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Abstract

The effects of lignocellulosic biomass composition on product yields and dis-
tributions were studied under high-temperature pyrolysis conditions (800 to
1250°C) in a drop tube reactor. Several types of biomass were studied along
with xylan, cellulose, and two types of lignin as model feeds. Among the
model feeds, soot yields obtained from lignin pyrolysis were greater than
those obtained from cellulose or xylan. Cellulose pyrolysis produced mostly
gaseous products, along with small amounts of tars. Impregnation of lignin
with alkali metals greatly reduced tar and soot formation, simultaneously
increasing the hydrogen content of the syngas product. An empirical model
predicted with reasonable accuracy trends in the product yields obtained
from pyrolysis of whole biomass samples using data obtained from model
feeds composition data and the pyrolysis temperature. Reaction tempera-
ture and ash content both have a strong influences on char yield, whereas

gas yields were mostly affected by the reaction temperature.
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1. Introduction

Entrained flow gasification (EFG) combined with catalytic syngas up-
grading has potential for large-scale production of second-generation biofuels
leading to energy sector decarbonization [1]. Gasification involves conversion
of lignocellulosic feedstocks into synthesis gas (syngas), which can be used
as a feed to produce chemicals (methanol, ammonia) or liquid transport fu-
els (synthetic natural gas, Fischer-Tropsch fuels) [2]. Chemically, gasification
combines drying, devolatilization, and partial oxidation processes. The heat
required for the endothermic reactions during devolatilization and gasifica-
tion is generated by exothermic partial oxidation [3]. Careful balancing of
partial oxidation and gasification reactions can result in an overall energy
balance which is close to thermoneutral, thus eliminating the need for heat
management that can negatively impact energy yields.

The EFG process achieves high carbon conversion by exposing biomass
to temperatures ranging from 1100 to 1500°C for residence times less than
a few seconds. While the rapid reactions are beneficial for highly intensi-
fied chemical processes, these conditions also result in soot formation. Tar
is composed of organic compounds, including aromatics and polycyclic aro-
matic hydrocarbons (PAHs). PAHs are stable at high temperatures and
eventually form soot particles which can reduce process efficiency due to
increased bulk viscosity, decreased cold gas efficiency, and deposition of par-
ticulate matter downstream. Char, the unreacted biomass residue, is also

problematic for similar reasons. The thermal profile and residence time in



the gasifier both play important roles in determining char and soot yields,
size, and nanostructure [4, 5]. In addition, increasing residence time promotes
agglomeration of primary soot spherules into larger particles which rapidly
deposit downstream, thereby hindering operation and requiring frequent re-
moval. Reducing soot, char, and soot formation can increase overall process
efficiency, improve the outlet syngas quality and composition, and benefit
the economic performance and reliability of gasification plants.

Fast pyrolysis at high temperatures and heating rates is the
initial step of the biomass gasification. The pyrolysis literature
contains only a few examples of models that can predict char and
gas yields, which means that current understanding is based pri-
marily on empirical studies [6, 7]. Most parametric studies indicate
that char formation in the pyrolysis is determined by a combination
of factors, which include fuel particle size, feedstock type, residence
time, and heat treatment temperature [5, 8-10]. Moreover, feed-
stock composition strongly affects pyrolysis reactivity and product
yields [5]. Ash content, especially alkali and alkaline earth metals (AAEM),
is known to act catalytically in pyrolysis reactions[11]. Most of the exist-
ing biomass pyrolysis models [12-15] that describe both the devolatilization
product composition and yields (light gases, tar and char) are mainly valid
for low-ash fuels (hardwood, softwood); whereas considerably less work has
been carried out with herbaceous lignocellulosic materials, which have com-
paratively greater ash content.

