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INTRODUCTION

Short contact time or flash pyrolysis is one of the alternatives under
consideration for the conversion of biomass into liquid or gaseous fuel, or
perhaps into chemicals feedstock. A variety of compounds are formed in flash
pyrolysis so that it would be desirable to be able to predict yields of at least
the major products as a function of the pyrolysis device and operating
conditions such as heating rate of the biomass, final temperature, particle
size, gas phase composition. As a contribution to this goal, this paper
considers the flash pyrolysis of micro crystalline cellulose powder and
particles in a fluidized bed. By flash pyrolysis, we refer to heating rates (at
the particle surface) greater than 100°C/s, final temperatures generally greater
than 500°C and contact times of the order of 1-2 seconds or less. Compared with
the vast literature on slow pyrolysis of cellulose the literature on flash
pyrolysis is very small, A few studies have been made using a Pyroprobe or a
Curie point pyrolyzer (Iglauer et al. (1974); Ohnishi et al., (1975) Hileman et
al., (1979) and a fluidized bed (Barooah and Long, 1976); Maa and Bailie,
(1978); Scott and Piskorz, (1981.) Irradiation was used by Martin (1965) and
Shivadev and Emmons (1974) as a heat source. Lewellen et al. (1977) and
Hajaligol et al. (1982) pyrolyzed filter paper suspended between two massive
electrodes. The latter team succeeded in producing quite a wide range of
temperatures and heating rates. Unfortunately, in most past studies, weight
loss measurement and analysis of volatile products were not carried out
simultaneously. Indeed, identification of volatile products usually came from
investigations where the pyrolysis reactions went nearly to completion. In such
cases, the product distribution might result from not only cellulose pyro]ys1s
but also from secondary cracking and perhaps even char gasification.

EXPERIMENTAL SYSTEM, ANALYTICAL TECHNIQUES AND STUDY MATERIALS

Figure 1 shows the fluidized bed system used in this study. Details
of the bed itself are given in Figure 2. The assembly shown in Figure 2 was
built by Scott and Piskorz (1981) and used by them to study the flash pyrolysis
of coal and wood.

Pyrolysis occurs in a bed of fluidized sand supported by a porous
stainless steel distribution plate. The net reactor volume 1is 23 mlL.
Fluidizing gas is introduced from the bottom through a preheating tube 1 meter
in length, As Figure 1 shows, the reactor sits in a three-zone Lindberg
electric tube furnace, 91 cm in length. The reactor was located in the upper
zone and the preheating tube of the reactor was situated in the bottom two zones
and was sufficient to heat up the fluidizing gas to bed temperature before it
entered the reactor.

The low rate of cellulose feed needed for the system was achieved
using an entrainment feeder described by Scott and Piskorz (1981). Feed rate
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could be adjusted from 5 to 100 g/h with this unit. Cellulose entrained in
carrier gas entered the bed through the central, downwardly directed tube in
Figure 2, The tip of this tube was immersed in the fluidized sand. The
concentric tube, terminating in a 6.3 mm o.d. outlet was originally supposed to
introduce a cold quench gas into the reactor. In this study, it served as
sampling line to a Carle G.C. with a heated sampling loop. This G.C.
periodically sampled the off gas and was used to insure the assembly operated at
steady state.

Most of the volatile products and gas introduced to fluidize the sand
bed and to entrain the cellulose feed left the reactor through the 12.7 mm o.d.
outlet seen in Figure 2, This outlet was connected to the first of three,
water-cooled glass condensers by about 40 cm of Teflon tubing. Almost all the
tar formed and the char eluted from the bed was trapped in the condensers or in
the connecting tubing. The remaining tar was caught in a glass-wool-filled
column, After passing through two further columns to strip out water, the gas
was collected in an inflatable bag.

