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A thermobalance reactor was used to evaluate the reactivity of poplar wood during gasification
under operating conditions specific for the Hynol process where biomass is gasified at 30 atm
and 800 °C with a hydrogen-rich gas recycled from methanol synthesis. The gasificaiion involved
a rapid devolatilization and pyrolysis reaction of the volatile matter in biomass and a slow reaction
of residual carbon with the process gas. Nearly 86% of /-in. poplar particles and 90% of sawdust
were canverted into gas products by a feed gas corresponding to the Hynol process (66% Hy) in
60 min. About 4% additional conversion of the 1/3-in. particles was obtained when gasification
time was extended from 60 to 150 min. Gasification rate and biomass conversion were strongly
affected by reaction temperature and particle size. The conversion was proportional to the partial
pressures of Hy and steam in the feed gas. A kinetic model was developed to correlate the
experimental data and guantitatively express gasification rates and biomass conversion as
functions of reaction time. The activation energies for the rapid and slow reactions were estimated

to be 3.8 and 34 kcal/g-mol, respectively.

Introduction

Methanol has many advantages as a potential alter-
native fuel for road transport. Itis a chemically simple
liquid fuel and compatible with the existing automotive
refueling infrastructure. It can be made from a variety
of domestic feedstocks and is relatively inexpensive to
produce. The combustion of methanel in internal-
combustion engines is very efficient and produces less
toxic emissions than gasoline. In addition, methanol
is a viable on-board hydrogen source for fuel-cell vehicles
(FCVs) which will soon enter the commercial market.
FCVs will be much more efficient than the vehicles
using petroleum fuels that currently dominate T.S.
transportation needs and will emit virtually no pollu-
tion. Future prospects for compliance with air quality
standards, currently unmet in more than 100 U.S. cities,
should be greatly enhanced by FCVs using clean fuels
such as methanol.

Most methanol is produced from natural gas. Use of
biomass as feedstock to produce methanol is of current
interest because it offers substantial benefits for redue-
tion of greenhouse pas emiggions, especially when used
in FCVs. Research and development of biomass-to-
methanoel processes are now in progress. One of those
processes is called Hynol,! which was proposed to utilize
biomass as a feedstock and natural gas as a cofeedstock
to increase methanol yield and reduce costs. The
process consists of three reaction steps: (1) gasification
of biomass with the He-rich gas recycled from methanol

(1) Steinberg, M.; Dong, Y, U.S. Patent 5,344,848, 1994,
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Figure 1. Schematic flow diagram of the Hynol process.

synthesis, (2) steam reforming of the produced gas with
an addition of natural gas feedstock, and (3) methanol
synthesis from the Hz and CO produced by the reformer.
A schematic flow diagram of the process is shown in
Figure 1. Since the reaction of biomass with the
hydrogen in the recycle gas to form methane is exother-
mic, the heat so generated, together with the sensible
heat recovered from the reforming step, is able to offset
the energy required for other endothermic reactions in
a Hynol gasifier. As a result, no expensive oxygen plant
or external heat source is needed for gasification. The
use of natural gas as cofeedstock eases the requirement
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for a consistent composition of biomass feedstock. The
integrated cyclical process configuration helps ensure
the completion of overall conversion and increases
thermal efficiency. CO shifting is not necessary and the
requirement for acid gas removal is reduced, which
lowers capital and operating costs.

The Air Pollution Prevention and Controt Division
(APPCD) of the National Risk Management Research
Laboratory, U.S. Environmental Protection Agency
(EPA), has conducted a theoretical evaluation of process
options for production of transportation fuel from bio-
mass and concluded that the Hynol process represents
a promising technology for maximizing fuel production
inexpensively and with minimum greenhounse gas emis-
sions.2? Consequently, the APPCD established a labo-
ratory to further assess the process feasibility. In the
first phase of the study, a thermobalance reactor (TBR)
was installed and used to evaluate hiomass reactivity
in gasification at the operating pressure, temperature,
and feed gas composition specific for the Hynol process.
The experimental work also attempted to improve
understanding of the variables affecting Hynol gasifica-
tion and identify needs for process development. This
article summarizes the TBR results.

Previous Work

Much research has been carried out on biomass
gagification; most of which, however, was concerned
with pyrolysis and steam gasification. High reactivity
of biomass in steam gasification has been reported.45
The gasification rate was found to be 4—10 times greater
than those for lignite chars and was strongly dependent
on weight loss fraction of biomass. Steam gasification
is highly endothermic. The heat required for gasifica-
tion is usually supplied by combusting a portion of the
biomass with air or oxygen within the gasifier or by
supplying heat to the reactor indirectly.

