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INTRODUCTION 

Short con tac t  t ime or f l a s h  p y r o l y s i s  i s  one o f  the a l t e r n a t i v e s  under 
cons ide ra t i on  f o r  t h e  conversion o f  biomass i n t o  l i q u i d  or gaseous f u e l ,  or 
perhaps i n t o  chemicals feedstock. A v a r i e t y  of compounds are formed i n  f l a s h  
p y r o l y s i s  so t h a t  i t  would be des i rab le  t o  be able t o  p r e d i c t  y i e l d s  o f  a t  l e a s t  
t h e  major products  as a f u n c t i o n  o f  t h e  p y r o l y s i s  dev ice and opera t i ng  
cond i t i ons  such as hea t ing  r a t e  o f  t he  biomass, f i n a l  temperature, p a r t i c l e  
s i ze ,  gas phase composit ion. As a c o n t r i b u t i o n  t o  t h i s  goal, t h i s  paper 
considers t h e  f l a s h  p y r o l y s i s  o f  m ic ro  c r y s t a l l i n e  c e l l u l o s e  powder and 
p a r t i c l e s  i n  a f l u i d i z e d  bed. By f l a s h  py ro l ys i s ,  we r e f e r  t o  hea t ing  r a t e s  ( a t  
t h e  p a r t i c l e  sur face)  g rea te r  than 100°C/s, f i n a l  temperatures genera l l y  g rea te r  
than 5OO0C and con tac t  t imes o f  the order o f  1-2 seconds or less.  Compared w i t h  
t h e  vast  l i t e r a t u r e  on slow p y r o l y s i s  o f  c e l l u l o s e  the  l i t e r a t u r e  on f l a s h  
p y r o l y s i s  i s  very small .  A few s tud ies  have been made us ing a Pyroprobe or a 
Cur ie  p o i n t  p y r o l y z e r  ( I g l a u e r  e t  a l .  (1974); Ohnishi e t  al., (1975) Hileman e t  
al., (1979) and a f l u i d i z e d  bed (Barooah and Long, 1976); Maa and B a i l i e ,  
(1978); Sco t t  and Piskorz.  (1981.) I r r a d i a t i o n  was used by M a r t i n  (1965) and 
Shivadev and Emmons (1974) as a heat source. Lewellen e t  a l .  (1977) and 
H a j a l i g o l  e t  a l .  (1982) pyro lyzed f i l t e r  paper suspended between two massive 
e lect rodes.  The l a t t e r  team succeeded i n  producing q u i t e  a wide range o f  
temperatures and h e a t i n g  ra tes .  Un fo r tuna te l y ,  i n  most past s tud ies,  weight  
l o s s  measurement and ana lys i s  o f  v o l a t i l e  products  were no t  c a r r i e d  out 
simultaneously. Indeed, i d e n t i f i c a t i o n  o f  v o l a t i l e  products u s u a l l y  came from 
i n v e s t i g a t i o n s  where t h e  p y r o l y s i s  reac t i ons  went nea r l y  t o  completion. I n  such 
cases, t h e  product  d i s t r i b u t i o n  might r e s u l t  from no t  on ly  c e l l u l o s e  p y r o l y s i s  
bu t  a l so  f r a n  secondary crack ing and perhaps even char g a s i f i c a t i o n .  

EXPERIMENTAL SYSTEM, ANALYTICAL TECHNIQUES AND STUDY MATERIALS 

F igu re  1 shows the f l u i d i z e d  bed system used i n  t h i s  study. D e t a i l s  
of the bed i t s e l f  a re  g iven i n  F igu re  2. The assembly shown i n  F igu re  2 was 
b u i l t  by Sco t t  and P isko rz  (1981) and used by them t o  study the f l a s h  p y r o l y s i s  
o f  coal and wood. 

