of levoglucosan.~~ 
In the case of barks, we have the additional possibility of high 
molecular weight aromatic components derived from polyphenols. I n  
considering the tar components which are identified in Tables 4 
and 5 however, we conclude that in almost all cases the most 
probable source is pyrolysis o f  a polysaccharide consitutent of 

the bark. These products will now be discussed separately. 

Oriqins of Tar Components 

The anhydroarabinose is no doubt derived by pyrolytic 
scission of pendant L-arabinofuranoside units contained in pectins 
and hemicelluloses, followed by ring closure of the primary 
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VACUUM PYROLYSIS OF BARK 40 7 

p y r o l y t i c  p r o d u c t  ( p o s s i b l y  an a r a b i n o s y l  c a t i o n )  as d e s c r i b e d  

e a r l i e r  f o r  seve ra l  t ypes  o f  biomass.30 I n  accordance w i t h  t h e  

e a r l i e r  s tud ies,30 t h e  y i e l d  i s  i nc reased  by removal o f  meta l  i o n s  

b e f o r e  p y r o l y s i s  and i s  h i g h e r  f rom i n n e r  bark, which has t h e  

h i g h e r  a rab inose  content .  The levoglucosan (bo th  pyranose and 

furanose)  i s  no doubt  d e r i v e d  f rom p y r o l y s i s  o f  c e l l u l o s e  i n  

a c c o r d a n c e  w i t h  t h e  abundant p r e v i o u s  s t u d i e s  o f  p y r o l y s i s  o f  

c e l l u l o s e  (e.g.31), a l t h o u g h  some w i l l  a l s o  b e  d e r i v e d  f rom 

s ta rch ,  e s p e c i a l l y  i n  i n n e r  bark. The y i e l d  o f  levoglucosan i s  

d r a m a t i c a l l y  i nc reased  by r e d u c t i o n  i n  s a l t s  (by  water-washing) 

and i n  meta l  i ons  (by acid-washing). Thus t h e  u n t r e a t e d  i n n e r  

b a r k  y i e l d s  o n l y  0.8%. whereas a f t e r  acid-washing t h e  y i e l d  o f  

levoglucosan i s  increased t o  13% of t h e  bark, which rep resen ts  31% 

o f  t h e  o r i g i n a l  g lucan  content .  P rev ious  s t u d i e s  on acid-washing 

o f  c e l l u l o s e 3 1  s u g g e s t  t h a t  t h i s  y i e l d  m i g h t  be doubled by 

complete removal o f  t h e  me ta l  i ons .  As would be expected, t h e  

o u t e r  b a r k ,  w i t h  l o w e r  g l u c a n  con ten t ,  gave lower  y i e l d s  o f  

levoglucosan. 

The metasacchar ino lactone i s  d e r i v e d  f rom c a l l o s e ,  t h e  1,3- 
B-glucan found i n  t h e  s i e v e  tubes o f  barks. We have p r e v i o u s l y  

i d e n t i f i e d  t h i s  p r o d u c t  f r o m  p y r o l y s i s  o f  such a g l u c a n  

(cu rd lan ) .2 *  I n  t h e  p r e v i o u s  work a l s o  i t  was found t h a t  presence 

o f  s a l t s  f avo red  p y r o l y s i s  t o  metasacchar ino lactone,  w h i l e  removal 

o f  t h e  s a l t  b e f o r e  p y r o l y s i s  favo red  levoglucosan fo rma t ion .  The 

p i n i t o l  i n  t h e  t a r  i s  a lmost  c e r t a i n l y  d e r i v e d  d i r e c t l y  f rom t h e  
same compound i n  bark s i n c e  t h i s  compound i s  a common component o f  

gyrnno~perms.3~ The y i e l d  i s  lowered by washing b e f o r e  p y r o l y s i s ,  

because t h e  p i n i t o l  i s  water-so lub le.  

The phenol c o n s t i t u e n t s  o f  t h e  t a r s  a re  t h e  same i n  i d e n t i t y  

and s i m i l a r  i n  y i e l d  t o  those  g i v e n  by p y r o l y s i s  o f  c e l l u l o s e  i n  

p r e s e n c e  o f  s a l t s . 2 0  I n  p a r t i c u l a r ,  t h e  absence o f  1 .3 -  

dihydroxybenzene and 1,3,5- t r ihydroxybenzene i s  no tab le .  I t  i s  

concluded t h a t  t h e  most p robab le  source o f  these phenols  i n  t h e  

t a r  i s  t h e  po lysacchar ides  o f  t h e  bark.  There appear t o  be no 

s i g n i f i c a n t  components i n  t h e  t a r  t h e r e f o r e  which a r e  d e r i v e d  f rom 
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408 LOWARY AND RICHARDS 

the  aromatic cons t i tuents  of t he  bark ( a t  l e a s t  as indicated by GC 
of TMS e thers ) .  Except f o r  the methanol found in the d i s t i l l a t e  
( see  below), in general we conclude tha t  under our conditions of 
pyrolysis,  the  aromatic cons t i tuents  of bark (i .e.  polyphenols and 
1 ignin) a r e  predominantly converted t o  char and cont r ibu te  l i t t l e  
t o  the  formation o f  v o l a t i l e  products. 