In contrast, little information is available on hydro-
gasification of biomass although it is exothermic and
more energy efficient than steam gasification. Early
investigators of biomass hydrogasification were con-
ducted on peat®? which showed a 40% increase in carbon
conversion at 60 atm pressure in comparison with
pyrolysis in an inert atmosphere. Hydrogasification of
wood was studied at atmospheric pressure using nickel
catalysts® in an externally heated fluidized bed in which
70% conversion of the carhon feed was converted to
gaseous products. Recently, biomass hydrogasification
study with a tubular reactor® reported 90% conversion
of poplar wood at 50 atm and 800 °C with an initial
gasification rate of 0.31 min—1.
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Since similarities can be expected between coal hy-
dreogasification and biomass hydrogasification, a brief
review of previous studies on coal hydrogasification at
elevated pressures and temperatures is useful. Despite
discrepancies in experimental data reported by different
investigators, most authors agree that the initial gas-
ification is very rapid, followed by a slow rate of
conversion of regidual char. Thermal decomposition of
the volatile matter in coal occurs at elevated tempera-
tures, resulting in devolatilization of certain coal com-
ponents. The distribution of the evolved products is
generally a function of temperature, pressure, and gas
composition existing during devolatilization. When coal
is heated in an environment containing hydrogen at
elevated pressures, methane would be rapidly formed
in addition to thermal pyrolysis reactions. This rapid-
rate stage lasts only for seconds and is followed by a
much slower period in which the residual char reacts
with hydrogen. The amount of carbon gasified to
methane increases significantly with hydrogen partial
pressure., At sufficiently high hydrogen partial pres-
sures, almost all of the carbon not evolved during
devolatilization can be gasified to methane. With a
reasonable degree of accuracy, the kinetics of both coal
devolatilization and char—hydrogen reaction can be
assumed to be first order.

Biomass is much more reactive than coal in pyrolysis
and gasification. Higher reactivities of biomass, typi-
cally woods, result from its specific physical and chemi-
cal properties. Wood contains 80—90% of volatile
content, which is almost twice that in coal. The mole
ratics of hydrogen/carbon and oxygen/carbon in wood
are higher, ranging from 1.3 to 1.5 and 0.5 to 0.6,
regpectively, in comparison with the corresponding
values of 0.8~0.9 and 0.1—0.3 in coals. Wood is more
porous, with a porosity as high as 40—50% and typical
pore pize between 20 and 30 pm. In contrast, the
porosity of coal is 2—18% and a pore size of 5 A.

In the Hynol process, as shown in Figure 1, biomass
is gasified at 30 atm and 800 °C with a gas recycled
from the methanol synthesis reactor. This stream
consists mainly of hydrogen with lesser amount of CHy,
CO, COy, and steam. Information on biomass gasifica-
tion under these specific operating conditions was not,
available from the literature.

Experimental Section

The TBR used in this study is electrically heated and
consists of a 1.38 in. 1.d. stainless steel reactor pipe, a 12 in.
o.4d. pressure vessel, and a topwork which houses a weight
transducer for measurement of sample weight during reaction.
A pulley assembly iz used to raise and lower a sample hasket
between the topwork and the reaction zone. The TBR provides
automatic recording of weight loss of a solid sample as a
function of reaction time.

A flow diagram of the TBR system is detailed in Figure 2.
To initiate an experimental run, a basket with known weight
of biomass sample was placed into the topwork through the
removable window. A constant helium flow was introduced
to the topwork to protect the wood sample from contact with
process gas prior to entry in the reaction zone. Mass flow
controllers were used to control the flow rates of hydrogen,
methane, carbon monoxide, and carbon dioxide from individual
gas cylinders to obtain the desired feed gas composition.
Steam was added to the feed gas from a steam generator fed
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Figure 2. Experimental reactor system.
Table 1. Compasition of Poplar Wood Used

earbon (wi %) 51.52
hydrogen (wt %) 6.20
oxygen (wi %) 41.37
ash (wt %} 0.47
sulfur (wt %) 0.02
nitrogen (wt %) 0.42
volatile (wt %) 91.38
fixed carbon (wt %) 8.15
HHV (Btu/lb dry wood) 8768