Several attempts at development of empirical models for char prediction

appear in the literature [16-20]. An empirical model proposed by Trubet-



skaya et al.[19] for herbaceous char yields exhibited significant differences
between predictions and measurements. The discrepancy between experi-
mental data and model predictions was attributed to interactions between
potassium, other remaining alkali metals, and the carbonaceous char matrix
which were not considered during the model development and thus, indicated
the importance of inorganic matter on pyrolysis. Moreover, the model pro-
posed by Trubetskaya et al. [19] did not include the influence of lignocellulosic
composition on the product yield and composition. However, xylan pyrolysis
results in a lower char yield and greater CO4 reactivity than does pyrolysis
of extractives, lignin, or monolignols, a result that indicates the importance
of feedstock composition on the product yields and distribution [21]. Along
similar lines, Couhert et al. attempted to model pyrolysis gas yields based
on weight fraction additivity law using the yields obtained from isolated cel-
lulose, xylan, and lignin feeds to predict the yields observed for pyrolysis
of biomass sample of known composition [22, 23]. However, the model pre-
dictions deviated significantly from the experimental, suggesting that more
sophisticated models may be required to capture observed trends. Specif-
ically, Couhert et al. suggested that the accuracy of future models might
be improved by including the effects of heat and mass transfer and terms to
describe interactions between biomass components.

The aim of the present study was to evaluate the performance of empiri-
cal models to predict char and gas yields from biomass pyrolysis. The specific
objectives were to: (1) measure char and gas yields obtained from high-
temperature fast pyrolysis of several representative biomass components, in-

cluding two types of lignin, cellulose, and xylan, and (2) develop empirical



models to relate char and gas yields obtained for the wood and herbaceous
biomass to their composition and reactor temperature, using data from the
model feeds as the basis of the prediction. Because char and gas yields
depend on feedstock properties, a basic study of fast pyrolysis using
isolated biomass components was performed to provide generaliz-
able data for model development. Because pyrolysis performance
is highly dependent on reactor conditions, experiments were per-
formed in a well characterized drop tube reactor system to permit
model validation. Gas and solid product yields were measured and
compared with the predicted solid product yields using simple em-
pirical models. In addition, soot yields were measured, but not
modeled. The results from this study provide an empirical guide
for gasifier design and indicate the relative importance of composi-
tion and reactor conditions on soot yields for future experimental

and model development efforts.

2. Materials and methods

The effects of lignocellulosic compounds and potassium on the product
yields and composition were investigated in a drop tube reactor (DTR) as
described previously [5]. Two types of organosolv lignin, one obtained from
softwood and the other from wheat straw (purity >94 %), were provided by
BOC Sciences. Cellulose Avicel® (purity >99.9%) and xylan from beech-
wood (purity >90 %) were purchased from Sigma-Aldrich. The purity of
xylan was increased from 90 % to 96.6 % using a three step procedure involv-

ing strong alkali treatment, bleaching, and acetylation. The lignocellulosic



compounds were sieved to a particle size fraction of 0.08-0.15 mm.
The lignocellulosic compounds were reacted in the DTR at temperatures of
800-1250°C. The effect of potassium on the product yield and com-
position was investigated by impregnating wheat straw lignin with
potassium nitrate. Therefore, wheat straw lignin was impregnated
with an aqueous solution of KNO; (Alfa Aesar, purity >99 %),
whereby 2.5 mg KINO3; was diluted in deionized water and added to
50 mg lignin. The K content of the impregnated lignin was similar
to that previously reported for wheat straw (1.9 %, db) [24]. Un-
like use of carbonate salts, the use of nitrates does not impact the
carbon balance, and nitrate volatilize during heat up, leaving neg-
ligible residue [25]. Based on the experimental results, a model was
developed to estimate the char and soot yields from pyrolysis of
biomass at conditions relevant to entrained-flow gasification. The
model was validated using the product yields of pinewood, beech-

wood, wheat straw and alfalfa straw and literature results [24, 36].

2.1. Fast pyrolysis in drop tube reactor

The lignocellulosic compounds were reacted at three particle residence
times (800°C: 4.7, 6.9, 13.8s; 1000°C: 3.9, 5.8, 11.6's; 1250°C: 3.3, 4.8, 9.7s)
in a laminar drop tube reactor. The DTR setup was described in detail by
Trubetskaya et al.[5] and shown in Figurel. The lignocellulosic feed was
rapidly heated to reaction temperature after introduction to the reactor.
The biomass feed rate was 0.2g min~! and a total of ~ 5g of biomass were

1

fed in each experiment. Both primary (0.181 min~' measured at 20°C and

101.3kPa) and secondary (4.81 min~! measured at 20°C and 101.3kPa) feed
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gases were Ny. The residence time of fuel particles was calculated based on
the size of reactor diameter and the total nitrogen flow, taking into account

density changes during pyrolysis [17].

