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THE PYROLYTIC BEHAVIOR OF SELECTED LIGNIN PREPARATIONS 

Douglas J. Gardner, Tor P. S c h u l t z  and Gary D. McGinnis 
M i s s i s s i p p i  F o r e s t  Products  U t i l i z a t i o n  Laboratory 

M i s s i s s i p p i  S t a t e  U n i v e r s i t y  
M i s s i s s i p p i  S t a t e ,  M i s s i s s i p p i  39762 

ABSTRACT 

A p y r o l y t i c  s tudy  of  a v a r i e t y  of l i g n i n s  prepared from 
hardwood and softwood s p e c i e s ,  and of s e l e c t e d  commercial l i g n i n s ,  
was performed us ing  i so the rma l  and dynamic thermogravirnetric 
a n a l y s i s  and py ro lys i s -gas  chromatography. The l i g n i n s  were 
eva lua ted  accord ing  t o  weight l o s s ,  r a t e  of weight l o s s ,  and 
products  formed dur ing  t h e  p y r o l y s i s  i n  an  i n e r t  atmosphere. These 
d a t a  were then  compared t o  n i t robenzene  o x i d a t i o n  data. I n f r a r e d  
spec t roscopy was used t o  de te rmine  s t r u c t u r a l  changes o f  l i g n i n  
du r ing  i n i t i a l  weight l o s s  i n  t h e  tempera ture  range of  250° t o  
320°C. S t r u c t u r a l  changes appear  t o  occur  wi thout  any apprec iab le  
weight l o s s .  L ign in ’ s  thermal behavior  during p y r o l y s i s  depends 
upon t h e  degree  of condensa t ion  p r e s e n t  i n  t h e  i n i t i a l  l i g n i n .  
Thermogrevimetric a n a l y s i s  is shown t o  be a s imple  and a c c u r a t e  
method t o  de te rmine  t h e  e x t e n t  o f  l i g n i n  condensation. The y i e l d  
of  monomeric phenols is a l s o  dependent on t h e  degree of l i g n i n  
condensa t ion .  

I N T R O D U C T I O N  

Over t h e  p a s t  30 y e a r s ,  t h e  p y r o l y s i s  of l i g n i n  has  been 

s t u d i e d  u t i l i z i n g  such methods as thermogravimetric a n a l y s i s  

(TGA), d i f f e r e n t i a l  thermal a n a l y s i s  (CTA) , 3  d i f f e r e n t i a l  

scanning  ca lo r ime t ry  (DSC) ,4 and pyro lys i s -gas  chromatography 

(PGC).5 S t u d i e s  on t h e  p y r o l y s i s  o f  l i g n i n  inc lude  examining t h e  

e f f e c t  of i no rgan ic  c o n s t i t u e n t s  i n  r e l a t i o n  t o  both flame 
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86 GARDNER, SCHULTZ, AND MC GINNIS 

r e t a r d a n t  capac i ty2  and s p e n t  pu lp ing  l i q u o r  l i g n i n s . 6  I n  

a d d i t i o n ,  d i f f e r e n t  l i g n i n  p r e p a r a t i o n s  have been the rma l ly  

c h a r a c t e r i z e d  by TGA1 and by PGC.5 A review of l i g n i n  p y r o l y t i c  

s t u d i e s  can be found i n  t e x t s  by Al l an  and Mattila“ and S o l t e s  and 

Elder.8 

The p y r o l y s i s  of l i g n i n  model compounds has  a l s o  been 

~ t u d i e d . 9 , ’ ~  For  t h e  most p a r t ,  model compound p y r o l y s i s  s t u d i e s  

have concen t r a t ed  on t h e  thermal behavior  o f  s p e c i f i c  i n t e r u n i t  

l i n k a g e s  found i n  l i g n i n  molecules.  Dynamic p y r o l y s i s  conducted 

u s i n g  d imer ic  model compounds a t  a h e a t i n g  r a t e  of 12°C/min showed 

t h a t  6 -a ry l  e t h e r  compounds had a weight loss of 50% a t  28OoC f o r  
u n i t s  wi th  f r e e  pheno l i c  hydroxyl groups ,  and a t  310°C f o r  

compounds wi th  e t h e r i f i e d  pheno l i c  groups.9 A convers ion  o f  31% 

a t  32OoC was repor t ed  f o r  $ - a r y l  e t h e r  l i nked  compounds by 

Kaymia.” It  was shown by Kle in  and Virk’O t h a t  e t h e r  l i n k a g e s  

were t h e  predominant l i n k a g e s  first broken i n  l i g n i n  model 

compounds du r ing  p y r o l y s i s .  

R e s u l t s  of t h e s e  p y r o l y s i s  s t u d i e s  have l e d  t o  in fo rma t ion  on 

r e a c t i o n  k i n e t i c s  o f  thermal decomposition, p roduct  format ion  

d u r i n g  l i g n i n  p y r o l y s i s ,  and t h e  p roduc t ion  of chemicals f r o m  

l i g n i n  by py ro lys i s .  However, s i n c e  t h e  mid 1970’s, t h e r e  have 

been a number of new l i g n i n  p r e p a r a t i o n s  in t roduced  from v a r i o u s  

biomass p re t r ea tmen t  s t u d i e s ;  i . e . ,  steam-exploded l i g n i n ,  l 2  

autohydrolyzed l i g n i n , l 3  and wet-oxidized l i g n i n .  l 4  NO 

i n fo rma t ion  e x i s t s  on t h e  p y r o l y t i c  p r o p e r t i e s  of t h e s e  l i g n i n s .  

It i s  t h e  purpose o f  t h i s  s t u d y  t o  i n v e s t i g a t e  t h e  p y r o l y s i s  of 

t h e s e  new l i g n i n  p r e p a r a t i o n s  as w e l l  as s t anda rd  l a b o r a t o r y  

l i g n i n  p r e p a r a t i o n s  and commercial l i g n i n s .  