with distilled water by a metering pump. The gas mixture
wag further heated by a superheater and then entered the
reactor. The reactor exit gas was cooled in a condenser to
remove moisture, and then depressurized through a back-
pressure regulator before it was vented to atmosphere. When
pressure and temperature in the reactor system were stabi-
lized at the desired levels, the sample basket was lowered into
the reaction zone and the change in sample weight was
automatically recorded by the transducer as a function of
reaction time. A computer was used to control the TBR system
and log experimental data. After gasification, the basket was
raised back into the topwork and the reactor was depressurized
and cooled. The discharged char was then weighed to deter-
mine the final sample weight. Becanse changes in gas
composition across the sample are negligible, the reaction can
be considered to take place at constant operating conditions.

Poplar wood, which is considered a primary candidate for
large scale production as an energy crop for fossil fuel displace-
ment,'” was used as a repregentative biomass sample. It was
grown in North Carolina and eut to desired sizes and dried
before its use. Composition of this wood is shown in Table 1.

The TBR feed gas used for this study simulated the recycle
stream of the Hynol process and had the following composi-
tion: Hy = 65.88%; CH, = 11.63%; CO = 8.95%; COz = 2.32%;
and steam = 11.27%.

Kinetic Model and Data Treatment

The weight transducer output was recorded as a func-
tion of reaction time during a test. The output was con-
verted to biomass conversion, X, on an ash-free basis by

x= W 1)
=W, W,Cx ¢

(10) Wright, L. Proceedings of the Second Biomasz Conf. Americas;
National Renewable Energy Laboratory: Golden, CO, 1895; NREL/
CP-200—-8098, pp 1—10.
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Figure 3. Example of TBR experimental resulis and data
fitting by the model.

where Wy is the initial sample weight, W is the sample
weight at any reaction time, C, is the weight fraction
of ash obtained from the ultimate analysis of the
original sample, and X is thus also a function of reaction
time.

Similar to that observed in coal hydrogasification,
biomass gagification by the Hynol process involves a
rapid devolatilization and pyrolysis reaction of the
volatile matter in biomass with hydrogen and steam,
and a very slow reaction of residual carbon with the
process gas. These two reactions are considered to
initiate simultaneously and are first order with respect
to the remaining solid reactants. The rate of the rapid
reaction can be expressed as

dX./dt = k(X — X)) (2)
and the rate expression for the slow reaction is
dX,/de = k(1 — X; — X,) (3)

where X3 and X; are the biomass conversions by the
rapid and slow reactions at time £, X¢ is the maximum
attainable conversion by the rapid reaction, and &; and
ko are the reaction rate constants for the rapid reaction
and the slow reaction, respectively.

Equations 2 and 3 can be integrated to obtain the
total biomass conversion as

X= Xl + X2
X =1- X, expl—hst) — (1 — Xg) expl—kqt) (4

From eq 4, the conversion is zero at ¢ = 0 and would
approach 1 as ¢ approaches infinity. The model involves
three parameters: Xg, %1, and ks, which are functions
of operating conditions such as biomass properties,
reaction temperature, pressure, and feed gas composi-
tion. They can be determined by fitting eq 4 to the
experimental conversion data obtained from TBR tests.
Marquardt—Levenberg algorithm was used to find the
parameters that give the best fit.

Results and Discussion

Figure 3 illustrates a typical result of curve fitting
by the model. Good agreement between experimental
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Table 2. Estimate of Data Repeatability

run ng. conversion (%)
B941215 85.17
B941216 85.35
ABS41220 85.02
A941222 86.36
B950123 86.18
A950201 84.62
mesan 85.28
g 0.5167

data and model regression over the entire reaction
period indicates that the model developed above is
guitable for TBR experimental data correlation and
gagification behavior can be characterized with three
model parameters.

Since the heating rate of the TBR is low, a temper-
ature drop was observed immediately after the basket
reached the reaction zone. The initial temperature drop
can be improved by reducing the amount of sample
initially charged into the reactor. This is consistent
with the observed experimental results. However, the
reduction in the amount of sample may increase the
error in weight transducer readings. As a best com-
promise, the amounts of samples used in most of the
tests were less than 3 g. The initial temperature drop
with this amount of sample usually took about 10 5 to
get back to the original temperature. As a result, this
initial temperature deviation strongly influenced the
measurements of the rapid reaction rate.