Figure 1: Schematic view of the drop tube reactor at Lulea University of Technology.

The residence time was varied by using different reactor lengths (1.06
and 2.12m), while the flow rate of feed gases was kept constant. Reaction

products were separated into coarse particles (mainly char and fly ashes), fine
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particles (mainly soot and ash aerosols), tars, and permanent gases. Soot
particles were removed using a cyclone (cut size 2.5 um) followed by a quartz
filter (QM-A, 50 mm diameter, 2.2 um pore size, Whatman, GE Healthcare
Life Science ). The tars from the product gas flow were collected in three
impingers in series; each impinger was filled with 30 ml of methanol (HiPer-
Solv CHROMANORM®, purity > 99.8%). The temperature of methanol
was kept at -50°C using a cooling bath Proline Edition X (LAUDA Dr. R.
Wobser GmbH, Germany).

2.2. Pyrolysis product characterization

Solid residue characterization. Solid products were categorized as char,
soot, and coke. Char and soot were collected in a char bin and
on a filter, respectively. Char is the fraction of non-devolatilized
solid present in the initial biomass, consisting mainly of carbon
and ash. Coke, the carbonaceous material deposited on the reactor
walls, was quantified after each experiment by measurement of the

concentration of CO, during oxidation.

Elemental analysis. Elemental analysis was performed on the instrument
2400 CHNS/O Series II (PerkinElmer, UK), according to the procedure
described in ASTM D5373-02. Acetanilide was used as a reference stan-

dard. The tests were repeated in triplicate.

Proximate analysis. The proximate analysis was conducted to deter-
mine the contents of moisture, ash, volatiles, and fixed carbon

according to the procedures described in ASTM D2216-19, ASTM



D1102-84, ASTM D3175-11, and ASTM D3172-13. The high heat-
ing value was determined by the bomb calorimetry (IKA C-200),
according to the procedure described in ASTM D2015-95.

Ash compositional analysis. The ash compositional analysis was per-
formed using ICP-OES, following in ASTM D6349-13. Prior to
each analysis, the biomass sample was heated from room temper-
ature to 550°C using a 10°C min~! ramp and held at the final

temperature for 7 h.

Thermogravimetric analysis. The ash content of char and soot samples was
determined using a thermogravimetric analyzer (TGA, Mettler-Toledo) by
loading 3mg of sample in an alumina crucible and heating it from 30 to
700°C in air and at a constant heating rate of 10°C min—!. Ash content was
determined as the residual mass remaining after the sample had been heated

to 700°C.

3. Results and Discussion

3.1. Model compound characterization

The relationship between the structure of model compounds and their
depolymerization behavior has not been widely investigated. A primary ob-
jective of this study was to examine the effects of composition on pyrolysis
product yields. To this end, cellulose, xylan extracted from beechwood, and
two types of lignin were obtained and characterized. Two lignin types were
studied as lignin varies more from source to source than either cellulose or

xylan.



Table 1: Proximate, ultimate and ash compositional analyses of cellulose,
xylan from beechwood (xylan), lignin from softwood, lignin from wheat

straw, pinewood, beechwood, wheat straw, and alfalfa straw.