A run using this equipment lasted about 30 minutes once steady state
was established. Weighing provided the amount of cellulose fed to the fluidized
bed and the char caught in the bed. Washing of the glass wool, tubing and
condensers with ethanol provided a measure of the char eluted (by weighing the
residue on filtering the solvent) and of the tar formed by weighing the residue
after filtering and evaporating the solvent. GC analysis of the gas bag content
and measurement of the gas volume gave the non-condensible, volatile products
produced,

Analyses were performed using a dual channel GC equipped with a 1.83-m
100/120 mesh Porapak T column on one channel and a 1.83-m 80/100 mesh Porapak Q
column in the other. Both channels used FID's and temperature programming was
employed. A second chromatograph equipped with a 1.83-m mesh 5A molecular sieve
column was also used on the gas bag to measure CO, CO2 and water.

Tar samples were treated with N-trimethyl silylimidazole in pyridine.
This reagent creates a volatilizable compound from levoglucosan; other tar
compounds are also converted to volatilizable substances by silylation.
Silylated tar solution was injected onto either a 1.83-m 6% 0V-101 on 80/100
mesh Chromosorb column or a similar Chromosorb column treated with 6% SE-52.
Peak identification was by means of pure levoglucosan dissolved in N-trimethyl
silylimidazole.

A microcrystalline cellulose (MCP) furnished as a 200/270 mesh powder
was the primary test material. Cellulose particles, as a 20/40 mesh material
were made by pelletizing the MCP in a press, crushing the pellets, and then
sieving. The particles permitted a test of a particle size on product
distribution and pyrolysis rate to be made. Limitations of attainable
fluidization velocity limited the size to 20/40 mesh.

Cellulose conversion and product distribution were measured at
fluidized bed temperatures between 310 and 770°C. Most experiments were
performed in an N atmosphere, but measurements were made as well with CO,

C02 and a Hp~Np mixture as the fluidizing gas. Contact time of cellulose
in the bed was not less than 0.5 s (the residence time of the fluidizing gas in
the bed), and probably did not exceed 2 to 3 seconds. Based on work with coal,
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Tyler (1979) estimates that the heating rate of fine particles in a fluidized
bed must be greater than 1°C/ms.

EXPERIMENTAL RESULTS

€0, COp and Hp pyrolysis yields from cellulose powder are shown in
Figure 3. The carbon oxides are the major products. Hp yields are the same
order of magnitude as the hydrocarbon yields, A transition in behaviour occurs
around 500°C. Above this temperature the CO yields increase at slower rate but
the C0; yields level off. Char yields were less than 10 wt% of the sample fed
above 500°C so that pyrolysis is essentially complete. The abrupt change in the
C02 yield reflects, evidently, completion of the cracking reaction.

Yields of 1ight hydrocarbon by carbon number vs temperature appear in
Figure 4. A change in slope at about 500°C is evident. With the exception of
flattening of the C3 and Cq4 yields above 700°C, the 1light hydrocarbon
behaviour resembles the yield behaviour seen for CO. Probably cracking of
C3* hydrocarbons at 700°C+ accounts for the flattening observation.

The major 1liquid oxygen-bearing molecules detected were acetaldehyde,
acrolein, furan and acetone. While Hajaligol et al. (1982) measured relatively
high methanol yields, 1 wt% of the pure cellulose sample, the yields in this
study were as low as 0.1 wt% of the sample. Figure 5. shows yields of
acetaldehyde while Figure 6 shows those of acetone plotted versus temperature,
Data for MCP powder and 20/40 mesh pellets are plotted together, Particle size
quite clearly does not affect yield. Measurements taken in different
atmospheres are also shown. Once again, the atmosphere surrounding the
pyrolyzing material does not change the yield temperature behaviour. Both these
observations apply to the CO, CO2 and Hz yields and for the 1light
hydrocarbons.,

Acetaldehyde yield data (Figure 5) resembles that for CO, while the
acetone yields are much more like the data obtained for COp (Figure 3).
Indeed, of the other two oxygen containing hydrocarbon which could be accurately
measured, acrolein and furan, the former exhibited the CO behaviour with
temperature while the latter appeared to show the CO behaviour.