METHODS AND MATERIALS 

L ign in  P repa ra t ions :  K i l l e d  red oak, sou the rn  ye l low p ine  

(SYP) ,  and mixed sou the rn  hardwoods were f i r s t  e x t r a c t e d  wi th  

ethanol/benzene. Hydrochlor ic  (HC1) a c i d  l i g n i n s  were prepared  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



PYROLYTIC BEHAVIOR a7 

accord ing  t o  t h e  method of S c h u l t z ,  e t  a l . , l 5  and Klason l i g n i n s  

were prepared accord ing  t o  t h e  method of Browning.16 

The mixed sou the rn  hardwood c h i p s  were ob ta ined  from a 

commercial wood y a r d ,  wi th  a n a l y s i s  showing t h a t  approximate ly  82% 

c o n s i s t e d  of wood c h i p s ,  and the  remainder of bark ,  twigs ,  and 

o t h e r  material. Wet-oxidized l i g n i n s  were prepared u s i n g  oxygen 

a t  1.65 MPa (240 p s i )  a t  150°C f o r  30 minutes.  Enzymat ica l ly  

l i b e r a t e d  l i g n i n  from ye l low pop la r  was obta ined  from Dr. C.-L. 

Chen a t  North Caro l ina  S t a t e  Un ive r s i ty .  Steam-exploded l i g n i n  

from mixed sou the rn  hardwood s p e c i e s  and steam-exploded process  

s ludge  con ta in ing  m a t e r i a l  f r o m  both  s o u t h e r n  hardwoods and p ines  

were obta ined  from t h e  Masonitem Corpora t ion .  The steam explos ion  

p re t r ea tmen t  was c a r r i e d  ou t  a t  233OC f o r  one minute.17 The 

steam-exploded p rocess  s ludge  is  p a r t  of t h e  e f f l u e n t  from a 

commercial steam exp los ion  p rocess  (Masoni tea  ) ,  and con ta ins  

l i g n i n ,  c e l l u l o s e ,  hemice l lu loses ,  waxes, and o t h e r  trace 

chemicals.  Both t h e  wet-oxidation l i g n i n s  and t h e  steam-exploded 

l i g n i n s  were e x t r a c t e d  from t h e  p r e t r e a t e d  wood by 2% sodium 

hydroxide (NaOH) e x t r a c t i o n  followed by a c i d  p r e c i p i t a t i o n  and 

n e u t r a l i z a t i o n .  K r a f t  l i g n i n  ( I n d u l i n  AT, Lot 02261 ) and sodium 

l i g n i n  s u l f o n a t e  (Orzan S, Lot 80415) were obta ined  from Westvaco 

and Crown Ze l l e rbach ,  r e spec t ive ly .  Autohydrolyzed l i g n i n  from 

aspen  was obta ined  from Dr. Morris Wayman a t  t h e  U n i v e r s i t y  of  

Toronto. 

The f i f t e e n  l i g n i n s  were d r i e d  t o  a mois ture  con ten t  of 2% to  

5% i n  a vacuum d e s i c c a t o r  a t  4OoC. The l i g n i n s  were ana lyzed  f o r  

carbohydra te  con ten t  af ter  h y d r o l y s i s  by gas chromatographic 

a n a l y s i s , 1 8  and f o r  a sh  con ten t  a f t e r  i g n i t i o n  a t  70OoC. 

Ni t robenzene  Oxidation: Nitrobenzene o x i d a t i o n  was c a r r i e d  o u t  a t  

16OoC f o r  3 hours  i n  a f l u i d i z e d  bed r e a c t o r .  Ninety mg of l i g n i n  

were added t o  12 ml of 2N NaOH and 0.8 ml of n i t robenzene .  T h i r t y  

mg o f  syr inga ldehyde  and 20 mg of  v a n i l l i n  were used as c o n t r o l s .  

Continuous chloroform e x t r a c t i o n  of t he  r e a c t i o n  mixture  was 
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88 GARDNER, SCHULTZ, AND MC GINNIS 

c a r r i e d  ou t  f o r  3 hours  and t h e  chloroform d i sca rded .  The 

s o l u t i o n  was then  a c i d i f i e d  and e x t r a c t e d  for 20 hours wi th  

chloroform. The internal  s t a n d a r d  benzophenone was added t o  t h e  

ch loroform,  and t h e  ch loroform concen t r a t ed  and a c e t y l a t e d  wi th  6 

ml of a c e t i c  anhydr ide  and 1/2  m l  of py r id ine .  Analys is  was 

performed by GC u s i n g  a n  OV-17 columr1.~9 

Thermogravimetric Ana lys i s :  The f i f t e e n  l i g n i n  p r e p a r a t i o n s  were 

analyzed by dynamic thermogravimetry (TG) and d i f f e r e n t i a l  

thermogravirnetry (DTG) from 50° t o  5 5 O o C  a t  hea t ing  r a t e s  of 

10°C/min with a Perkin-Elmer TGS-4 thermal a n a l y s i s  system. 

Ce l lu lose  and f i l t e r  paper  were used as c o n t r o l s .  A n i t r o g e n  flow 

r a t e  of 60 ml/min was used f o r  t h e  experiment.  

Ten l i g n i n s  were chosen f o r  i so the rma l  TGA s t u d i e s  a t  293OC, 

wi th  the  o t h e r  i n s t r u m e n t a l  parameters  remaining the  same as  i n  

t h e  dynamic runs.  The tempera ture  293OC was chosen f o r  t h e  

i so the rma l  a n a l y s i s  because  t h e  l i g n i n s  analyzed dynamica l ly  

e x h i b i t e d  an  i n c r e a s i n g  r a t e  of weight loss a t  t h i s  tempera ture .  

To avoid unnecessary  decomposition du r ing  t h e  prehea t  pe r iod ,  t h e  

TGS-4 was programmed t o  r each  293OC a t  500C/min. 

I n f r a r e d  ( I R )  Spec t roscopy Analys is :  To determine what chemical 

changes a r e  o c c u r r i n g  i n  l i g n i n  du r ing  i n i t i a l  p y r o l y t i c  weight 

loss, HC1 l i g n i n  (oak) u a s  pyrolyzed a t  25OoC, 275OC, 3OO0C and 

320°C, and s u b j e c t e d  t o  I R  Spectroscopy us ing  a Perkin-Elmer 257 

I R  Spectrophotometer.  Both a c e t y l a t e d  and unace ty l a t ed  py ro lyza te s  

were examined. An unpyrolyzed sample was inc luded  as a c o n t r o l .  

