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I n t r o d u c t i o n  

D u r i n g  t h e  l a s t  s i x  years a f l u i d i z e d  b e d  f a s t  p y r o l y s i s  
p r o c e s s  f o r  b i o m a s s  h a s  b e e n  d e v e l o p e d  a t  t h e  U n i v e r s i t y  o f  
Waterloo ( T h e  W a t e r l o o  F a s t  P y r o l y s i s  P r o c e s s ) .  T h i s  p r o c e s s  
g i v e s  y i e l d s  o f  u p  t o  70% o f  o r g a n i c  l i q u i d s  f r o m  h a r d w o o d s  o r  
s o f t w o o d s ,  w h i c h  a re  t h e  h i g h e s t  y e t  r e p o r t e d  f o r  a n o n - c a t a l y t i c  
p y r o l y t i c  c o n v e r s i o n  p r o c e s s .  A f l u i d i z e d  s a n d  b e d  is u s e d  as a 
r e a c t o r  a n d  o p t i m u m  l i q u i d  y i e l d s  a re  n o r m a l l y  o b t a i n e d  i n  t h e  
r a n g e  o f  45Oo-55O0C a t  a b o u t  0.5 s e c o n d s  g a s  r e s i d e n c e  t i m e  w i t h  
p a r t i c l e s  o f  a b o u t  1.5 mm d i a m e t e r  or smaller. Two u n i t s  are i n  
u s e ,  o n e  w i t h  a t h r o u g h p u t  of  20-100 g m s / h r ,  a n d  a n o t h e r  w i t h  a 
t h r o u g h p u t  o f  1-4 k g / h r .  Details  of t h e  p r o c e s s  h a v e  been pub- 
l i s h e d  by t h e  a u t h o r s  i n  s e v e r a l  p u b l i c a t i o n s  [ l ] ,  [ 2 ] ,  131 .  

S e v e r a l  s t u d i e s  h a v e  b e e n  p u b l i s h e d  d e s c r i b i n g  r e s u l t s  f r o m  
t h e  f l a s h  p y r o l y s i s  o f  biomass. Most o f  t h e s e  s t u d i e s  were 
c a r r i e d  o u t  a t  h i g h e r  t e m p e r a t u r e s  a n d  were i n t e n d e d  t o  p r o m o t e  
b i o m a s s  g a s  p r o d u c t i o n .  H o w e v e r ,  t h e  w o r k  of Roy a n d  C h o r n e t  [ 4 ]  
r e p o r t e d  h i g h  l i q u i d  y i e l d s  f r o m  b i o m a s s  p y r o l y s i s  u n d e r  vacuum 
c o n d i t i o n s .  More r e c e n t l y ,  Roy e t  a l .  [ 5 ]  h a v e  d e s c r i b e d  a 
vacuum p y r o l y s i s  s y s t e m  f o r  t h e  p r o d u c t i o n  o f  l i q u i d s  f r o m  
b i o m a s s ,  b a s e d  o n  a m u l t i p l e  h e a r t h  t y p e  o f  r eac to r .  K n i g h t  e t  
a l .  [ 6 ]  h a v e  d e v e l o p e d  a n  u p w a r d  f l o w  e n t r a i n e d  p y r o l y z e r  for t h e  
p r o d u c t i o n  o f  l i q u i d s  f r o m  t h e  t h e r m a l  p y r o l y s i s  of b i o m a s s .  

H o w e v e r ,  f e w  d e t a i l s  o f  t h e  c h e m i c a l  n a t u r e  o f  t h e  p y r o l y t i c  
o i l s  p r o d u c e d  from wood or o t h e r  b i o m a s s  h a v e  b e e n  r e p o r t e d .  
Some r e c e n t  s t u d i e s  o f  t h e  c o m p o s i t i o n  o f  p y r o l y s i s  o i l s  o b t a i n e d  
f r o m  p o p l a r  wood were c a r r i e d  o u t  b y  w o r k e r s  o f  t h e  P a c i f i c  
N o r t h w e s t  L a b o r a t o r i e s  o f  B a t t e l l e  I n s t i t u t e  [71 a n d  t h e  
U n i v e r s i t e  d e  S h e r b r o o k e  [ S I .  M e t h o d s  of q u a n t i t a t i v e  
d e t e r m i n a t i o n  of f u n c t i o n a l  groups i n  t h e  p y r o l y t i c  o i l s  from 
wood were t e s t e d  i n  our l a b o r a t o r y  b y  N i c o l a i d e s  191. H o w e v e r ,  