The e a r l i e r  studies o f  Fang and McGinnisl6 on pyrolysis of 
i so la ted  polyphenols from bark confirm t h a t  temperatures higher 
than 350" (e.g. 500°C) a re  required f o r  generation of v o l a t i l e  
phenols from these  components. In t h e i r  work the  polyphenols were 
i so la ted  by a lka l ine  ex t rac t ion  of the  bark and then pyrolyzed. 
The a u t h o r s  note  t h a t  t h e i r  p o l y p h e n o l  p r o d u c t s  c o n t a i n  
ca rbohydra t e s ,  t h e  c o n t e n t  of  t h e  l a t t e r  i n  t h e  polyphenol 
extracted under nitrogen was s t a t ed  as 12% by an u n s p e c i f i e d  
method. I t  should  be noted however t h a t  t h e r e  a r e  major 
u n c e r t a i n t i e s  i n  the a n a l y s i s  o f  c a r b o h y d r a t e s  b y  a c i d i c  
c o l o r i m e t r i c  methods i n  t h e  presence  of p roan thocyan id ins  

(probably the  major components of t h e  p o l y p h e n o l ~ ) . ~ 3  In f a c t ,  
the  elemental ana lys i s  of the  i so la ted  polyphenol was intermediate 
between t h a t  o f  a hexosan and t h a t  of a polymeric procyanidin and 
i t  i s  possible t h a t  t he  carbohydrate content was much higher than 
t h a t  reported. The major carbohydrate components of the a l k a l i  
extracted polyphenols would be hemicelluloses and ca l lose .  I t  i s  

p r o b a b l e  t h a t  t h e s e  p o l y s a c c h a r i d e s  would y i e l d  s e v e r a l  
polyhydroxybenzenes on pyrolysis ( cf.20), b u t  l i k e l y  t h a t  t h i s  
would be a r e l a t ive ly  minor source of the phenols obtained by Fang 
and McGinnis; t h e i r  y ie ld  of catechol espec ia l ly  (up t o  2.5% from 
polyphenol) was by f a r  the  highest  of the phenols in the  t a r  and 
there  i s  no doubt t h a t  catechol i s  a major product o f  polyphenol 
pyrolysis while only a r e l a t i v e l y  minor product o f  polysaccharide 
pyrolysis.  20 

Components of Pyrolysis D i s t i l l a t e s  

In a previous study of ce l lu lose  pyrolysis25 the  addition of 
sodium chloride before pyrolysis was found t o  favor the  production 
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410 LOWARY AND RICHARDS 

o f  severa l  low molecu la r  weight  products  which c o l l e c t  n o t  i n  t h e  

t a r ,  b u t  i n  t h e  d i s t i l l a t e .  T h i s  t y p e  o f  e f f e c t  has been 

i n v e s t i g a t e d  i n  t h e  bark  samples and i s  shown i n  Table 7, where 

t h e  i d e n t i f i c a t i o n s  and a n a l y s e s  a r e  b y  p r o t o n  m a g n e t i c  

res0nance.~5 A l l  o f  t h e  products  shown, except  methanol, were 

found i n  p y r o l y s i s  o f  c e l l u l o s e  c o n t a i n i n g  sodium c h l o r i d e  and 

t h e i r  fo rmat ion  i s  favored by presence o f  s a l t s  a t  t h e  expense o f  

levoglucosan. When t h e  non-ion-exchanged s a l t s  a r e  removed by 

water -wash ing ,  t h e  y i e l d  o f  t h e s e  p r o d u c t s  i s  r e d u c e d  and 

levoglucosan i s  increased (Table 4) and b o t h  e f f e c t s  a re  f u r t h e r  

i n f l u e n c e d  by removal o f  most o f  t h e  ion-exchanged metal ions  by 

acid-washing. The a c e t i c  a c i d  i s  o n l y  p a r t l y  d e r i v e d  f r o m  

p y r o l y s i s  o f  p o l y s a c c h a r i d e s  such as c e l l u l o s e  and m o s t l y  

o r i g i n a t e s  f rom p y r o l y s i s  o f  a c e t y l  groups i n  h e m i c e l l u l o s e s ,  

w h i l e  t h e  methanol i s  der ived  from p y r o l y s i s  o f  l i g n i n .  Both o f  

these e f f e c t s  have r e c e n t l y  been i n v e s t i g a t e d  f o r  p y r o l y s i s  o f  

~ 0 0 d . 3 1  The o t h e r  products  shown i n  Table 7 can be ob ta ined by 

p y r o l y s i s  o f  c e l l u l o s e  c o n t a i n i n g  s o d i u m  c h l o r i d e  and a r e  

presumably d e r i v e d  t h e r e f o r e  f rom c e l l u l o s e  and o t h e r  g lycans i n  

t h e  bark. 
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