Pyroprobe Ana lys i s :  The 15 l i g n i n s  were analyzed by py ro lys i s -gas  

chromatography (PGC) wi th  a Chemical Data System CDS 100  c o i l  

p robe ,  w i th  q u a r t z  t ubes  used t o  hold t h e  sample. The p y r o l y s i s  

tempera ture  was 6OO0C, as determined by a thermocouple i n s e r t e d  

i n t o  a q u a r t z  t u b e  i n  t h e  c o i l  probe. The sample s i z e  f o r  t h e  
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PYROLYTIC BEHAVIOR 89 

probe q u a r t z  tubes  was approximate ly  1 ing. The ana lyses  were run 

i n  t r i p l i c a t e .  

The p y r o l y s i s  p roduc t s  were ana lyzed  wi th  a Perkin-Elmer 3920 

g a s  chromatograph i n t e r f a c e d  wi th  a Hewlett  Packard 3990 

r e c o r d e r - i n t e g r a t o r .  A f t e r  s c r e e n i n g  s e v e r a l  columns, a 1.83-m 

( 6 - f t )  OV-17 column was chosen f o r  s e p a r a t i o n  of  p y r o l y s i s  

p roduc t s .  While R c a p i l l a r y  column would have g iven  a b e t t e r  

s e p a r a t i o n ,  a packed column was chosen s i n c e  i t  could e a s i l y  be 

repacked ,  o r  r ep laced  a t  a low c o s t .  Thus, any bui ldup  of  

compounds on t h e  column would be avoided. Ins t rument  parameters  

f o r  t h e  gas  chroraatograph were as fo l lows:  i n j e c t o r  tempera ture  

2OO0C, d e t e c t o r  tempera ture  275OC, and column tempera ture  

programmed from 1 0 5 O  t o  260°C a t  8OC/min. The c a r r i e r  g a s  was 

n i t r o g e n  wi th  a f low rate of 30 ml/min. 

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

g u a i a c o l ,  methyl g u a i a c o l ,  s y r i n g o l  and syr inga ldehyde  i n  a 

methanol s o l u t i o n .  These compounds were chosen a s  s t a n d a r d s  

because they  were shown t o  be produced i n  s u f f i c i e n t  q u a n t i t y  by 

l i g n i n  p y r o l y s i s  as shown by Mar t in ,  e t  a1.,20 and S c h u l t z ,  e t  

a l . '5  Although v a n i l l i n ,  methyl s y r i n g o l  and i soeugenol  a r e  also 

produced by l i g n i n  p y r o l y s i s ,  they  were no t  used i n  t h e  s t anda rd  

s o l u t i o n  because they  could no t  be s e p a r a t e d  from each o t h e r  on 

t h e  OV-17 column. Demethylated compounds ( i . e . ,  c a t e c h o l ,  e t c . )  

should a l s o  be formed d u r i n g  l i g n i n  p y r o l y s i s ,  a s  shown by Kle in  

and V i r k f 0  and S c h u l t z ,  et al.I5 The a u t h o r s  were unable  t o  

ana lyze  u n d e r i v a t i z e d  c a t e c h o l  u s i n g  a 0.61- ( 2 - f t )  SE-30 column. 

Thus, even though c a t e c h o l  d e r i v a t i v e s  may c o n s t i t u t e  a l a r g e  

p r o p o r t i o n  of  t h e  l i g n i n  p y r o l y s i s  p roduc t s  formed, t h e  a u t h o r s  

could  no t  ana lyze  f o r  t h e s e  types  of products .  

RESULTS AND DISCUSSION 

The r e s u l t s  of t h e  ca rbohydra t e  a n a l y s i s  and a sh  c o n t e n t  

a n a l y s i s  o f  t h e  v a r i o u s  l i g n i n s  a r e  found i n  Table  1 .  
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PYROLYTIC BEHAVIOR 91 

Steam-exploded p rocess  s ludge  conta ined  38.4 weight $ carbohydra te  

m a t e r i a l .  The o t h e r  l i g n i n s  conta ined  from 0 t o  5.7 weight $ 

carbohydra te  m a t e r i a l .  Ash c o n t e n t  f o r  t h e  l i g n i n s  v a r i e d  from 

0% f o r  t h e  enzymat i ca l ly  l i b e r a t e d  ( c e l l u l a s e )  l i g n i n  t o  31.6: f o r  

t he  autohydrolyzed l i g n i n .  Sodium l i g n i n  s u l f o n a t e  conta ined  29.6% 
ash .  Ash con ten t  of  t he  o t h e r  l i g n i n s  v a r i e d  from 0.7% t o  6.4% 

ash .  

The y i e l d  of p roduc t s  from t h e  n i t robenzene  ox ida t ion  of t he  

l i g n i n s  is  found i n  Table 2. Nitrobenzene o x i d a t i o n  of l i g n i n  has  

long  been use& t o  measure t h e  degree of condensa t ion ,  i . e . ,  t h e  

p ropor t ion  of e t h e r  l i n k a g e s  t o  carbon-carbon i n t e r u n i t  

l inkages.*I Klason l i g n i n ,  which i s  known t o  be a h igh ly  

condensed l i g n i n ,  g i v e s  a low y i e l d  of products  from ni t robenzene  

ox ida t ion .  Lignin  p r e p a r a t i o n  t echn iques ,  such as c e l l u l a s e  

l i g n i n ,  which minimize chemical changes i n  the  l i g n i n  s t r u c t u r e ,  

y i e lded  g r e a t e r  product  format ion  from ni t robenzene  ox ida t ion  than  

Klason l i g n i n .  

The r e s u l t s  of t he  dynamic TGA a n a l y s i s  a r e  summarized i n  

Table 3 .  TGA cu rves  f o r  a few l i g n i n s  a r e  found i n  Figure 1 and 

DTG curves f o r  s e l e c t e d  l i g n i n s  are found i n  Figure 2. The 

thermal behavior  of l i g n i n  has  been shown t o  vary  accord ing  t o  t h e  

technique  used t o  s e p a r a t e  t h e  wood ma te r i a l . '  We found t h i s  t o  

be t r u e ,  bu t  a l s o  found t h a t  t he  thermal behavior  is a l s o  

species-dependent f o r  t h e  same p r e p a r a t i o n ;  i . e . ,  Klason, 

hydroch lo r i c  a c i d  and wet-oxidized l i g n i n s .  