Cellulose  Xylan from  Lignin from  Lignin from  Pinewood Beechwood Wheat Alfalfa
beechwood softwood wheat straw straw straw
Proximate and ultimate analysis (% on dry basis)
Moisture® 6 6 4.1 3.8 5.1 4.5 5.5 5.2
Ash (550°C) 0.3 3.7 1.3 3.6 0.3 1.4 4.1 7.4
Volatiles 94.9 81.6 67.3 66.3 86.6 79.4 77.5 75.9
Fixed carbon 4.8 14.7 31.4 30.1 13.1 19.2 18.4 16.7
HHV?® 18 14 26.4 26.7 21.6 20.2 18.8 19.7
LHV? 16.1 12.2 24.9 25.2 20.2 19 17.5 16.9
C 42.3 39.6 59.9 61.1 53.1 50.7 46.6 42.5
H 6.3 6 5.5 5.6 6.5 5.9 6.1 6.7
O 50.9 52.3 31.9 28.2 40 41.9 42.5 43.1
N 0.3 0.2 1.2 0.8 0.06 0.13 0.6 0.3
S 0.1 0.8 0.1 <0.01 0.02 0.1 0.03
Ash compositional analysis (mg kg~! dry basis)

Cl 0.01 0.5 0.03 0.01 0.02 0.1 0.5
Al 10 100 300 10 10 150 600
Ca 5700 250 200 600 2000 2500 12900
Fe 1500 600 1400 20 10 200
K 180 80 270 200 3600 11000 28000
Mg 80 <30 40 100 600 750 1400
Na 19200 4100 6800 30 100 150 1000
P 150 30 30 6 150 550 1900
Si 3 900 4000 50 200 8500 2000
Ti 100 50 100 2 8 10 30

@ wt. % (as received) ® in MJ kg1

Both lignin samples were characterized as guaiacyl-syringyl GS type [26].
However, previous study showed that lignin from softwood contains the
greater fraction of carbohydrates than lignin from wheat straw [4]. Moreover,

lignin from wheat straw has one additional structural unit of p-hydroxyphenolic
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origin [27].

Understanding of elemental composition is important in the predictive
modeling of product yields. Table 1 provides ultimate and proximate analy-
sis data obtained for the lignocellulosic feeds. In addition, previous reports
suggest that alkali salts play catalytic roles during pyrolysis [28, 29]. Lignin
from wheat straw was rich in Na, Si and Fe, whereas lignin from softwood
contained less Na. Several studies [30, 31] reported that potassium catalyzes
char production, promoting faster devolatilization rates and surpressing tar
formation. However, both lignin samples contained low concentrations of
K, consistent with previous reports on lignin obtained from the organosolv
process [32]. High amounts of silica in both lignin samples were likely intro-
duced during lignin transportation and storage [33]. The high sodium content
in softwood and wheat straw lignin samples was related to the remaining Na™
ions after organosolv extraction [34, 35].

Feedstock selection for the model validation was based on the
differences in the ash composition and plant cell compounds (cel-
lulose, hemicellulose, lignin, extractives), as shown in the supple-
mental material (Table S-3). The wood samples are low in ash,
with slightly greater potassium and calcium content in beechwood
than in pinewood. Wheat straw and alfalfa straw are rich in silicon

and alkali (K, Ca, Na), as shown in Table 1.

3.2. Carbon and hydrogen balances

Figures 2-3 provide product distribution data obtained from pyrolysis of
lignocellulosic compounds, as determined by recovery of solid residues (char,

soot, coke) and major gaseous products (COy, Hy, CO, CHy, CyHy, CyHa,
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CoHg, C3Hg). Water, vapor, tars, and large hydrocarbon yields (organ-
ics 4 vapor) were not measured directly, instead estimated by gravimetric
differences. Carbon and hydrogen balance data provided in Figures2-3 are
averages of at least two measurements. Cellulose pyrolysis yielded mainly
gaseous products, along with small amounts of soot, whereas pyrolysis of

xylan and lignin yielded more tar and solid residues than gas.
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Figure 2: Carbon and hydrogen distribution of cellulose and xylan from beechwood

reacted at 800, 1000, and 1250°C in thelgrop tube reactor.
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in the drop tube reactor.



Consistent with results reported by Zhou et al.[37] cellulose pyrolysis
yielded the most gas, lignin produced the least amount of gas, and xylan
produced the most tar. Similar trends in product distributions have been
reported using thermogravimetric analysis [38—41]. The majority of hydrogen
(> 60 %) was found in the form of gaseous products for pyrolysis of cellulose
and both lignin samples, whereas the majority of the hydrogen produced
from xylan pyrolysis was contained in the water, tar, and large hydrocarbon
products. Similar product distributions were observed for pyrolysis of the
two lignin types. The relative gas yields obtained from lignin and cellulose
pyrolysis may be attributed to differences in the chemical structures of the
feeds.