/ more d e t a i l e d  c h a r a c t e r i s a t i o n  e x i s t s  i n  t h e  l i t e r a t u r e  f o r  t h e  
p r o d u c t s  o f  t h e  t h e r m a l  d e g r a d a t i o n  of c e l l u l o s e  [ 1 0 , 1 1 , 1 2 , 1 3 , 1 4 ]  

R e s u l t s  

I n  p r e v i o u s l y  r e p o r t e d  t e s t s  ( 3 ) ,  y i e l d s  h a v e  b e e n  c l a s s i -  
f i e d  as g a s e s ;  o r g a n i c  l i q u i d s ,  c h a r  a n d  p r o d u c t  water. Mass 
b a l a n c e s  g e n e r a l l y  c l o s e  t o  95% or b e t t e r .  E l e m e n t a l  a n a l y s e s  
were a l so  r e p o r t e d  fo r  many r u n s ,  b u t  i d e n t i f i c a t i o n  o f  i n d i v i -  
d u a l  c o m p o u n d s  was d o n e  o n l y  f o r  n o n - c o n d e n s a b l e  g a s e s  a n d  f o r  
some v o l a t i l e  o r g a n i c s  s u c h  as m e t h a n o l ,  a c e t a l d e h y d e ,  f u r a n ,  
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e t c .  H o w e v e r .  more d e t a i l e d  ana lyses  of l i q u i d  p r o d u c t s  h a v e  
r e c e n t l y  b e e n  c a r r i e d  o u t ,  a n d  some of t h e s e  p r e l i m i n a r y  r e s u l t s  
w h i c h  are  of p a r t i c u l a r  s i g n i f i c a n c e  a re  r e p o r t e d  h e r e .  

A l l  e x p e r i m e n t a l  r e s u l t s  g i v e n  were o b t a i n e d  a t  c o n d i t i o n s  
of c lose t o  o p t i m a l  f e e d  r a t e ,  p a r t i c l e  s i z e  a n d  r e s i d e n c e  t i m e  
f o r  maximum l i q u i d  y i e l d  a t  t h e  s t a t e d  t e m p e r a t u r e s ,  a s  d e t e r -  
m i n e d  by o v e r  200 b e n c h  s c a l e  r u n s  a n d  90 p i l o t .  s c a l e  r u n s .  

T a b l e  1 s h o w s  t h e  e x p e r i m e n t a l  y i e l d s  of p r o d u c t s  f r o m  
s e l e c t e d  runs f o r  f o u r  d i f f e r e n t  woods  w h o s e  p r o p e r t i e s  a r e  g i v e n  
i n  T a b l e  2 .  

H i g h  o r g a n i c  l i q u i d  y i e l d s  are  c h a r a c t e r i s t i c  of a l l  f o u r  
materials w h e n  u n d e r g o i n g  f a s t  p y r o l y s i s  i n  our p r o c e s s .  T h e  
t o t a l  l i q u i d  y i e l d ,  i n c l u d i n g  water of r e a c t i o n ,  v a r i e s  f r o m  70% 
t o  80% o f  t h e  d r y  b i o m a s s  f e d ,  a l l  o f  w h i c h  c a n  b e  d i r e c t l y  u s e d  
a s  a s u b s t i t u t e  f u e l  o i l  i f  d e s i r e d .  T h e  l i q u i d s  a r e  s i n g l e -  
p h a s e ,  h o m o g e n e o u s  f l u i d s ,  w h i c h  p o u r  r e a d i l y ,  a n d  w h i c h  c o n t a i n  
f r o m  15% t o  258 water d e p e n d i n g  o n  t h e  f e e d  material  a n d  i t s  
m o i s t u r e  c o n t e n t .  