The r e s i d u e  a t  5 5 0 O C  v a r i e d  from 26.55 f o r  t h e  steam-exploded 

process  s ludge  t o  63.5% f o r  t h e  sodium l i g n i n  s u l f o n a t e .  The low 
r e s i d u e  of t h e  s ludge  is due t o  t h e  presence  o f  carbohydra te  

ma te r i a l .  Sodium l i g n i n  s u l f o n a t e  showed a h igh  r e s i d u e  

percentage  due t o  both  i ts  condensa t ion  and h igh  a sh  con ten t .  

Seve ra l  a n a l y s e s  were performed t o  de te rmine  i f  any 

c o r r e l a t i o n s  e x i s t e d  between n i t robenzene  ox ida t ion  y i e l d  and TGA 

da t a .  I t  was r epor t ed  by N i m z 2 2  t h a t  65% o f  t he  l i nkages  i n  
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80- 

I- 70- 
2 

w 
L m  

i 5 40- I. KLASON UG" OAK 

2. HCL LIGNW s. Y. P 
3. HCL LIGNlN a 4 K  

20 4. WET-OXIMtED LlGNlN OAK 

I I 1 8 I 
I00 200 300 400 500 

TEMPERATURE, .C 

FIGURE 1. TCA cu rves  f o r  s e l e c t e d  l i g n i n s .  

n a t i v e  beech l i g n i n  a r e  composed of  a- and f3 - a r y l  e t h e r  l i nkages .  

As l i g n i n  becomes more condensed, t h e  number o f  e t h e r  l i n k a g e s  

w i l l  d ec rease  whi le  carbon-carbon i n t e r u n i t  bonds inc rease .  S ince  

carbon-carbon bonds are more r e s i s t a n t  t o  p y r o l y t i c  bond breakage 

t h a n  e t h e r  bonds, t h e  degree  o f  condensa t ion  should i n f l u e n c e  

t h e  weight loss, rate o f  weight loss, and t h e  amount o f  

non-vo la t i l e  r e s i d u e .  Accordingly,  n i t robenzene  ox ida t ion  product  

y i e l d  should be c o r r e l a t e d  wi th  t h e s e  p y r o l y t i c  p r o p e r t i e s  of 

l i g n i n .  

It was shown by Domburgsg t h a t  B-aryl e t h e r  bonds i n  l i g n i n  

model compounds are c leaved  i n  t h e  tempera ture  range of around 

310°C f o r  compounds wi th  e t h e r i f i e d  pheno l i c  groups.  I n  a d d i t i o n ,  
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STEAM- EXPLOMD PROCESS SLUffiE 

2% NaOH EXT. PROCESS SLUDGE 

1 I I 

STE/LM-EXPLODED L l W N  MXD. HWD 

HCL LlGFHN MIXED HPROWOODS x 
KLASON LlGWN MIXED HARDWOOOS 

I 1 

WET-OXIMZED UGNlN WXED HANWOCOS 

,-, 

CELLULASE LlGNlN YELLOW WPLAR 

1 

100 200 300 400 x)O 600 
TEMPERAWE *C 

FIGURE 2 .  DTG cu rves  f o r  s e l e c t e d  lignins. 

i t  w a s  shown by Kle in  and V i r k t o  t h a t  e t h e r  bond c leavage  y i e l d s  

v o l a t i l e  monomeric phenol ic  compounds. These r e s u l t s  appear  t o  

correspond wi th  both t h e  TGA data  and n i t robenzene  o x i d a t i o n  data 

f o r  enzymat ica l ly  l i b e r a t e d  l i g n i n ,  which showed a DTC peak 

maximum a t  320OC (F igu re  2 )  and a h igh  aldehyde y i e l d  from 

n i t robenzene  o x i d a t i o n  (Table  2 ) .  To determine i f  t h i s  

r e l a t i o n s h i p  e x i s t e d  f o r  a l l  l i g n i n s ,  c o r r e l a t i o n  ana lyses  were 
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96 GARDNER, SCHULTZ, AND MC GINNIS 

performed between weight l o s s  and ra te  of  weight l o s s  a t  320°C, 

and n i t robenzene  o x i d a t i o n  y i e l d .  The c o r r e l a t i o n s  had r v a l u e s  

of 0.85 and 0.71, r e s p e c t i v e l y ,  t h e  former  be ing  s i g n i f i c a n t  a t  

t h e  99.9% l e v e l ,  and t h e  l e t te r  a t  t h e  99% l e v e l .  

Although t h e  preceding  c o r r e l a t i o n s  do e x i s t  f o r  t h e  l i g n i n s ,  

a g r e a t e r  v a r i e t y  o f  i n t e r u n i t  bond t y p e s  were known t o  be p r e s e n t  

i n  t h e  l i g n i n s  examined. Highly  uncondensed l i g n i n s  , i . e . 
milled-wood l i g n i n ,  have most of  t h e i r  i n t e r u n i t  bonds c o n s i s t i n g  

of  on ly  f i v e  d i f f e r e n t  bond t y p e ~ , ~ 3  w h i l e  condensed l i g n i n s  have 

a g r e a t e r  number of i n t e r u n i t  bond types .  Thus, i n s t e a d  of  l a r g e  

weight  l o s s e s  o c c u r r i n g  ove r  a few s p e c i f i c  t empera tu res ,  smaller 

weight  l o s s e s  should  be seen  ove r  a range  of tempera tures .  Also,  

chemica l  changes can  occur  d u r i n g  l i g n i n  p y r o l y s i s  wi thout  a l a r g e  

l o s s  of  weight. 

S ince  t h e  l i g n i n s  examined'  v a r i e d  g r e a t l y  i n  degree  of 

condensa t ion  and ra te  of thermal  decomposi t ion ,  i t  was t h e o r i z e d  

t h a t  a c o r r e l a t i o n  should ex i s t  between n i t robenzene  o x i d a t i o n  

y i e l d  and t h e  maximum r a t e  of  weight  l o s s ,  determined by measuring 

t h e  maximum DTG peak h e i g h t  f o r  each  l i g n i n  and d i v i d i n g  i t  by t h e  

sample weight.  The c o r r e l a t i o n  was h i g h l y  s i g n i f i c a n t ,  wi th  r 

v a l u e s  of  0.96 f o r  t h e  hardwoods, and 0.95 f o r  a l l  s p e c i e s  ( F i g u r e  

3 ) .  I t  i s  b e l i e v e d  t h e  c o r r e l a t i o n  f o r  t h e  maximum rate of weight  

loss was h i g h e r  t h a n  t h e  c o r r e l a t i o n  of  t h e  peak h e i g h t  a t  320°C 

because  t h e  l i g n i n s  examined v a r i e d  i n  i n t e r u n i t  bond composition. 