Lignin is a thermally stable, highly branched heteropolymer consisting
of cross-linked aromatic rings with various side chains [42]. Lignin pyrolysis
produced the most solid residue, which is consistent with the fixed carbon and
ash content of the sample, as shown in Table 1. Cellulose is a linear glucose
homopolymer that is less thermally stable than lignin, and its pyrolysis yields
more gas products than do other lignocellulosic components [43]. Trends in
gas yields were also consistent with elemental analysis of char samples, as
shown in the supplemental material (Figure S-1). By focusing on a single
feed, Figure 3 provides information on the effects of pyrolysis conditions on
product yields. For a given feed, increasing pyrolysis temperature decreases
tar formation and increases the hydrogen content of the gaseous products.

Irrespective of the feed, increasing the pyrolysis temperature from 800
to 1250°C increased the hydrogen content of the gas product. Increasing

temperature decreased the char, tar, and large hydrocarbon yields obtained
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from xylan and lignin, while increasing the gas and soot yields - especially
for lignin.

Figures 2-3 indicate differences in the product distributions obtained
from pyrolysis of isolated lignocellulosic components compared with whole
biomass, consistent with previous reports[5]. Yu at al. suggested that in-
teraction of chemical reactions with finite heat and mass transfer rates as
the most likely reason for the different behavior of biomass compared with
its isolated constituents[36]. However, in addition to heat and mass trans-
fer through the porous biomass structure, the inorganic content of isolated
lignocellulosic components is significantly less than that contained in wood
and herbaceous biomass and the catalytic effect of ash may be an impor-
tant effect to include in empirical pyrolysis models. To examine the effect of
alkali content more closely, KNO3 doped wheat straw lignin was pyrolyzed
for direct comparison with the original sample. The advantage of KNOj3
doping is that it varies the concentration of alkali catalysts without altering
the pore structure and thereby should not influence heat and mass transfer
rates. Increasing the K content of the lignin increased the observed char
yield, whereas the soot and tar yields decreased. Moreover, the gas prod-
uct obtained from pyrolysis of the doped lignin was > 90 % hydrogen, with
depressed yields of tar, char and soot, consistent with the previous results
reported by Umeki et al. [29], as discussed below. The results of the KNO3
doping study clearly establish that alkali content must be included in any

meaningful model of lignin pyrolysis.
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3.8. Soot and char yields

Figure4 provides soot and char yields, showing that soot yields ob-
tained from pyrolysis of isolated lignocellulosic components were greatest
at 1250°C, whereas the char yields decrease with increasing pyrolysis tem-
perature. Lignin pyrolysis yielded the most soot on dry ash free basis (daf),
likely attributable to the generation of PAH precursors and ultimately soot
from the phenolic components of lignin [44, 45]. Consistent with this explana-
tion, previous studies reported that a significant fraction of aromatic tars and
soot formed from lignin pyrolysis is composed of guaiacol and syringol-type
units [46-48].

Similar soot yields were obtained from the two different lignin types, as
the soot yield obtained from softwood lignin 15.9 % wt. daf and from wheat
straw lignin it was 16.7% wt. daf at 1250°C. The lignin types exhibited
minor differences in soot yield despite different alkali content (i.e. Na™),
potentially indicating that Nat content plays a secondary role, whereas Kt
plays a primary one. This might be due to differences in a bonding of Na*
or KT ions to the organic structure of lignin [29]. K¥ ions are intimately
bonded within the lignin structure, whereas Na™ ions are added to the lignin
structure during the organosolv pretreatment, which may contribute to re-
duced reactivity during pyrolysis. Pyrolysis of cellulose and xylan yielded
less soot than lignin. As a general trend, char yield obtained from lignin and
xylan decreased with increasing temperature, as shown in Figure4. Cellu-
lose and xylan pyrolysis generates oxygenated species such as levoglucosan
and other anhydrosugars derived from holocelluloses that are precursors of

light aromatic compounds that form soot only at greater temperatures than

17



studied here [49-51]. Char yields obtained from cellulose pyrolysis were less
than estimated detection limits (< 0.005g) in the temperature range from