The yields of leveglucosan are shown in Figure 7. Particle size and
fluidizing atmosphere do not affect the yields. Replotting the data against
weight loss of the original MCP or cellulose particles permits a comparison with
the yields data obtained by other workers for slow pyrolysis. Figure 8 provides
the comparison. Yields found in this study were smaller by a factor of 2 to 3
than yields measured under slow pyrolysis. It is surprising that the agreement
among the data of different investigators is so poor.

The difference between our data and others shown in Figure 8 is that
heating and contact times in our study were perhaps an order of magnitude
greater than those used by the others. If levoglucosan is a primary product of
cellulose pyrolysis, as has been proposed, shorter contact times should increase
not decrease yields. Evidently, at high temperatures, some of the cellulose
molecules can be directly decomposed into smaller weight fragments and these
free radicals can combine to form volatile products. Levoglucosan would not be
formed as an intermediate for this route to the Tlower molecular weight
products. This may be the explanation for the deviation of our data from those
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obtained by Tsuchiya and Somi (1970) and some of the data of Shafizadeh et al,
{(1978a, 1979b).

Closure of the material balances to about 2% when MCP was pyrolyzed,
permits a reliable picture to be drawn of the product distribution between solid
tar, liquid and gas for flash pyrolysis in a fluidized bed, This distribution
is shown as a function of temperature in Figure 9, Pyrolysis atmosphere and the
particle size of cellulose up to 20 to 40 mesh do not affect the distributions,
The levoglucosan product is also shown.

It is clear from the figure that the liquid-tar fraction of the
products can be maximized by operating between 450 and 650°C. Higher
temperatures increase gas production while lower temperatures result in large
char residues.

The remarkably similar yield vs. temperature behaviur saeen in Figures
3 to 6 suggest cross plotting of the yield data. When this is done it is found
that all the pyrolysis products with the exception of levoglucosan and other tar
components plot as simple logarythmic functions of the form

b
Y, =a Y (1)
against CO yield (Ycp) or against CO, yield. Examples of such plots appear in
figures 10 and 11. The functions are independent of temperature, gas
atmosphere, and particle size. Linear relationships on these log-log plots hold
very cosely from CO yields of from 0.5 to 20 weight percent. Data of other
studies, including Tsuchiya and Sumi (1970) who worked with slow pyrolysis, also
give linear cross plots and both for furan and the light hydrocarbons these data
agree quite well with what was observed in this study even though the pyrolysis
technique differed substantially. Probably then, Equation 1 and its parameters
are independent of the type of flash pyrolysis unit. Agreement was poorer for
other products so probably Equation 1 cannot be generalized to slow pyrolysis.
Yield relationship appear to offer a useful means of predicting product
distribution in flash pyrolysis operations. The relationships are developed and
discussed in moe detail in a recent paper by Funazukuri et al, (1984).

REFERENCES

Barooah, J.N., and Long, V.D., (1976) "Rates of thermal decomposition of some
carbonaceous materials in a fluidized bed", Fuel, 55, 116-120.

Funazukuri, T., Hudgins, R.R. and Silveston, P.L., (1984) "Prediction of
Volatile Products from Thermal Conversion of Cellulose by Correlation with
Carbon Oxides in the Gas", Preprint I.G.T., Conference on Fuels from Biomass and
Wastes, Lake Buena Vista, Florida (February), :

Graham, R., Bergougnou, M.,A., Mok, L.K. and de Lasa, H.L., (1982) "“Flash
pyrolysis (ultrapyrolysis) of bimass)using solid heat carriers", research paper
presented at Fundamentals of Thermochemical Biomass Conversion: An
International Conference, Boulder, Colorado, October.