An a d d i t i o n a l  a n a l y s i s  showed a c o r r e l a t i o n  between n i t robenzene  

o x i d a t i o n  y i e l d  and t h e  n o n - v o l a t i l e  r e s i d u e  a t  55O0C wi th  an  r 

v a l u e  of 0.78. The steam-exploded p rocess  s ludge  was 

i n t e n t i o n a l l y  l e f t  ou t  o f  t h e  a n a l y s e s  because of  i t s  h igh  

ca rbohydra t e  con ten t .  

The c o r r e l a t i o n s  between n i t robenzene  o x i d a t i o n  d a t a  and TGA 

d a t a  i n d i c a t e  t h a t  TGA could  be a u s e f u l  t echn ique  f o r  de t e rmin ing  

t h e  condensa t ion  of l i g n i n .  TGA h a s  d e f i n i t e  advantages  ove r  t h e  

n i t robenzene  o x i d a t i o n  technique .  It is  f a s t e r ;  r e q u i r e s  less 
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0 I ,  I I I I I I I 1 
0 5 10 15 20 25 30 35 40 

NITROBENZENE 0XICO;nON YIELD, W t  % 

FIGURE 3. R e l a t i o n s h i p  between maximum r a t e  o f  weight l o s s  
a g a i n s t  n i t robenzene  o x i d a t i o n  y i e l d .  

e x a c t i n g  l a b  t echn iques  ( i . e . ,  does n o t  r e q u i r e  t h e  sample ' s  

mo i s tu re  c o n t e n t  o r  weight t o  be known); t h e  equipment is  e n t i r e l y  

c o n t r o l l e d  by microprocessor ;  r e q u i r e s  less sample ( 2  mg); and 

a p p a r e n t l y  can  be used u i t h  bo th  softwoods o r  hardwoods. 

The chemical changes o c c u r r i n g  i n  l i e n i n  d u r i n g  i n i t i a l  

p y r o l y t i c  weight l o s s  were examined us ing  I R  spec t roscopy.  R e s u l t s  

a r e  shown i n  Table  4 and F igure  4. The absorbance v a l u e s  of 

i n d i v i d u a l  peak maxima u e r e  determined by t h e  base  l i n e  method .*4 
I R  peaks  of i n t e r e s t  f o r  t h e  u n a c e t y l a t e d  p y r o l y z a t e s  were 

hydroxyl  (3400 cm-l ), aromat ic  e t h e r  ( 1  235 cm-l), methoxy/Cg (1470 

cm-l),  and uncondensed g u a i a c o l  (1035 cm-I) bands; f o r  t h e  

a c e t y l a t e d  p y r o l y z a t e s  they  were aro ina t ic  a c e t y l  (1760 cm-l) and 
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ALIPHATIC ACETYL 
GROUPS (1740 cm'') 

UNPYROLnED 

FIGURE 4. I n f r a r e d  s p e c t r a  o f  a c e t y l a t e d  red oak l i g n i n  from 
t o  2000 cm-l showing the  e f f e c t  of p y r o l y s i s  1600 cm-l 

from 250° t o  J20°C. 
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100 GARDNER, SCHULTZ, AND MC GINNIS 

a l i p h a t i c  a c e t y l  (1740 cm-l) bands. R a t i o s  o f  t h e  abso rp t ion  peaks 

o f  i n t e r e s t  t o  t h e  a b s o r p t i o n  peak a t  1510 cm-' were c a l c u l a t e d .  

The a b s o r p t i o n  r a t i o  method has  been used by s e v e r a l  

i n v e s t i g a t o r s  .24,25 

As shown by t h e  I R  d a t a  i n  Table 4 ,  d i s t i n c t  chemical changes 

occurred  i n  t h e  l i g n i n  s t r u c t u r e  ove r  t h e  ranges  of tempera tures  

examined. The r e s u l t s  i n d i c a t e  t h a t  a l k y l - a r y l  e t h e r  bonds a r e  

indeed broken ove r  t h e  tempera ture  range  of P o o  t o  320°C, s i n c e  

t h e  r a t i o  of a romat i c  e t h e r  l i n k a g e s  dec reases ,  condensa t ion  of 

g u a i a c o l  i n c r e a s e s  and the  a l i p h a t i c  hydroxyl groups decrease .  

Also, a peak appea r s  a t  1760 cm-' i n  t h e  I R  s p e c t r a  of  a c e t y l a t e d  

l i g n i n  a t  300°C (F igure  4), which cor responds  t o  the  a c e t y l a t e d  

a romat i c  hydroxyl group f o r  l i g n i n .  I n  c o n t r a s t ,  t he  a romat i c  

a c e t y l  a b s o r p t i o n  f o r  nonpyrolyeed H C 1  l i g n i n  sugges t s  on ly  a 

t r a c e  o f  pheno l i c  hydroxyl groups.  It was shown by Golds te in26  

t h a t  a c e t y l a t e d  H C 1  l i g n i n  from sweetgum had l i t t l e  a romat i c  

hydroxyl  groups as determined by I R  spec t roscopy ,  and diazomethane 

me thy la t ion  a l s o  i n d i c a t e d  ve ry  l i t t l e  pheno l i c  c h a r a c t e r ,  a n  

o b s e r v a t i o n  i n  agreement wi th  t h e  r e s u l t s  of a c e t y l a t e d  H C 1  l i g n i n  

from red  oak. This  s u g g e s t s  t h a t  some a l k y l - a r y l  e t h e r  bonds are 

be ing  broken a t  about  3OO0C. 