T h e s e  l i q u i d s  are q u i t e  s t a b l e  a t  room t e m p e r a t u r e .  T h e  
water c o n t e n t ,  i n  a p e r i o d  o f  t w e l v e  m o n t h s ,  was f o u n d  t o  
i n c r e a s e  s l i g h t l y  p r e s u m a b l y  d u e  t o  t h e  s low p r o c e s s e s  of 
c o n d e n s a t i o n - p o l y m e r i z a t i o n  g o i n g  o n  e v e n  a t  room t e m p e r a t u r e .  
A t  h i g h e r  t e m p e r a t u r e s ,  1 2 0 ° C  a n d  a b o v e ,  t h e  o i l s  become 
i n c r e a s i n g l y  u n s t a b l e  a n d  d e c o m p o s e  w i t h  e v o l u t i o n  of g a s ,  a n d  
f i n a l l y  c h a r i f i c a t i o n  o f  a p o l y m e r i c  r e s i d u e .  A l l  t h e  p y r o l y s i s  
v a p o r s  p r o d u c e  a n  o i l  m i s t  f o l l o w i n g  r a p i d  q u e n c h i n g ,  b u t  t h e i r  
p o l a r  c h a r a c t e r  a l l ows  t h e  e a s y  u t i l i s a t i o n  o f  e l e c t r o s t a t i c  
p r e c i p i t a t i o n  i n  t h e  r e c o v e r y  s y s t e m  of a p y r o l y s i s  p r o c e s s .  

P r e l i m i n a r y  smal l  s c a l e  c o m b u s t i o n  tests c a r r i e d  o u t  w i t h  
t h e  p y r o l y s i s  o i l  as  p r o d u c e d  (20% water c o n t e n t )  showed t h a t  i t  
b u r n s  r e a d i l y  i n  a f u r n a c e  w i t h  a c o n v e n t i o n a l  p r e s s u r e  a t o m i z i n g  
b u r n e r ,  p r o v i d i n g  t h e  c o m b u s t i o n  b o x  i s  p r e h e a t e d .  I f  a n  a i r  
a t o m i z i n g  n o z z l e  i s  u s e d  w i t h  a p i l o t  f l a m e ,  n o  p r e - h e a t i n g  of 
t h e  c o m b u s t i o n  c h a m b e r  i s  n e c e s s a r y .  L a r g e r  scale tests f o r  
e x t e n d e d  p e r i o d s  h a v e  n o t  y e t  b e e n  d o n e ,  b u t  p r e l i m i n a r y  work  
s h o w s  t h a t  t h e  p y r o l y s i s  o i l  h a s  p o t e n t i a l  as a s u b s t i t u t e  f u e l  
o i l .  

Some p r o p e r t i e s  o f  " w e t "  l i q u i d s  as  p r o d u c e d  a r e  g i v e n  i n  
T a b l e  3 .  T h e  e l e m e n t a l  a n a l y s e s  of  t h e  p y r o l y t i c  l i q u i d s  as 
g i v e n  i n  T a b l e  3 are  v e r y  similar t o  t h o s e  o f  t h e  s t a r t i n g  
mater ia ls  - wood.  One c o u l d  p r o b a b l y  f a i r l y  a c c u r a t e l y  d e s c r i b e  
t h e s e  l i q u i d s ,  t h e r e f o r e ,  b y  t h e  term " l i q u i d  wood".  Two major 
c h a r a c t e r i s t i c s  o f  t h e s e  l i q u i d s  a r e  h i g h  o x y g e n  c o n t e n t  a n d  h i g h  
d e n s i t y  (much h i g h e r  t h a n  w o o d ) .  A n o t h e r  s p e c i f i c  p r o p e r t y  i s  a 
l i m i t e d  water s o l u b i l i t y .  I n  t h e  c a s e  o f  p y r o l y t i c  s i r u p s  
p r o d u c e d  by t h e  Waterloo p r o c e s s ,  water i s  d i s s o l v e d  i n  t h e  
O r g a n i c  p h a s e .  T h e  a d d i t i o n  o f  more water t o  t h e  l e v e l  o f  a b o u t  
60% by w e i g h t  c a u s e s  a p h a s e  s e p a r a t i o n  a n d  t h i s  b e h a v i o u r  h a s  
b e e n  u t i l i z e d  i n  our work f o r  a n a l y t i c a l  p u r p o s e s ,  i n  t h a t  b o t h  
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tractions were analyzed separately after dilution of the original 
oil product. 