225




Hajaligol, M.R., Howard, J.B., Longwell, J.P. and Peters, W.A., (1982), “Product
compositions and kinetics for rapid pyrolysis of cellulose", I/EC Process Des.
Dev., gl, 457-465,

Halpern, Y. and Patai, S., (1969) "Pyrolytic reactions of carbohydrates. Part
V. Isothermal decomposition of cellulose in vacuo", Israel J. of chem., 7,
673-683,

Hileman, F.D., Wojcik, L.H., Futrell, J,H. and Einhorn, I.N., (1976) "Comparison
of the thermal degradation products of a-cellulese and douglas fir under inert
and oxidative environments" in Thermal Uses and Properties of Carbohydrates and
Lignins, Edited by Shafizadeh, F., Sarkanen, K., and Tillman, D.A., 49-71,
Academic Press.

Iglauer, N., and Bentley, F.F., (1974) "Pyrolysis GLC for the rapid
identification of organic polymers", J. of Chromatog. Sci., iZ, Z3-33.

Lewellen, P.C., Peter, W.A., and Howard, J.B., (1977) “Cellulose pyrolysis
kietics and char formation mechanism", Sixteenth International Symp. on
Combustion, 1471-1480.

Maa, P.S. and Bailie, R.C., (1978) ‘“Experimental pyrolysis of cellulosic
material", research paper presented at AIChE 84th National Meeting, Atlanta,
February.

Martin, S., (1965) "Diffusion-controlled ignition of cellulosic materials by
intense radiant energy", Proc. Tenth International Symposium on Combustion,
877-896.

Scott, D.S. and Piskorz, J., (1981) “"Flash pyrolysis of biomass", fuels form
biomass and Wastes, Edited by Klass, D.L. and Emert, G.H., 421-434, Ann Arbor
Science, Michigan,

Shafizadeh, F. and Bradbury, A.G.W., (1979) “"Thermal degradation of cellulose in
air and nitrogen at low tempertures", J. of Appl. Polym. Sci., 23, 1431-1442,

Shivadev, U,V. and Emmons, H.W., (1974) "Thermal degradatin and spontaneous
ignition of paper sheets in air by irradiation”, Combustion and Flame, 22,
223-236.

Tsuchiya, Y. and Sumi, ¥., (1970) "Thermal decomposition products of cellulose",
J. of Appl. Polym. Sci., 14, 2003-2013.

Tyler, R.J., (1979) "Flash pyrolysis of coals. 1. Devolatilization of a
Victorian Brown coal in a small fluidized-bed reactor", Fuel, 58, 680-686.

226




I T

————

~

FELDER

S0LIDS FLED AATE
MEASUAEMENT

aas Yo vent
AL G TALIBAATION
AOTANETER
vaguuN

coLuuns ice warEr
SILICA CALCIUN GLASS COMDENSERS neacTon
QL SULFATE wooL

CALIONATION
ROTAMETER PURNACE

To venT

FLUIIZATION
FLow

Figure 1 Micro Fluidized bed pyrolysis system
(Scott and Piskorz, 1981)

10
CELLULOSE PawDER
[ NITROGEN ATMOSPHERE
’E 5" o Co
a 0
6300 5 X Hz
THERMOCQUPLE
-1 “ 10 L
63 0.0—])| - Ak A e AL
_| R o
amil 5
25400, — H 5o
20, 1.0 — -
vl x
VOLUME . 23.3 mt > Fo
1 :
3200 i = X
T L
8 H
4 W'l 2
X
Note:
A1l dimensions in mm L
6.3 0D.
0L . . . )
300 400 500 €00 700 800
Teweeasture °C
Figure 2 Construction details of Figure 3 Light gas pyrolysis
fluidized bed (Scott yield from MCP

and Piskorz, 1981)