Although methoxy (MeO) groups on t h e  aroinatic nuc leus  of  

l i g n i n  a r e  connected by e t h e r  bonds, t h e  r a t i o  of MeO/Cg u n i t s  d id  

n o t  dec rease  ove r  t h e  tempera ture  range examined. This  phenomenon 

is  suppor ted  by model compound s t u d i e s  i n  which D o m b ~ r g s * ~  showed 

t h a t  demethyla t ion  o f  methoxy groups occurred  a t  370° t o  42OoC, 

and Kle in  and Virk'O showed t h a t  demethyla t ion  of gua iaco l  and 

s u b s t i t u t e d  g u a i a c o l s  a r e  a secondary r e a c t i o n  which forms 

c a t e c h o l s  a t  h i g h e r  tempera tures .  The IR r e s u l t s  should be viewed 

wi th  c a u t i o n  s i n c e  i t  is  d i f f i c u l t  t o  q u a n t i f y  I R  d a t a  and t h e  

a b s o r p t i o n  o f  d i f f e r e n t  bonds can o v e r l a p  each o the r .  

The r e s u l t s  of t h e  py ro lys i s -gas  chromatography of the  

v a r i o u s  l i g n i n s  a r e  shown i n  Table 5 -  A sample chromatogram is 
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102 GARDNER, SCHULTZ, AND MC GINNIS 

shown i n  F igu re  5. The r e s u l t s  i n d i c a t e  t h a t  t h e r e  is  a 

r e l a t i o n s h i p  between t h e  l i g n i n ' s  condensa t ion ,  as determined by 

n i t robenzene  o x i d a t i o n  product  y i e l d ,  and t h e  product  y i e l d  from 

PGC ( F i g u r e  6) .  As d i s c u s s e d  e a r l i e r ,  e t h e r  bonds w i l l  r e a d i l y  

c l e a v e  under p y r o l y t i c  c o n d i t i o n s .  Thus, uncondensed l i g n i n s  which 

have l a r g e  p r o p o r t i o n s  o f  e t h e r  l i n k a g e s  should  r e s u l t  i n  a 

g r e a t e r  product  y i e l d  d u r i n g  p y r o l y s i s .  An e a r l i e r  s t u d y  by 

Watanabe and Kitao28 showed a mole r a t i o  of s y r i n g o l  t o  

g u a i a c o l - r e l a t e d  p roduc t s  from PGC t o  be r e l a t e d  t o  t h e  n o l e  r a t i o  

of sy r inga ldehyde  t o  v a n i l l i n  from n i t robenzene  ox ida t ion .  We 

ana lyzed  o u r  r e s u l t s  i n  t h e  same manner us ing  t h e  r a t i o  of 

s y r i n g o l  t o  g u a i a c o l  and r a n  a c o r r e l a t i o n  of  t h e  d a t a  wi thout  t h e  

commercial l i g n i n s  inc luded .  Our r e s u l t s  showed no s i g n i f i c a n t  

c o r r e l a t i o n .  Obst29 was n o t  a b l e  t o  q u a n t i t a t i v e l y  ana lyze  t h e  

s y r i n g y l / g u a i a c y l  r a t i o s  o f  l i g n i n  us ing  PGC. 

The e f f e c t  o f  i n o r g a n i c  c o n s t i t u e n t s  on t h e  p y r o l y s i s  of 

l i g n i n  has  been i n d i c a t e d  by both  TGA2 and PGC m e t h 0 d s . 3 ~  S ince  

t h e  e f f e c t  o f  i n o r g a n i c  salts on s u l f u r i c  a c i d  l i g n i n  was a l r e a d y  

r epor t ed  by Tang2, i t  was dec ided  t o  i n v e s t i g a t e  t h e  e f f e c t  of 

NaC1, ZnC12, Na2CO3 and S i02  on H C 1  and Kraft l i e n i n  by both T G A  

and PGC. 

R e s u l t s  f o r  t h e  thermal  behavior  of l i g n i n  dur ing  p y r o l y s i s  

w i th  and wi thou t  t h e  a d d i t i o n  of  i n o r g a n i c  s a l t s  a r e  shown i n  

Table  6. H C 1  l i g n i n  showed dec reased  r e s i d u e  a t  55OoC f o r  N a C 1 ,  

Na2COg and Si02 ,  and a n  i n c r e a s e d  . r e s idue  f o r  ZnC12. Kraft l i g n i n  

showed i n c r e a s e d  r e s i d u e  f o r  a l l  sa l t s  added. Zinc c h l o r i d e  had 

t h e  l a r g e s t  e f f ec t ,  i n  t e rms  of  s u p p r e s s i n g  p y r o l y s i s ,  f o r  both 

HC1 l i g n i n  and Kraft l i g n i n ,  a s  i n d i c a t e d  by t h e  TGA r e s u l t s  and 

t h e  t o t a l  pyroprobe p roduc t s .  Ash a l r e a d y  p r e s e n t  i n  t h e  l i g n i n  

would no t  appea r  t o  have a s i g n i f i c a n t  e f f e c t  on e i t h e r  t h e  T G A  

r e s u l t s  o r  t h e  PGC r e s u l t s ,  as shown by t h e  c o r r e l a t i o n  va lues  f o r  

n i t robenzene  o x i d a t i o n  d a t a  d i s c u s s e d  p rev ious ly .  
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A D 

A. GUAIACOL 
6 .  METHYL GUAIACOL 
C. SYRINGOL 
D. SYRINGALDEHYDE 

I 1 I 
5 10 15 

TIME (MINUTES) 

NOTE: MULTIPLE PEAK AT 12 MIN. CONTAINS 
VANILLIN, ISOEUGENOL, AND METHYL 
SYRINGOL. 

FIGURE 5. Chroiuatogram o f  wet -oxid ized  l i g n i n  ( r e d  oak)  
p y r o l y s i s .  Note: M u l t i p l e  peak  a t  12 minutes  c o n t a i n s  
v a n i l l i n ,  i s o e u g e n o l  and m e t h y l  s y r i n g o l .  

'All i n o r g a n i c  sa l t s  had a marked e f f e c t  on t h e  PGC p r o d u c t  

y i e l d .  T h i s  r e s u l t  s h o u l d  be i n t e r p r e t e d  w i t h  care s i n c e  we were 

o n l y  l o o k i n g  a t  f o u r  s p e c i f i c  p y r o l y s i s  p r o d u c t s .  The a p p a r e n t  

e f fec t  of i n o r g a n i c  salts  on t h e  PGC p r o d u c t  y i e l d  could  be due  t o  

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

f o n n a t i o n  o f  d i f f e r e n t  p r o d u c t s .  However, f u t u r e  s t u d i e s  may 

d e t e r m i n e  t h e  e f f ec t  o f  i n o r g a n i c  salts  on  t h e  mechanism o f  l i g n i n  

p y r o l y s i s .  