800 to 1250°C.
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Ross et al. [52] stated that soot obtained from wood pyrolysis is rich
in PAHs, presumably formed via the hydrogen-abstraction-carbon-addition
mechanism from acetylene precursors. Consistent with this mechanism, CoH,
yields decreased with increasing temperature, whereas soot yields increased.
Char yields obtained from lignin and xylan pyrolysis decreased only slightly
with increasing residence time. Low heating rates promote high char yields
due to finite intra-particle mass transfer rates, leading to secondary reactions
that form heavier compounds and char [53]. On the other hand, rapid heating
rates, as studied here, lead to rapid volatilization, pressure build-up within
the particles, and subsequent evaporation, all of which tend to depress char
yields [54].

The results shown in Figure4 indicate that heat treatment temperature
influences char yield more than residence time, possibly due to rapid cracking
rates at high heating rates, similar to the findings of Hajaligol et al. [55,
56]. Figure4 indicates that pyrolysis of potassium-impregnation wheat straw
lignin resulted in greater char yields than the non-treated lignin samples
at temperatures > 1000°C, potentially attributable to potassium-catalyzed
repolymerization and cross-linking reactions [57]. In comparison, potassium-
impregnated reduced soot yields obtained from lignin, consistent with alkali
inhibition of the formation of precursors to PAHs, similar to previous results
reported by Umeki et al. [29].

Primary pyrolysis reactions form free radicals intermediates due to crack-
ing of biomass organic constituents[58]. Similarly, potassium rich wheat
straw contains greater concentrations of radicals than does ash lean wood,

as shown previously [59]. These radicals can recombine to form stable PAHs
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structures within the char matrix. The PAH molecules contain delocalized
unpaired carbon-centered 7-electrons and aliphatic radicals. The formation
of potassium-carbon bonds, such as in the potassium impregnated
lignin, could weaken carbon-carbon bonds in aromatic rings and
thereby facilitate bond breaking at high temperatures, leading to
the low soot yields [60-64].

3.4. Modeling of product yields

Simple models of char and gas yields are potentially valuable for identi-
fying the relative importance of key variables and guiding future experiments
and development of mechanistic models. Previous work by Couhert et al. [23]
showed that pyrolysis product yields could not be predicted accurately us-
ing a simple additivity law based on the yields of the isolated components,
attributing the discrepancy to interactions between chemical reaction rates
and heat and mass transfer. Alternative explanations include either interac-
tion between the lignocellulosic components or the influence of ash, neither
of which Couhert et al. [23] included explicitly in their model. Specifically in
these previous efforts [22, 23] a model of the form of equation 1 was adopted,
as shown in Table2. In equation 1, y is the product yield obtained from py-
rolysis of the isolated lignocellulosic compound and ~ is the mass fraction of
lignocellulosic compounds in the biomass, as shown in the supplemental ma-
terial (Table S-1 and Table S-2). Inorganic components were considered to
be non-reactive, contributing only to the mass of the final char product [65].