P y r o l y s i s  occurs i n  a bed o f  f l u i d i z e d  sand supported by a porous 
s t a i n l e s s  s t e e l  d i s t r i b u t i o n  p la te .  The ne t  reac to r  volume i s  23 mL. 
F l u i d i z i n g  gas i s  i n t roduced  from t h e  bottom through a preheat ing tube 1 meter 
i n  length.  As F i g u r e  1 shows, the  reac to r  s i t s  i n  a three-zone L indberg 
e l e c t r i c  tube furnace, 91 cm i n  length. The reac to r  was loca ted  i n  the upper 
zone and the p rehea t ing  tube o f  t he  reac to r  was s i t u a t e d  i n  the  bottom two zones 
and was s u f f i c i e n t  t o  heat up the  f l u i d i z i n g  gas t o  bed temperature before i t  
entered the reac to r .  

The 1 m  r a t e  of  c e l l u l o s e  feed needed f o r  t he  system was achieved 
us ing  an entrainment feeder described by Scot t  and Piskorz (1981). Feed r a t e  
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> could be ad jus ted  from 5 t o  100 g/h w i t h  t h i s  u n i t .  
c a r r i e r  gas en tered  the  bed through the  cent ra l ,  downwardly d i r e c t e d  tube i n  
F igure  2. The t i p  o f  t h i s  tube was immersed i n  the  f l u i d i z e d  sand. The 
concent r i c  tube, t e r m i n a t i n g  i n  a 6.3 mn 0.d. o u t l e t  was o r i g i n a l l y  supposed t o  
in t roduce a c o l d  quench gas i n t o  the  reac tor .  I n  t h i s  study, it served as 
sampling l i n e  t o  a Car le  G.C. w i t h  a heated sampling loop. T h i s  G.C. 
p e r i o d i c a l l y  sampled t h e  o f f  gas and was used t o  insure  the assembly operated a t  
steady state.  

Most o f  the  v o l a t i l e  products and gas in t roduced t o  f l u i d i z e  the  sand 
bed and t o  e n t r a i n  the  c e l l u l o s e  feed l e f t  the  r e a c t o r  through the  12.7 mn 0.d. 
o u t l e t  seen i n  F igure  2. This o u t l e t  was connected t o  the  f i r s t  o f  th ree ,  
water-cooled glass condensers by about 40 cm o f  Te f lon  tubing. Almost a l l  t h e  
t a r  formed and the  char e l u t e d  from the bed was trapped i n  t h e  condensers or  i n  
t h e  connect ing tubing. 

was c o l l e c t e d  i n  an i n f l a t a b l e  bag. 

C e l l u l o s e  e n t r a i n e d  i n  

The remaining t a r  was caught i n  a g l a s s - w o o l - f i l l e d  
I column. A f t e r  passing through two f u r t h e r  columns t o  s t r i p  out water, the  gas 

A run using t h i s  equipment l a s t e d  about 30 minutes once steady s t a t e  
was establ ished. Weighing prov ided the  amount o f  c e l l u l o s e  f e d  t o  t h e  f l u i d i z e d  
bed and the  char caught i n  t h e  bed. Washing o f  the  glass wool, t u b i n g  and 
condensers w i t h  ethanol  provided a measure o f  the  char e l u t e d  (by weighing t h e  
res idue on f i l t e r i n g  t h e  s o l v e n t )  and o f  the t a r  formed by weighing t h e  r e s i d u e  
a f t e r  f i l t e r i n g  and evapora t ing  t h e  so lvent .  
and measurement o f  the  gas volume gave t h e  non-condensible, v o l a t i l e  products 
produced. 

Analyses were performed us ing  a dual channel GC equipped w i t h  a 1.83-111 
100/120 mesh Porapak T column on one channel and a 1.83-111 80/100 mesh Porapak Q 
column i n  the  other.  Both channels used FID's and temperature programming was 
employed. A second chromatograph equipped w i t h  a 1.83-111 mesh 5A molecular s ieve  
column was a l s o  used on the gas bag t o  measure CO, C02 and water. 