The details ot the HPLC technique developed f o r  analysis of 
the water soluble traction are given below: 

Column Aminexe' HPX-87H, high performance 
cation exchange resin in hydrogen form 
300 x 7.8 mm from Biorad 

Eluant : H,PO, 0.007 N 

Flow Rate : 0.80 ml/min, isocatic 

Temperature : 65°C 

Detector : Waters R 401 Differential Refractometer 

Internal Standard : n-propanol 

The quantitative data obtained by the HPLC technique are 
presented in Table 4 .  A typical HPLC-chromatogram is shown in 
Figure 1. 

To obtain relative response factors and retention times, the 
pure compounds were fed and then eluted, although some of them, 
such as cellobiosan and 1.6 anhydro-B-D-glucofuranose, had to be 
synthesized in-house [ 131. Confirmation of compound 
identification was obtained by GC-MS [Hewlett-Packard 5970 Mass 
Selective Detector coupled to 5890A Gas Chromatograph]. For GC- 
MS analysis, sugars and anhydrosugars were first 
trimethylsilylated to the corresponding ethers. Small amounts of 
simple phenols and of furanoid compounds were also detected by 
GC-MS in the water soluble fraction. These components were not 
quantified by HPLC. 

The yields of the water insoluble fraction are given also in 
Table 4.  This fraction separated as a dark brown viscous liquid 
which solidified during drying into a hard, black, easily 
powdered material. 

The carbon-13 NMR spectrum of this pyrolytic product is 
shown in Figure 2 together with similar spectra published by 
Marchessault et al. [15] for milled wood lignin (MW) and steam 
exploded lignin (EXW). The similarity of the spectra of the 
steam exploded lignin and our pyrolytic lignin is quite striking. 
It appears that the oils produced by the Waterloo Fast Pyrolysis 
process contain a significant fraction which is apparently de- 
rived from the natural wood lignin. This "pyrolytic lignin" 
represents nearly 80% of the original content of wood lignin. 
Evidence for this conclusion was first reported from the work of 
H. Menard [16] using thermogravimetric and infrared analysis. 

I 
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T h e  Waterloo NMR s p e c t r u m  was r e c o r d e d  u s i n g  a 9% S u l U t i O n  
i n  DMSO-d6 a t  62.9 MHz a n d  5 0 ° C  w i t h  b r o a d - b a n d  p r o t o n  
d e c o u p l i n g .  D e l a y  t i m e  b e t w e e n  p u l s e s  was 10 s e c o n d s .  

C o n c l u s i o n s  

Four d i f f e r e n t  woods u n d e r  c o n d i t i o n s  of f a s t  p y r o l y s i s  
y i e l d e d  v e r y  s i m i l a r  l i q u i d  p r o d u c t s .  A n a l y s e s  show t h a t  t h i s  
p r o d u c t  is a c o m p l e x  m i x t u r e  o f  c h e m i c a l s .  

T h e  p y r o l y t i c  " w e t "  t a r - s i r u p  c a n  b e  r e a d i l y  s e p a r a t e d  i n t o  
two p r i n c i p a l  f r a c t i o n s  by water e x t r a c t i o n .  T h e  w a t e r - i n s o l u b l e  
f r a c t i o n  i s  d e r i v e d  f r o m  l i g n i n  w h i l e  t h e  w a t e r - s o l u b l e  f r a c t i o n  
i s  c a r b o h y d r a t e  i n  o r i g i n .  A n a l y t i c a l  r e s u l t s  i n d i c a t e  l a r g e  
a m o u n t s  o f  l o w  m o l e c u l a r  w e i g h t  ( < l o o )  l a c t o n e s  a n d  a l d e h y d e s ,  
a n d  a s i g n i f i c a n t  f r a c t i o n  o f  t h e s e  a re  m u l t i f u n c t i o n a l  i n  
n a t u r e .  Four mador c l a s s e s  o f  c h e m i c a l s  c a n  b e  d i f f e r e n t i a t e d ,  

1. s u g a r s  a n d  a n h y d r o s u g a r s  
2 .  c a r b o n y l  a n d  h y d r o x y c a r b o n y l  c o m p o u n d s  
3 .  a c i d s  - f o r m i c ,  a c e t i c  
4 .  'I p y  r o  1 y t i c " 1 i g n i n . 

R e s u l t s  i n  T a b l e  4 show t h a t  81-92% o f  t h e  c o n t e n t  o f  t h e  
p y r o l y s i s  o i l s  p r o d u c e d  i n  t h i s  work  f r o m  wood h a s  b e e n  
q u a n t i t a t i v e l y  i d e n t i f i e d .  