In most cases, three experimental runs were repeated
for each test condition. Only the 20 min gasification
tests for Ys in. poplar particles at 30 atm and 800 °C
were repeated six times, allowing to perform a statistical
calculation for evaluation of the repeatability of the
biomass conversion measurements. The statistical
results are presented in Table 2. As shown in the table,
the standard deviation of the measurements is 0.5167.
If a 95% confidence interval is desired, the value of
Student’s ¢ for 5 degrees of freedom is 2.571 and the
contfidence interval for the mean conversion under these
operating conditions can be expressed as

84.74 < X < 85.82 (5)

Four different sizes of poplar particles were nused to
investigate the effects on gasification: 7/ in. diameter
cylinders, Y4 in. diameter ecylinders, /g in. cubes, and
20—30 mesh sawdust. Figure 4 shows that the rate of
the rapid reaction increased significantly when particle
size was reduced from /15 to Vg in. The lower reaction
rate in the rapid reaction stage observed for larger
particles in the TBR tests ig attributable to the rela-
tively slower heating rate, evidenced by the initial
temperature drop discussed previously. The heat trans-
fer dictated the rapid reaction rate in this case. Ag-
glomeration during gasification was also observed for
the particles larger than g in. which reduced surface
area for reaction and inhibited gas diffusion within the
particles. Sawdust showed the highest conversion
among the four sizes of particles. It heated more
quickly, and no agglomeration was observed. At 30 atm
and 800 °C, 87% of the Y3 in. poplar particles and 90%
of the sawdust were gasified by the Hynol feed gas in
60 min.

The agglomerates of residual chars formed in the TBR
were fragile and easily crushed to fines. Therefore,
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Figure 4. Effects of poplar particle size on the rapid reaction.
Table 3. Chars Obtained from Different Sizes of Poplar

(30 atm and 800 °C)

particies T/16-in 1/8-in sawdust
reaction time {min) 30 20 20
initial weight (g) 2,3477 3.9749 2.0681
final weight (g) 0.4035 0.6019 0.2401
conversion (%) 83.20 85.26 §8.81
in char

C(wt %) 89.93 95.32 90.60

H (wi %) 2.32 0.64 113

O (wt %) b.57 0.36 0.38

N (wt %) 0.21 0.85 0.69

ash (wt %) 197 2.84 7.20
CONVETEION

C (%) 70.00 7198 79.58

H (%) 93.57 98.44 97.88

O (%) 97.69 99.87 89.89

agglomeration is unlikely to occur in a fluidized bed
gasifier where strong particle attrition exists, and
higher reaction rate and conversion than observed in
TBR may be expected in such systems.

The compositions of charred samples obtained from
gasification of poplar particles of /s in. s in. and
sawdust are compared in Table 3. The carbon, hydro-
gen, and oxygen in the char remaining after gasification
were calculated by subtracting the elements in the char
from the elements in the original wood sample. It can
be seen that the char from 7/ in. poplar particles has
the lowest carbon conversion and highest hydrogen and
oxygen contents, indicating that some of the volatile
matter remains after gasification. However, for 15 in.
poplar particles or sawdust, nearly all of the hydrogen
and oxygen were converted into product gas in 20 min.

The rapid-reaction stage of poplar gasification was
found to be essentially completed in less than 0.2—0.3
min, contributing most of the biomass conversion. A
small additional conversion is provided by the slow
reaction. To achieve high biomass conversion, sufficient
gasification time must be provided. Experiments showed
that biomass convergion increased from 85 to 90% when
gasification time extended from 20 to 150 min. The
composition comparison between the chars after 20 and
150 min gasification, given in Table 4, showed that there
was virtually no forther conversion of hydrogen and
oxygen in the char after 20 min. The additional biomass
conversion resulted from the reaction of carbon in the
residual char with the process gas as indicated by a
significant increase in carbon conversion from 72 to
81.3%.
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Table 4. Chars Obtained with Different Reaction Times
(30 atm and 800 °C}
particles 1/8-in 1/8-in
reaction time {min) 20 150
initial weight (g) 3.9749 1.0012
final weight (g} 0.6019 0.1051
conversion (%) 856.26 89.93
in char
C (wt %) 55.32 91.84
H (wt %) 0.64 0.88
O (wt %) 0.35 2.66
N (wt %) 0.85 111
ash (wt %) 2.84 3.8
conversion
C (%) 71.98 81.33
H (%) 98.44 98.51
O (%) 9987 99.35
1.00
Sample; 1/8" Poplar cubes
Pressure: 30 atm
0.85
c ] 8
E
2
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[
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Figure 5. Effect of reaction temperature.