The d a t n  r e s u l t i n g  from the i s o t h e r m a l  TGA r u n s  were 

e v a l u a t e d  i n  a f a s h i o n  similar t o  two p o s t u l a t e d  r e a c t i o n  

schemes.'  92  The f irst  scheme or model assumes t h a t  l i g n i n  f o l l o w s  

a psuedo f i r s t - o r d e r  r e a c t i o n  d u r i n g  p y r o l y s i s ; *  t h e  second model 

aasumes t h a t  l i g n i n  f o l l o w s  a two-s tep  d e g r a d a t i o n ,  a z e r o - o r d e r  

r e a c t i o n  f o l l o w e d  by a f i r s t - o r d e r  r e a c t i o n . '  The d a t a  f o r  b o t h  
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2 

5- 

t -  
D BSOFTWOODS 
A AHARWmDS 

5- ---REGRESSION 
-REGRESSION 4 

LINE 
LINE 

HARDWOODS r=0.89 
ALL SPECIES r.0.88 

0 0  0 5 10 15 20 25 30 35 

NITROBENZENE OXlDATlON YIELD. W T  'Yo 

FIGURE 6.  R e l a t i o n s h i p  between py ro lys i s -gas  chromatography 
product y i e l d  and n i t robenzene  o x i d a t i o n  product 
y i e l d .  

models were s u b j e c t e d  t o  r e g r e s s i o n  a n a l y s i s .  The c o r r e l a t i o n  

v a l u e s  a r e  shown i n  Table  7. 
A s  shown i n  Table  7, none of t h e  l i g n i n s  examined a p p a r e n t l y  

followed pseudo f i r s t - o r d e r  r e a c t i o n  k i n e t i c s  d u r i n g  p y r o l y s i s ,  as 

determined by measuring t h e  c o r r e l a t i o n  v a l u e s  which ranged frou 

0.6 t o  0.91. Alpha c e l l u l o s e ,  which is known t o  follow a 

f i r s t - o r d e r  decomposition r e a c t i o n , 3 l  had a c o r r e l a t i o n  va lue  o f  

0.99. The second model sugges t ed  by Beall? gave a b e t t e r  f i t  f o r  

t h e  i so the rma l  p y r o l y s i s  d a t a  of l i g n i n .  

Although i so the rma l  t echn iques  have been used be fo re  for 

s tudy ing  wood component r e a c t i o n  k i n e t i c s ,  t h e  d a t a  were 
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cons idered  u n s a t i s f a c t o r y  because o f  excess ive  weight loss (35%) 

i n  t h e  p rehea t  per iod .3  I n  ou r  exper iment ,  t h e  prehea t  weight 

loss was 5% t o  12%. 

The r e s u l t s  i n d i c a t e  that l i g n i n  does not  n e c e s s a r i l y  follow 
a pseudo f i r s t - o r d e r  r e a c t i o n .  However, t h e  r e s u l t s  a r e  no t  

conc lus ive  enough t o  s a y  t h a t  l i g n i n  fo l lows  a zero-order  r e a c t i o n  

followed by f i r s t - o r d e r  r e a c t i o n .  It was r epor t ed  by S t a m d 2  t h a t  

t h e  thermal  deg rada t ion  o f  wood i s  a complex and v a r i a b l e  p rocess  

t h a t  i nvo lves  many d i f f e r e n t  r e a c t i o n s  t h a t  t ake  p l a c e  

s imul taneous ly  a t  d i f f e r e n t  r a t e s .  The r e s u l t s  i n d i c a t e  t h a t  t h i s  

a l s o  ho lds  t r u e  f o r  l i g n i n  thermal decomposition. 

Many TGA s t u d i e s  invo lv ing  t h e  p y r o l y s i s  of l i g n i n  have 

a t tempted  t o  de te rmine  t h e  a c t i v a t i o n  e n e r g i e s  of l i e n i n  thermal 

decomposition based upon empi r i ca l  r e l a t i o n s h i p s  us ing  DTG 

d a t a . l r 2 p 6  I n  t h e s e  s t u d i e s ,  as mentioned e a r l i e r ,  t h e  o r d e r  of 

t h e  l i g n i n  p y r o l y s i s  r e a c t i o n s  was assumed t o  be zero o r  one, and 

t h e  k i n e t i c  parameters  f o r  t h e  r e a c t i o n s  were determined accord ing  

t o  t h e s e  assumptions.  Most t h e o r e t i c a l  s t u d i e s  involv ing  t h e  use  

o f  T G A  have been shown t o  be inadequate  t o  use  f o r  de te rmining  

r e a c t i o n  o r d e r s  and a c t i v a t i o n  e n e r g i e s  of complex r eac t ions .33*% 

Although assumptions concern ing  r e a c t i o n  o r d e r  may hold t r u e  f o r  

t h e  decomposition r e a c t i o n s  o f  r e l a t i v e l y  s imple  compounds, 35 

t h e s e  r e s u l t s  sugges t  t h a t  t h e  use of TGA d a t a  f o r  c a l c u l a t i n g  

a c t i v a t i o n  e n e r g i e s  of l i g n i n  should be used with cau t ion .  