A1-Aj in equation 1 are empirical fitting coefficients.
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Table 2: The experimental data fitting to predict char and gas yields using a
different set of empirical fitting parameters.
Model Equation Product Par. 1 Par. 2 Par. 3 Par. 4 Par. 5 RQ, %
= A1 Vool Youl + Ao - Ypul-
1 Yy 1 Yeel " Ycel 2 Yyl char 45 0.7 1 80
Yoyl + A3 Viig * Ylig (1)
¥ =B1 ((Yeer  Veer) B2+
2 b Tee char 2.1 1 2.8 2.4 0.8 95
B B B
+(Yayl  Yay1) 3 + Wiig - Yig) " 2) Voo, (2)
=Cq - . =+ v, .
3 v 1 (Weet * el ng char 2.1 0.6 0.3 95
Co-
Yoyl + Ylig * Mig) 2 Vaen 3
char 0.7 0.9 1.1 0.9 96
gas 0.07 -0.28 -0.04 0.9 99
. by . CH,4 6.3 - 107 1 0.06 1.5 92
¥ = D1 (Yeel * Yeel + Yayl-
. f‘ﬂ)DZ?"’vD;leD4 @ co 3.3.1078 1 -0.02 2.48 99
Yol + Viie - Vi 4P 4
i te e ash  “reac folo 1.9 - 108 1-10"% 1.10-3 2.2 98
Ho 4.6 - 10710 1.1 3.1073 2.6 98
char 59724 5449 13195 0.5 -0.7 97
gas 4.10"6 1.1 -107° 0.4 0.2 0.9 96
s - . CHy 1.1 - 1015 1.3 - 1015 1.5 - 1074 -0.1 1.3 95
v 1 Yeel " Teel 2 co 1.1 -10°6 2.10"% 1.5-10"% -0.1 1.4 98
E Ba  pBs 5
Fayl Yoyl T B3 Ulig * Vig)  Vaen * Trene  (5) COy 1.3 . 108 1.2 - 108 4.2 - 107 0.2 2.3 98
Ho 3.7.106 -4.2-107%  1.8.10°6 0.1 1.6 98

To generalize beyond the current data set, data from the study by Yu

et al. [36] - collected under similar conditions to those used in the current

study - were included for parameter regression. Values of the A, A,, and

A3 parameters were then determined by multiple linear regression. The best

fit of the present experimental data [5, 21] obtained using model 1 resulted in

R? < 0.8, with significant scatter. The poor quality of the fits obtained from

model 1 indicated a need to expand the model. Based on trends observed

in the current data set and in the literature [19, 21|, additional parameters

were considered to capture the influence of inorganic composition of the feed

and reaction temperature on product yields, resulting in a family of mod-

els (equations 2-5 in Table 2) for systematic testing. In particular, including
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an explicit reaction temperature term may be required for empirically cap-
ture the effects of biomass interaction, finite transport rates, and secondary
reactions on observed product yields; although models based on yields ob-
tained for the isolated components already contain an implicit temperature
dependence, capturing the effects of biomass interactions, transport, and sec-
ondary reactions may require an additional, explicit temperature-dependent
term. Several different empirical approaches were considered for the effects
of biomass composition, as shown in the different forms used in models 2-5.

Throughout the modeling exercise, the intention was identification of
forms capable of matching available data, with the realization that incom-
plete models could provide nearly as much value as more accurate ones. In
an empirical model, the need for additional parameters must be balanced
with the risk of overfitting. To reduce the risk of overfitting, addition of
new parameters was always balanced by the observed improvement in fit, in
accordance with the precepts of information theory [66].

As in model 1, models 2-5 neglect the effects of extractives and the only
effect of ash was included. Of the five models, models 1-3 were applied only
to char yield predictions; models4- 5 were used for char predictions and, by
using different values for the fitting parameters, total gas yield, and individual
gas yields of Hy, CO, CHy, and CO,. Soot was excluded from the present
study given the lack of comparison data in the literature. Focusing first on
char, including terms intended to capture interactions between the various
components and the effect of ash - as was done in models 2- 3 - improved the
correlation constant from 0.80 to 0.95. The superior performance of models 2-

3 compared with model 1 is consistent with ash playing a key catalytic role
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in char formation.
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Figure 5: Parity plot of the predicted and observed values of char and gas yields

from biomass pyrolysis in the wire mesh and drop tube reactors based on models

4 and 5 using the experimental data from present and previous studies [5, 24, 36].

The effect of additional parameters alone cannot explain the improved

performance since model 3 and model 1 both rely on 3 fitting parameters.

Furthermore, comparison of model 3 with model 2 suggests that combining

contributions from the different biomass components can be an effective ap-



proach for reducing the number of required parameters without loss of accu-
racy. Along the same lines, including a term to capture reaction temperature
in models 4-5 resulted in correlation constants of 0.96 and 0.97, respectively.
Figure 5 contains parity plots of the predictions of char yields obtained from
models4 (Figure5(a)) and 5 (Figure 5(c)) with experimental values. In both
cases, the model predicts with about 10% accuracy trends in char yields
spanning more than an order of magnitude.