Experimental results of 60 min gasification with /3
in. poplar particles at different reaction temperatares
showed great increase in biomass conversion and gas-
ification rates when temperature increased from 750 to
950 °C as shown in Figure 6. The rate constants for
the rapid and slow reactions, %; and kg, at different
reaction temperatures were determined by fitting the
experimental data for gasification of g in. poplar
particles. The rate constants thus obtained were plotted
against the reciprocal of the absclute temperature, as
ghown in Figure 6, and expressed as functions of
reaction temperature by the Arrhenius equation:

k, = b, exp(—E/RT) (6)

where subscript ¢ is 1 for the rapid reaction and 2 for
the slow reaction. K;is the activation energy. k&;is the
frequency factor. The results obtained were k3 =
108.85 min—1, kgg = 22925 min~1, E; =3.78 kcal/mol, and
E2 = 34.1 keal/mol.

The maximum attainable conversion by the rapid
reaction, Xp, was also correlated as a function of
temperature for gasification of g in. poplar particles
at 750 to 950 °C by

X;= 0.9611 — 0.000149T (7

where T is the reaction temperature in °C. It should
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Figure 7. Coroparison of the model prediction with experi-
mental conversion data.

be noted that eq 7 ig valid only within the range of the
experimental conditions under which the data were
obtained and used for the correlation. The equation
shows a slight decrease in the value of X¢ with reaction
temperature. This is because the rapid and slow
reactions are competitive and the higher activation
energy of the slow reaction results in an increase in its
contribution to the overall biomass conversion as the
reaction temperature increases. With egs 4, 6, and 7
and the values of kig, E1, kap, and Es, the conversions of
Yg in. poplar particles at different temperatures and
gasification times were predicied. Figure 7 compares
the prediction with the conversion data obtained from
the separate experimental tests at different tempera-
tures and gasification times. The comparison covers a
temperature range of 750950 °C and gasification times
ranging from 0.2 to 150 min for ¥ in. poplar particles
exposed to the Hynol feed gas at 30 atm. The activation
energy obtained for the rapid reaction was low, implying
that heat transfer dominates the rates of devolatiliza-
tion and pyrolysis of biomass in the TBR.
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slow reactions.
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Figure 9. Weight loss as a function of reaction temperature
under different feed gases.

The gasification conversion curves of /g in. poplar
particles at different temperatures, reproduced by sub-
stituting these parameters into the model, are compared
in Figare 8. It is seen that the higher biomass conver-
sion obtained at higher reaction temperatures results
from the carbon—gas reaction in the slow reaction stage.
The contribution of the carbon—gas reaction at high
temperatures was further illustrated by two specially
designed experiments. One test used helium as feed gas
and the other used the Hynol feed gas. In both tests,
the heating rate was controlled at about 20 *C/min. The
loss of sample weight was monitored as temperature
increased from room temperature. The recorded sample
weight changes are compared in Figure 9, which indi-
cates that the hydrogen and steam in the feed gas react
with carbon resulting in an additional weight loss at
high temperatures.

The effect of feed gas composition on poplar gasifica-
tion was investigated by varying the flow rates of
individual gas components under constant system pres-
sure. Helium was used as an inert “make-up” gas for
this purpose. At 30 aim and 800 °C, the final econversion
of /g in. poplar particles gasified by pure helium after
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60 min was about 6% lower than that obtained under
pure Hy. If the conversion obtained afier 60 min of
gasification was plotted against Hy partial pressure
(Py,), a linear relationship was obtained as shown in
Figure 10. The conversion is proportional to hydrogen
partial pressure by a factor of 0.0017Py,. When steam
partial pressure in the feed gas was varied from 7 atm
to zero while the partial pressures of other gas compo-
nents remained constant, the conversion of /g in. poplar
partieles gasified at 30 atm and 800 °C for 60 min was
proportional to 0.003Py,0, as shown in Figure 11.
Negligible effects on the gasification conversion and
reaction rate of /5 in. poplar particles were observed as
the CH, in the feed gas was reduced from the simulated
Hyno) composition, 11.63%, to zero. Replacing CO and
CO: in the feed gas with helium did not affect the
gasification rate. The conversion and reaction rates of
Y3 in. poplar particles gasified by the Hynol feed gas
were nearly the game as those observed by the feed gas
containing no CO and COs.
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