D e t a i l e d  a n a l y s i s  of p y r o l y t i c  o i l s  i s  n e e d e d  i n  o r d e r  t o  
al low p o s s i b l e  m e c h a n i s t i c  o r  k i n e t i c  m o d e l s  t o  b e  f o r m u l a t e d  
w h i c h  c a n  e x p l a i n  t h e  v a r i o u s  o b s e r v e d  a s p e c t s  o f  f a s t  b i o m a s s  
t h e r m a l  d e g r a d a t i o n .  A k n o w l e d g e  o f  c h e m i c a l  c o m p o s i t i o n  o f  
t h e s e  o i l s  may a lso ass i s t  i n  t h e  e v e n t u a l  f u t u r e  u t i l i z a t i o n ,  
u p g r a d i n g  o r  s e p a r a t i o n  o f  t h e s e  c o m p o u n d s  as h i g h e r  v a l u e  
p r o d u c t s .  

A c k n o w l e d g e m e n t  

T h e  f i n a n c i a l  s u p p o r t  f o r  t h i s  w o r k  o f  t h e  N a t i o n a l  R e s e a r c h  
C o u n c i l  o f  C a n a d a  a n d  o f  t h e  N a t u r a l  S c i e n c e s  a n d  E n g i n e e r i n g  
R e s e a r c h  C o u n c i l  o f  C a n a d a  are  g r a t e f u l l y  a c k n o w l e d g e d  by t h e  
a u t h o r s .  T h e  a s s i s t a n c e  of P. M a j e r s k i  a n d  A .  G r i n s h p u n  w i t h  
e x p e r i m e n t a l  m e a s u r e m e n t s  is a l s o  a c k n o w l e d g e d  w i t h  p l e a s u r e .  
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Table I 

P y o l v r i r  I l r l d s  f r m  Oiflcrcnt Yocds 

8 r o c k r l l l e  Poplar 

51 58 50 
491 504 555 

u n i t e  Spruce 

42 43 4 5  
485 500 520 . 1.0 * . IO00 . 
0.10 0.65 0.62 
2.01 1.91 1.58 

Red maple 

I4  63 81 
532 508 515 

3.8 5.9 9.5 
590 590 1000 

0.69 0.47 0.44 
2.16 1.9M 1.32 

I E A  Poplar 

2. 
I 

3.3  
590 

0.46 
0.05 

65.1 

12.2 
1.1 

5.34 
4.18 
0.41 
0.19 

0.09 
3.10 

_- 

_- 

10.8 

96.4 

21 59 
500 504 

6.2 4.6 
590 1000 

0.55 0.48 
2.24 1.85 

mu" 
l e w e r a t u r e .  'C 

MoI1t"re  L""t@"t ,  rti  
Y d r t i c l e  Top Size, "rn 

Awdrent Yesidence T i n e ,  sec 
teed Rate. kyinr 

'11.1dS. W t l  O f  m.1. "004 
Oryanic i )quid 

uater 
Cnar 
h r :  

:6 
CH: 

2% 
CO 

C A  

C. 

Total  Gas 

Overal l  recovery 
* t i .  ~ f .  

bench Scale Unit  

. 5.2 . . 1000 f 

0.64 0.47 0.51 
2.24 2.10 4.12 

62.9 62.9 59.0 

10.3 9.1 10.2 
14.4 16.5 lU.6 

0.02 0.02 0.01 
4.95 4.11 8.40 
6.14 5.89 1.U6 

63.1 66.5 66.1 61.3 61.9 65.0 65.8 66.2 

10.1 11.6 11.1 
16.3 12.2 12.3 

1.4 9.8 10.0 
9.0 13.1 12.1 

9.3 10.1 
12.1 11.8 

0.04 0.02 0.01 
4.16 3.82 4.01 
3.38 3.31 2.69 

0.M 0.01 0.02 
6.96 4.12 4.83 
4.02 4.89 5.36 

0.02 0.01 
5.32 4.44 
6.30 5.15 
0.48 0.31 
0.20 0.13 
0.04 0.05 

]o.os % 

0.45 0.44 0.91 0.34 0.38 0.43 0.15 0.36 0.51 
0.16 0.21 0.22 0.1Y 0.40 0.16 0.11 0.16 

0.06 0.05 0.11 0.02 0.03 0.05 
0.06 0.01 0.10 - u.10 
0.1) 0.16 0.28 1 0 . 0 3  0.04 0.06 