This reagent creates a v o l a t i l i z a b l e  compound from levoglucosan; other t a r  
compounds are a l s o  converted t o  v o l a t i l i z a b l e  substances by s i l y l a t i o n .  
S i l y l a t e d  t a r  s o l u t i o n  was i n j e c t e d  onto e i t h e r  a 1.83-111 6% OV-101 on 80/100 
mesh Chromosorb colunm or  a s i m i l a r  Chromosorb column treated. w i t h  6% SE-52. 
Peak i d e n t i f i c a t i o n  was by means o f  pure levoglucosan d isso lved i n  N - t r i m e t h y l  
s i  l y l i m i d a z o l e .  

was the  pr imary t e s t  m a t e r i a l .  C e l l u l o s e  p a r t i c l e s ,  as a 20/40 mesh m a t e r i a l  
were made by p e l l e t i z i n g  the  MCP i n  a press, c rush ing  the  p e l l e t s ,  and then 
sieving. The p a r t i c l e s  permi t ted  a t e s t  of a p a r t i c l e  s ize  on product 
d i s t r i b u t i o n  and p y r o l y s i s  r a t e  t o  be made. L i m i t a t i o n s  o f  a t t a i n a b l e  
f l u i d i z a t i o n  v e l o c i t y  l i m i t e d  t h e  s i z e  t o  20/40 mesh. 

C e l l u l o s e  conversion and product d i s t r i b u t i o n  were measured a t  
f l u i d i z e d  bed temperatures between 310 and 770°C. Most experiments were 
performed i n  an N2 atmosphere, but measurements were made as w e l l  w i t h  CO, 
CO2 and a H2-N2 m i x t u r e  as the  f l u i d i z i n g  gas. 
i n  the  bed was not l e s s  than 0.5 s ( the  residence t ime of t h e  f l u i d i z i n g  gas i n  
the bed), and probably d i d  not exceed 2 t o  3 seconds. Based on work w i t h  coa l ,  

GC ana lys is  o f  t h e  gas beg conten t  

Tar samples were t r e a t e d  w i t h  N- t r imethy l  s i l y l i m i d a z o l e  i n  p y r i d i n e .  

A m i c r o c r y s t a l l i n e  c e l l u l o s e  (MCP) fu rn ished as a 200/270 mesh powder 

Contact t ime o f  c e l l u l o s e  
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Tyler (1979) es t imates  t h a t  the  heat ing  r a t e  o f  f i n e  p a r t i c l e s  i n  a f l u i d i z e d  
bed must be grea ter  than 1°C/ms. 

EXPERIMENTAL RESULTS 

CO, C02 and H2 p y r o l y s i s  y i e l d s  from c e l l u l o s e  powder a re  shown i n  
F igure  3. The carbon oxides are the  major products. H2 y i e l d s  are t h e  same 
order of magnitude as the  hydrocarbon y i e l d s .  A t r a n s i t i o n  i n  behaviour occurs 
around 500'C. Above t h i s  temperature the  CO y i e l d s  inc rease a t  slower r a t e  b u t  
t h e  C02 y i e l d s  l e v e l  o f f .  Char y i e l d s  were l e s s  than 10 w t %  o f  t h e  sample fed  
above 5OOOC so t h a t  p y r o l y s i s  i s  e s s e n t i a l l y  complete. The abrupt change i n  t h e  
C02 y i e l d  r e f l e c t s ,  e v i d e n t l y ,  complet ion o f  the  c rack ing  reac t ion .  

Y ie lds  o f  l i g h t  hydrocarbon by carbon number vs temperature appear i n  
F igure  4. A change i n  s lope a t  about 500°C i s  ev ident .  With the  except ion o f  
f l a t t e n i n g  o f  the  C3 and C 4  y i e l d s  above 7OO0C, t h e  l i g h t  hydrocarbon 
behaviour resembles t h e  y i e l d  behavinur seen fnr CO. Prehah!y cracking c?f 
C3+ hydrocarbons a t  7OO0C+ accounts f o r  t h e  f l a t t e n i n g  observation. 

The major l i q u i d  oxygen-bearing molecules detected were acetaldehyde, 
acro le in ,  f u r a n  and acetone. While H a j a l i g o l  e t  a l .  (1982) measured r e l a t i v e l y  
h igh  methanol y i e l d s ,  1 w t %  o f  the  pure c e l l u l o s e  sample, t h e  y i e l d s  i n  t h i s  
study were as low as 0.1 w t %  o f  t h e  sample. F i g u r e  5 .  shows y i e l d s  o f  
acetaldehyde w h i l e  F i g u r e  6 shows those o f  acetone p l o t t e d  versus temperature. 
Data f o r  MCP powder and 20/40 mesh p e l l e t s  are p l o t t e d  together.  P a r t i c l e  s i z e  
q u i t e  c l e a r l y  does n o t  a f f e c t  y i e l d .  Measurements taken i n  d i f f e r e n t  
atmospheres a r e  a l s o  shown. Once again, the  atmosphere surrounding t h e  
p y r o l y z i n g  m a t e r i a l  does no t  change the  y i e l d  temperature behaviour. Both these 
observat ions apply t o  t h e  CO, C02 and H2 y i e l d s  and f o r  the  l i g h t  
hydrocarbons. 