10
CeLLuLosE powDER #
| :
NITROGEN ATMOSPHERE g2
- ¢ . M
deg o°  ©
L &
[ 2o LI ]
b 4
]
) [ * w-
s} i®
z b
b w'l ¢'F &
s i e
5 ]
o o
z o
- ¢
Wl §e N
F o )
3 L4 S ey ¢ el
L § cig + g
¢ ¢
o
-3
10 i L L it
300 400 500 600 700 800
TemPERATURE °C
Figure 4 Yield of light hydrocarbon
from MCP
1
[ X
X, © %
, g0 "800 °°
a
¢ ¥ o ¢
s "r °
- ¢
g [
z L &
5 X
" ° X
.,. L
f ATMOSPHERE
R
L PowDER ", o
E €0 a
i i 0, a
< | [
ParTicLEs LY X
2
10 t i L !
300 400 500 600 700 800
Temperatung, °C
Figure 6 Yield of acetone from

MCP and cellulose particles

228

o]
F o s 04
\ 24
- — o fobal
¥ i B
4 | £ *
Yo
i o
] L %
- o
gL
e L
@ a X
Eoor .
u roé
P
5 Atmosphere
E Fovder * <]
< 157 o o
o COZ A
i Wy b
T Particles W, X
10 It 4 '
300 400 500 600 700 800

TempERaTYURE, °C

Figure 5 Yield of acetaldehyde

LEvOGLUCOSAN YIELN, wT L OF SAMPLE FED

Figure

from MCP and Cellulose
particles

15
ATHOSPHERE
Powner LY o
co s}
0, A&
N, §
ParTicLes M *
10 a
a
o a
o X
&
¢ x
51 o & X
o 0 4 %
o
¢
X
o
oty
0 ! — ) .

300 £00 500 600 700 800

TemPERaTURE, °f

7 Yield of levoglucosan
from MCP and cellulose
particles




HaLPern R

Patat (1969) °
TsucHiva &
i Sumi {1970) =4
/7
Y
SHAF [ ZADEN ‘ ,
ET AL. (19798) [ ]
2
v )
THis sTuby .
FLuinrzen sep)
X
30
£
; 5
)
)
WeiGHT Loss, T
Figure 8 Levoglucosan yield as a
‘ function of weight loss
‘ with a comparison with
3 slow pyrolysis data
i
o (ELLULOSE POWDER 1%
5 THE FLUIDIZED BED
2 L
H 00
& e g o
- g v el 0
5 0 .
& i $ 0 ©
E g “;'A o MARTIN (1955}
z < & Tsucwiva anp Sump (18700
- 167 L . ,_.,_I . | L Lo xJ
10’ 1 10 10*
CO YIELD, ¥7 T OF SAMPLE
Figure 11 Cross plot of furan

yields and CO yields
from MCP

229

CeLLiLosE powDER

O bBas viELD

& fas *+ Lioutp YIELD
B Gas ¢ L1guid ¢ LEVOGLUCOSAN YIELD
+  Gas + Liquin + Tar vi£LD
100
P T
e ++ —
H CHAR +/
] L
S
H
b +
5 N +
" L TAR
H
§‘ 50 ) %*}
B § o -N
B P
z 7 a
> | -
= ia LIQutD
;i a
2 =
]
= | GAS
A_/Oo/b
L s L L L L ' .
300 400 500 600 700 800
Temperature, °C
Figure 9 Product distribution in
flash pyrolysis of MCP
10?
CELLULOSE POWDER TN
© Tue FLUIDIZED BED
.
-
"
o
10 |-
DO
E a  Tsucwtva Sumr (1970} o
z e HaoaLicoL ET aL. (1282)
“ M GRaAMAM ET AL. {1382) ‘
3 o
- °
5 V- oo
2o L
2 - el
jud o
>
.0
& -
<
hi o
< 1
& w0l
s
T
;_ -
3 5
"
<
5
4
10°[-
o
107 P RS
10" 1 10 10

€0 vrew, wr T of SAMPLE

Figure 10 Cross plot of light hydrocarbon

yields and CO yield from MCP