Models 1-3 were applied to gas phase data, with resulting cor-
relation coefficients < 0.80 and considerable scatter. Based on these
observations, gas phase yields cannot be predicted with accuracy from yields
obtained from the isolated biomass components alone. In comparison, in-
cluding explicit temperature terms - as is done in models 4 and 5 - leads to
acceptable predictions of gas product yields. Models 4-5 were used for
predicting total gas yield and the individual yields of the major
gases: CH,, CO, CO, and H,. The resulting regression parameters are
provided in Table 1 and representative parity plots are provided in Figure 5,
with more detail in the supplemental material (Figures S-7 and S-8). For
both models and for all gases, the quality of fit for the gaseous product
yields is acceptable for most applications (R? > 0.95), with no apparent sys-
tematic biases. The reaction temperature appeared to be the most sensitive
variable for predictions of measured gas yields, confirming the previous re-
sults of Johansen et al. [18, 67]. The importance of the reaction temperature
for predicting gas yields may be consistent with the effect of temperature on
the tar reformation rate to produce syngas (or char gasification). Consistent

with char gasification explanation, the temperature exponents (D5 and Es,
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in models 4-5, respectively) were always positive for gases and negative for
the char.

Although the overall trends of the model predictions are in general agree-
ment with the experimental data, none of the models are complete nor do
they replicate data with perfect fidelity. Experimental error must account
for some of the discrepancy between the model predictions and experimen-
tal data. For gases, inaccuracies in the calibration of the micro GC can
explain discrepancies as great as 3%. The char yield is determined gravi-
metrically, with measurement uncertainties contributing as much as 5% to
the discrepancies between model predictions and measured values. In terms
of the models themselves, some of the discrepancies might be attributed to
the interactions between alkali metals, gas products and carbonaceous char
matrix that were not considered explicitly. Moreover, the model lignocellu-
losic compounds were obtained from commercial suppliers and the chemical
structures of the three components used in this study are not identical to their
forms in biomass, potentially leading to inaccurate predictions. That stated,
of the three main biomass constituents, lignin composition is most source de-
pendent [36] and the results obtained in the model compound study suggest
that the behavior of different lignin types is not strongly source dependent.
Similarly, the influence of extractives and proteins were not considered, and
these might modestly influence predictions.

Finally, the effects of heat and mass transfer on char and gas yields were
not explicitly included in any of the models; explicitly including transport
effects might improve model accuracy, as suggested originally by Yu et al. [36].

Figures S-3-S-5 provides data on the particle size, internal porosity, and
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channels in particles of xylan and lignin used in this study, suggesting that
the rates of reactive gas transport through the porous structure may need to
be considered in high fidelity models which account for secondary reactions.
As such, the physical properties of lignocellulosic compounds might also have
a strong influence on the quantitative discrepancy, as proposed by Yu et

al. [36].

4. Conclusion

This work presents yield and gas composition data for iso-
lated lignocellulosic compounds and whole biomass reacted in a
drop tube reactor operating in the temperature range from 800 to
1250°C. Reaction of lignin derived from two different sources (soft-
wood and wheat straw) resulted in greater soot yields than cellulose
and xylan, consistent with the aromatic content of lignin. No char
yield was observed in cellulose pyrolysis, whereas the char yield de-
creased with the heat treatment temperature in pyrolysis of lignin
and xylan. The influence of residence time on the char yield was less than
the heat treatment temperature. Simultaneous reduction of tar and soot was
achieved by impregnation of lignin from wheat straw with aqueous KNOj
solution, leading to reduction of light hydrocarbons and carbon monoxide
and increase in carbon dioxide in the syngas. Attempts to develop empirical
models to explain these results showed that simple models can be used for
the prediction of gaseous and char yields of natural biomass pyrolysis when
terms are included for xylan, cellulose, lignin, and ash content of the fuel.

Including reaction temperature further improves model accuracy, especially
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for gas yields. In future work, the authors recommend extending the
model by separating the effects of primary and secondary reactions,

and including explicit heat and mass transfer effects.
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