Acetaldehyde y i e l d  data (F igure  5) resembles t h a t  f o r  CO, w h i l e  t h e  
acetone y i e l d s  are much more l i k e  the  data obtained f o r  C02 (F igure  3). 
Indeed, o f  the  other two oxygen c o n t a i n i n g  hydrocarbon which could be accura te ly  
measured, a c r o l e i n  and furan, t h e  former e x h i b i t e d  t h e  CO behaviour w i t h  
temperature w h i l e  the  l a t t e r  appeared t o  show t h e  C02 behaviour. 

The y i e l d s  o f  leveglucosan are shown i n  F igure  7. P a r t i c l e  s i z e  and 
f l u i d i z i n g  atmosphere do not a f f e c t  the  y i e l d s .  R e p l o t t i n g  the data aga ins t  
weight loss  o f  the  o r i g i n a l  MCP or c e l l u l o s e  p a r t i c l e s  permits a comparison w i t h  
t h e  y i e l d s  data ob ta ined by o ther  workers f o r  slow p y r o l y s i s .  F igure  8 provides 
the  comparison. Y i e l d s  found i n  t h i s  study were smal le r  by a f a c t o r  of 2 t o  3 
than y i e l d s  measured under slow p y r o l y s i s .  It i s  s u r p r i s i n g  t h a t  t h e  agreement 
among t h e  data o f  d i f f e r e n t  i n v e s t i g a t o r s  i s  so poor. 

The d i f f e r e n c e  between our data and o thers  shown i n  F igure  8 i s  t h a t  
heat ing  and contac t  t imes i n  our study were perhaps an order o f  magnitude 
greater than those used by t h e  others. I f  levoglucosan i s  a pr imary product o f  
c e l l u l o s e  p y r o l y s i s ,  as has been proposed, shor te r  contact  t imes should inc rease 
not decrease y i e l d s .  Ev ident ly ,  a t  h igh  temperatures,  some o f  t h e  c e l l u l o s e  
molecules can be d i r e c t l y  decomposed i n t o  smal le r  weight fragments and these 
free r a d i c a l s  can combine t o  form v o l a t i l e  products.  Levoglucosan would not be 
formed as an i n t e r m e d i a t e  f o r  t h i s  r o u t e  t o  the lower molecular weight 
products. This may be t h e  exp lanat ion  f o r  the d e v i a t i o n  o f  our data from those 
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obtained by Tsuchiya and Somi (1970) and some o f  the  data of Shafizadeh e t  a l .  
(1978a. 1979b). 

Closure o f  the  m a t e r i a l  balances t o  about 2% when MCP was pyro lyzed,  
permi ts  a r e l i a b l e  p i c t u r e  t o  be drawn o f  the  product d i s t r i b u t i o n  between S o l i d  
t a r ,  l i q u i d  and gas f o r  f l a s h  p y r o l y s i s  i n  a f l u i d i z e d  bed. This d i s t r i b u t i o n  
i s  shown as a func t ion  o f  temperature i n  F i g u r e  9. P y r o l y s i s  atmosphere and t h e  
p a r t i c l e  s i z e  o f  c e l l u l o s e  up t o  20 t o  40 mesh do not a f f e c t  the  d i s t r i b u t i o n s .  
The levoglucosan product i s  a l s o  shown. 

It i s  c l e a r  from t h e  f i g u r e  t h a t  t h e  l i q u i d - t a r  f r a c t i o n  o f  the  
products can be maximized by opera t ing  between 450 and 650OC. Higher 
temperatures inc rease gas produc t ion  w h i l e  lower temperatures r e s u l t  i n  l a r g e  
char residues. 