CONCLUSIONS 

The p y r o l y t i c  behav io r  of  l i g n i n  is  dependent on t h e  amount 

o f  i t s  condensation. Thermogravimetric a n a l y s i s  is an a c c u r a t e  

method f o r  de te rmining  t h e  amount of  condensa t ion  i n  l i g n i n .  The 

y i e l d  of monomeric phenols from l i g n i n  du r ing  p y r o l y s i s  a l s o  

depends on its amount of  condensation. S t r u c t u r a l  changes appear  

t o  occur i n  l i g n i n  du r ing  i n i t i a l  p y r o l y s i s  be fo re  t h e r e  i s  any 

a p p r e c i a b l e  weight l o s s .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



108 GARDNER, SCHULTZ, AND MC GINNIS 

ACKNOWLECCMENT 

The a u t h o r s  thank D r .  C.-L. Chen (North Caro l ina  S t a t e  

U n i v e r s i t y ) ,  Dr. Morr is  Wayman ( U n i v e r s i t y  of  Toronto) and t h e  

Masonite Corpora t ion ,  C e n t r a l  Hardboard Div i s ion ,  L a u r e l ,  

M i s s i s s i p p i ,  f o r  supp ly ing  l i g n i n  samples. Thanks is a l s o  

expressed  t o  L. Wasson f o r  running  t h e  carbohydra te  a n a l y s i s ,  and 

C. Templeton f o r  running  t h e  n i t robenzene  ox ida t ion  a n a l y s i s .  

Funding f o r  t h i s  s t u d y  was provided by the  M i s s i s s i p p i  F o r e s t  

Products  U t i l i z a t i o n  I s b o r a  t ory . 

LITERATURE CITED 

1 .  Beall, F. C.  1969. Wood and F i b e r  1(3):215. 

2. Tang, W. K. 1967. USFS Res. Paper FPL 71. USDA Fores t  
Se rv ice ,  Fo res t  Products  Lab., Madison, W I .  

3 .  Browne, F. L. and W. K. Tang. 1962. F i r e  Res. Abst. and 
Revs. 4(3):76. 

4. Laamanen, L. 1976. Applied Polymer Symposium No. 28:1139. 

5. K r a t z l ,  K . ,  H. Czepel and J. Gra tz l .  1965. Holz a l s  Rah-und 
Werkstoff.  23:237. 

6. Kubes, G. H., B. I. Fleming, J. M. MacLeod and H. I. Bolker.  
1982. J. Wood Chem. and Tech. 2(3):279. 

7. A l l an ,  G. G .  and T. M a t t i l a .  1971. In :  L ign ins :  
Occurrence,  Formation, S t r u c t u r e ,  and Reac t ions ;  K. V.  
Sarkanen and C. H. Ludwig, eds. Wi ley- In te rsc ience ,  NY. 

8. S o l t e s ,  E. and T. Elder.  1981. In :  Organic Chemicals from 
Biomass; I. G o l d s t e i n ,  ed. CRC P r e s s ,  Boca Raton, F l o r i d a .  

9. Domburgs, G. E. 1974. Thermal Analys is ,  2nd Proc. 4 t h  ICTA 
Budapest. Op C i t .  10. 

10. K le in ,  M. and P. Virk. 1981. Energy Labora tory  Report  No. 
MIT-EL 81-005, Massachuse t t s  I n s t i t u t e  o f  Technology, 
Cambridge, MA. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



PYROLYTIC BEHAVIOR 109 

11. 

12. 

13- 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23- 

24 

25 

26. 

27 

28. 

Kaymia, Y.  et  a l .  1979. ACS Div. o f  Fuel Chem. p r e p r i n t s ,  
24(2):116. Op C i t .  10. 

Marchessaul t ,  R. H . ,  S. Coulombe, H. Morikawa, and Dan ie l l e  
Robert .  1982. C a n .  J. Chem. 60(10):2372. 

Lora,  J. and M. Wayman. 1978. TAPPI 61(6) :47 .  

McGinnis, G.  D . ,  W. W. Wilson and C .  J. B iemaM.  1983. 
Biomass Conversion i n t o  Chemicals Using Wet Oxida t ion .  In: 
Fue l s  and Organic Chemicals from Biomass. CRC P r e s s ,  Boca 
Raton, F l o r i d a .  

S c h u l t z ,  T. P., R. P r e t o ,  J. Pi t tman  and I. Golds te in .  1982. 
J. Wood Chem. Tech. 2(1) :17 .  

Browning, B. L. 1967. Methods o f  Wood Chemistry,  Vol. 11. 
Wi ley - In t e r sc i ence ,  NY. 

S c h u l t z ,  T. P. ,  C .  J. Biermann and G. C. KcGinnis. 1983. Ind. 
Eng. Chem. Prod. Res. Dev. 22(2):344. 

Chen, C. C. and G. D. McGinnis. 1981. Carbohydr. Res. 90: 
127. 

S c h u l t z ,  T. P., C. L. Chen, I. S. Golds t e in ,  and F. P. 
S c a r i n g e l l i .  1981 . J. Chromatographic S c i .  19:235. 

Mar t in ,  F . ,  C Saiz-Jimenez and F. J. Gonzales-Vila. 1979. 
Holzforschung 3;5:210. 

Freudenberg, K . ,  W. Lautsch ,  and K .  Engler .  1940. Chem. Ber. 
73:167. 

Nimz, A. 1974. Angew. Chem. 86:338. 

Adler ,  E. 1977. Wood Sci .  and Tech. 11:169. 

Sarkanen, K. V . ,  H. M. Chang and G. G .  A l l a n .  1967. TAPPI 
50( 12)  : 587. 

Salud ,  E. C. and 0. Fa ix .  1980. Holzforschung, 34 : l l 3 .  

Go lds t e in ,  I. 1980. I n t e r i m  Progres s  Report  NSF Grant No. 
PFR-77-12243A01. North C a r o l i n a  S t a t e  Univ., Rale igh ,  NC. 

Domburgs, G. E. 1975. Chem. Abst. 83:81604p. 

Watanabe, Y.  and 0. K.  Ki tao .  1966. Wood Res. 38:40. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



110 GARDNER, SCHULTZ, AND MC GINNIS 

29. Obst,  J. R. 1983. J. Wood Chem. and Tech. 3(4):377. 

30. Ripley,  R. A. and D. P. C.  Fung. 1971. Wood Sc i .  
4(1 ):25. 

31. Fung, D. 1969. TAPPI 52(2):319. 

32. Stamm, R. J. 1964. Wood and Ce l lu lose  Science. Ronald 
Press, NY. 

33. C h a t t e r j e e ,  P. 1965. J. Polymer Sci .  P a r t  A.  3:4253. 

34. Dickens, B. and J. Flynn. 1983. (Adv. Chem. Ser. 203) 
Polymer Charac t e r i za t ion  209. Am. Chen. SOC., Washington, 
D.C. 

35. Freeman, E. S. and B. C a r r o l l .  1958. J. Phys. Chem. 
62: 394. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