8.1 1.8 1.4 

97.8 91.1 96.1 

12.0 11.5 11.4 

99.7 1U0.5 91.2 

17.1 9.8 11.6 

95.1 101.2 98.1 

12.4 11.0 

09.7 99.0 

Table 2 

Properties of Feed M a t e r i a l s  

- 

I E A  
Poplar Uood unole Tree Poplar 

B r o c k v i l  le Plantat ion.  
Ynole l r e e  Eicept Leaves 
and Roots  Ontario MNR 
Clone C-147 

.- 

- 

Red R p l e  Y h i t r  Spruce 

Eastern Canada 
Clean Uood 

S a m l l l  SaIldUst 
and nil1 Scrap 

1.0 

0.50 

Source Clean bod only 
Ontarto MNR 
Clone 0-38 

- 
3.8 - 25.2 

0.40 

4.6 

0.4G 

Hulrture.  w t l  5.2 

ASIL a mf 1.19 

Elemental Analysis. I 

C 49.06 

H 6.23 

0 43.6 

4 P ' m  

6.36 

43.1 

48.5 

6.1 

-- 

49.45 

6.05 

44.4 

0.01 N 1.08 0.2 _- 

I 

'i 
( 

c i' 220 
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Table 3 

Propertier o f  Pyrolitlc Llpuids  

- 

Brortillle Poplar  

nun I 51 5n 50 

YIe14s. w t l  of 14.1 13.1 10.5 
rood as fed 

Yhlte Spruce Us4 kple 

42 43 45 63 

15.2 19.2 711.5 11.9 

Ydter content. w t l  19.0 18.7 21.1 21.9 22.4 21.1) 18.0 
PH 2.6 2.4 2.0 2.1 2.1 2.3 2.4 

Oenrlty. glcc 1.19 1.20 1.18 1.22 1.22 1.22 1.19 

hlnnntal analysis. 
uta. m.f. 

Carbon 54.1 54.1 55.6 
Hydroyen 1.1 6.9 6.9 

Run I 
Ternperatwe 

53.5 S4.0 56.6 54.7 
6.6 6.8 b.9 6.4 

~ieiar. I t a  of  feed. m.f. 

organic liquid 

I .  01 igora~charides 
2. cellobioran 
3. glucose 
4. fructose 
5. glyoral 
6. mcthylglyoxal 
1. levoglucosan 
8. 1.6 anky4rogl~~of~ranore 
9. hydroryacetaldehyde 
IO. formic acid 
11. fonnaldehyte 
12. acetic acid  
13. ethylene glycol 
14. acetol 
15. acetaldehyae 
16. methanol 

Uater-rolubler-total above 

Pyrolytic lignin 

h o m t  not accounted for 
(lorser. wafer 50luble 
phenols. furans etc.) 

Table 4 

Analysis of  Liquid P P O ~ U C C S  

Brockville Yhitc 

- 

Poplar Spruce 

504 500 

62.9 61.5 

1.11 2.49 
0.55 0.99 
1.34 2.21 
1.42 2.41 

12.52 3.96 _ _  _ _  
6.11 7.61 
5.40 1.15 

6.30 3.n6 
0.81 0.89 
1.10 1.24 

-_ _- 

-_ -- 
27.1 33.0 

24.8 20.6 

10.5 1.9 

Rea 
naple 
63 
508 

61.9 

1.62 
0.64 
1.51 
1.15 

2.84 

7.55 
6.35 

5.81 
0.63 
1.1s 

_ _  
-- 

_ _  
29.9 

ZU.Y 

11.1 

I E A  
Poplar 

A-2 
50) 

69.8 

0.70 
1.30 
0.41 
1.32 
2.18 
0.66 
3.04 
2.43 
10.03 
3.09 
1.16 
5.43 
1.05 

0.02 
I .ao 

34.2 

16.2 

18.3 

1 i A  Poplar 

59 

11.6 

in.6 
2.4 

1.23 

51.6 
1 .o 
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\ 

6 24 I2 18 
Figure 1 Chromatogrem of Mood tar from run a A-2 