The remarkably s i m i l a r  y i e l d  vs. temperature behaviur saeen i n  F i g u r e s  
3 t o  6 suggest cross p l o t t i n g  o f  the  y i e l d  data. When t h i s  i s  done i t  i s  found 
t h a t  a l l  t h e  p y r o l y s i s  products w i t h  the except ion o f  levoglucosan and o ther  t a r  
components p l o t  as s imple logary thmic  f u n c t i o n s  o f  the  form 

1 

b 
co Y = a Y  

aga ins t  CO y i e l d  (Yco)  or aga ins t  Cop y i e l d .  Examples o f  such p l o t s  appear i n  
f i g u r e s  10 and 11. The func t ions  are independent o f  temperature, gas 
atmosphere, and p a r t i c l e  s ize.  L inear  r e l a t i o n s h i p s  on these l o g - l o g  p l o t s  h o l d  
very cosely from CO y i e l d s  o f  from 0.5 t o  20 weight percent.  Data o f  o ther  

1, s tud ies ,  i n c l u d i n g  Tsuchiya and Sumi (1970) who worked w i t h  slow p y r o l y s i s ,  a l s o  
g i v e  l i n e a r  cross p l o t s  and both f o r  fu ran  and the  l i g h t  hydrocarbons these data 

I agree q u i t e  w e l l  w i t h  what was observed i n  t h i s  study even though the  p y r o l y s i s  
technique d i f f e r e d  s u b s t a n t i a l l y .  Probably then, Equat ion 1 and i t s  parameters 
are independent o f  the  type  o f  f l a s h  p y r o l y s i s  u n i t .  Agreement was poorer f o r  
o ther  products so probably Equation 1 cannot be genera l i zed  t o  slow p y r o l y s i s .  
Y i e l d  r e l a t i o n s h i p  appear t o  o f f e r  a use fu l  means o f  p r e d i c t i n g  product 
d i s t r i b u t i o n  i n  f l a s h  p y r o l y s i s  operat ions.  The r e l a t i o n s h i p s  are developed and 
discussed i n  rnoe d e t a i l  i n  a recent paper by Funazukuri e t  a l .  (1984). 

REFERENCES 

Barooah, J.N., and Long, V.D., (1976) "Rates o f  thermal decomposition o f  some 
carbonaceous m a t e r i a l s  i n  a f l u i d i z e d  bed", Fuel, 55, 116-120. 

Funazukuri, T., Hudgins, R.R. and S i l ves ton ,  P.L., (1984) " P r e d i c t i o n  o f  
V o l a t i l e  Products from Thermal Conversion o f  C e l l u l o s e  by C o r r e l a t i o n  w i t h  
Carbon Oxides i n  t h e  Gas", P r e p r i n t  I.G.T. Conference on Fuels from Biomass and 
Wastes, Lake Buena V is ta ,  F l o r i d a  (February).  

Graham, R., Bergougnou, M.A., Mok, L.K. and de Lasa, H.L., (1982) "Flash 
p y r o l y s i s  ( u l t r a p y r o l y s i s )  of b imass'using s o l i d  heat c a r r i e r s " ,  research paper 
presented a t  Fundamentals o f  Thermochemical Biomass Conversion: An 
I n t e r n a t i o n a l  Conference, Boulder, Colorado, October. 

I 

/ 

I 

225 



H a j a l i g o l ,  M.R., Howard, J.B., Longwell, J.P. and Peters, W.A., (1982). "Product 
compositions and k i n e t i c s  f o r  r a p i d  p y r o l y s i s  o f  c e l l u l o s e " ,  I /EC Process Des. 
Dev., 21, 457-465. 

Halpern, Y. and Patai .  S., (1969) " P y r o l y t i c  r e a c t i o n s  o f  carbohydrates. P a r t  
V. Isothermal decomposition o f  c e l l u l o s e  i n  vacuo", I s r a e l  J. o f  chem.. 1, 

Hileman, F.D., Wojcik, L.H., F u t r e l l ,  J.H. and Elnhorn, I.N., (1976) "Comparison 
o f  the thermal degradation,, products o f  a - c e l l u l o s e  and douglas f i r  under i n e r t  
and o x i d a t i v e  environments i n  Thermal Uses and P r o p e r t i e s  o f  Carbohydrates and 
L i  n i n s  E d i t e d  by Shafizadeh, F., Sarkanen, K., and Ti l lman, D.A., 49-71, Ke-' cademi c Press. 

Ig lauer ,  N., and Bent ley ,  F.F., (1974) " P y r o l y s i s  GI.: t h e  r a p i d  
i d e n t i f i c a t i o n  o f  o r j a n f i  pG~ymWs", d. u i  Chromatog. Sci., E, (3-33. 

Lewellen, P.C., Peter,  W.A. and Howard, J.B., (1977) "Ce l lu lose  p y r o l y s i s  
k i e t i c s  and char fo rmat ion  mechanism", S ix teenth  I n t e r n a t i o n a l  Symp. on 
Combustion, 1471-1480. 

Maa, P.S. and B a i l i e ,  R.C., (1978) "Experimental p y r o l y s i s  o f  c e l l u l o s i c  
m a t e r i a l " ,  research paper presented a t  AIChE 84th Nat iona l  Meeting, A t lan ta ,  
February. 

Mart in,  S., (1965) " D i f f u s i o n - c o n t r o l l e d  i g n i t i o n  o f  c e l l u l o s i c  m a t e r i a l s  by 
in tense r a d i a n t  energy", Proc. Tenth I n t e r n a t i o n a l  Symposium on Combustion, 

Scott ,  D.S. and P iskorz ,  J., (1981) "Flash p y r o l y s i s  o f  biomass", f u e l s  form 
biomass and Wastes, E d i t e d  by Klass, D.L. and Emert, G.H., 421-434, Ann Arbor 
Science, Michigan. 

Shafizadeh, F. and Bradbury, A.G.W., (1979) "Thermal degradat ion o f  c e l l u l o s e  i n  
a i r  and n i t r o g e n  a t  low tempertures", J. o f  Appl. Polym. Sci., 3, 1431-1442. 

Shivadev. U.V. and Emmons. H.W.. (1974) "Thermal d e w a d a t i n  and soontaneous 

673-683. 

877-896. 

i g n i t i o n -  of paper sheets i n  a i r -  by i r r a d i a t i o n " ,  Combustion and Flame, 22, 
223-236. 

Tsuchiya. Y. and Sumi, K., (1970) "Thermal decomposition products of c e l l u l o s e " ,  
J. o f  Appl. Polym. Sci., 14, 2003-2013. 

Ty le r ,  R.J., (1979) "F lash  p y r o l y s i s  o f  coals. 1. D e v o l a t i l i z a t i o n  o f  a 
V i c t o r i a n  Brown coal i n  a small f l u i d i z e d - b e d  reac tor " ,  Fuel ,  58, 680-686. 

226 



F i g u r e  1 M i c r o  F l u i d i z e d  bed p y r o l y s i s  system 
( S c o t t  and P i s k o r z ,  1981) 

F i g u r e  2 C o n s t r u c t i o n  d e t a i l s  o f  
f l u i d i z e d  bed ( S c o t t  
and P i s k o r z ,  1981) 
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F i g u r e  3 L i g h t  gas p y r o l y s i s  
y i e l d  from MCP 
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Figure 4 Yield of l i g h t  hydrocarbon 
from MCP 
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Figure 6 Yield o f  acetone from 
MCP and ce l lu lose  par t ic les  

Figure 5 Yield of acetaldehyde 
from MCP and Cellulose 
p a r t i  c l  es 
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Figure 7 Yield of levoglucosan 
from MCP and cel lulose 
par t ic les  



F i g u r e  8 Levog lucosan  y i e l d  as a 

w i t h  a compar ison w i t h  
, f u n c t i o n  o f  w e i g h t  l o s s  
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F i g u r e  11 Cross p l o t  of f u r a n  
y i e l d s  and CO y i e l d s  
f r o m  MCP 
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F i g u r e  10 Cross p l o t  o f  l i g h t  h y d r o c a r b o n  
y i e l d s  and CO y i e l d  f r o m  MCP 
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