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Abstract: The three primary lignocellulosic biomass components (cellulose, xylan and
lignin), synthetic biomass samples (prepared by mixing the three primary components) and
lignocellulosic biomass (oak, spruce and pine) were pyrolyzed in a thermogravimetric
analyser and a wire mesh reactor. Different reactivities were observed between the three
biomass components. Cellulose mainly produced condensables and was less dependent on
heating rate, while xylan and lignin contributed most char yields and were significantly
affected by heating rate. While xylan and lignin pyrolysed over a large temperature range and
showed the behaviour characteristic of solid fuels, cellulose decomposition is sharp in a
narrow temperature range, a behaviour typical of linear polymers. Comparison of the
pyrolysis behaviour of individual components with that of their synthetic mixtures showed
that interactions between cellulose and the other two components take place, but no
interaction was found between xylan and lignin. No obvious interaction occurred for
synthetic mixtures and lignocellulosic biomass at 325 °C, before the beginning of cellulose
pyrolysis, in slow and high heating rate. At higher pyrolysis temperatures, more char was
obtained for synthetic mixtures containing cellulose compared to the estimated value based
on the individual components and their proportions in the mixture. For lignocellulosic
biomass, less char and more tar were obtained than predicted from the components, which
may be associated with the morphology of samples. The porous structure of lignocellulosic

biomass provided a release route for pyrolysis vapours.
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1. Introduction

Lignocellulosic biomass is mainly composed of three organic constituents: lignin,
cellulose and hemicellulose. The ratio of these three components varies, depending on the
type of biomass and the part of the plant sampled. For example, Hazelnut shell contains up to
51.3% lignin[1] while tree leaves are lignin-free[2]. Typically, softwood has a higher amount
of lignin and grasses have the lowest[3]. In addition to these main components, biomass also
contains small amounts of pectins, inorganic compounds, proteins and extractives. Cellulose
is a linear polysaccharide, typically consisting of thousands of D—glucose monomers, and is
the largest single component of lignocellulosic biomass. Three hydroxyl groups in each
monomer are able to interact with one another forming intra- and intermolecular hydrogen
bonds which give cellulose a crystalline structure[4] and its unique properties of mechanical
strength and chemical stability. Hemicellulose is a polysaccharide composed of various
carbohydrate monomers, mainly xylose, arabinose, mannose and glucose in varying ratios in
different biomass samples. The degree of polymerization (DP) of hemicellulose is 50-200
monomers, which is much lower than that of cellulose[5]. Because of its amorphous structure,
hemicellulose is less stable. Lignin is a random, three-dimensional network polymer
comprised of linked phenylpropane units making it more difficult to decompose.

Physically, cellulose microfibrils are coated with hemicellulose, whose empty spaces are
filled up with lignin[6]. Lignin plays a binding role between hemicellulose and cellulose
within the cell wall. It has been suggested that hemicellulose is hydrogen-bonded to cellulose,
while lignin and hemicellulose are covalently bonded, more specifically, via ester bonds[7].
These bonds will influence the pyrolytic behavior of biomass and may cause differences in
performance respect to that of synthetic mixtures.

The interaction between the three components during pyrolysis can be examined by
studying product distribution, tar characteristics and gas composition. Some researchers have
predicted lignocellulosic biomass pyrolysis profiles based on the lignocellulosic composition
with some degree of accuracy in thermogravimetric analyser (TGA), concluding that no
detectable interactions between the three components took place during pyrolysis[8-10]. By
contrast, some other reports claimed that the pyrolysis behaviour of lignocellulosic biomass
cannot be explained by the simple superposition of three components due to their significant
interactions[11-15], different for example from the additive behaviour found in coal
macerals[16]. In terms of product distribution, the interaction between intermediate products
from pyrolysis of cellulose powder and lignin extracted from Japanese cedar accelerated tar
production, while reducing char and water formation[12]. A significant observation during
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lignocellulosic biomass, such as olive husk, hazelnut shell, spruce wood and beech wood, less
than 3% levoglucosan in the liquid fraction of pyrolysis products was found, even though the
spruce wood and beech wood tested contained more than 50% cellulose, which can produce
up to 48% levoglucosan[17, 18]. The interaction among cellulose, xylan and lignin may have
suppressed the evolution of levoglucosan and significantly increased the evolution rate of 5-
methylfurfural[19]. Compared with a binary physical mixture of cellulose-hemicellulose, the
levoglucosan deficit phenomenon is more obvious for a native mixture of cellulose-
hemicellulose[13]. Moreover, the product yields from the pyrolysis of lignocellulosic
biomass are also closely linked to the detailed sample morphology[11]. The above discussion
shows that the three components of lignocellulosic biomass cannot necessarily be assumed to
pyrolyze independently.

When considering the interactions within lignocellulosic biomass, it is necessary to
examine the pyrolysis products by simultaneously considering the difference in the chemical
structure and morphological characteristics. Couhert et al.[20] prepared two mixtures of three
components: the so called simple mixing and the intimate mixing, then pyrolysed them in an
entrained flow reactor at 950 °C. It was found that the intimacy of the mixing played a role on
the interactions: the more intimate the mixture, the higher the CO, yield. Therefore, the effect
of interactions between components may differ in a physical mixture from an actual biomass
sample as the structure of biomass will affect the outcome of pyrolysis, altering the
selectivity towards certain products[21]. A further level of complexity is added by reactions
between pyrolysis products, which are determined by the type of contact between particles in
the reactor and depend on the configuration of the pyrolysis reactor.

Most studies on these interactions employed TGA, Pyrolysis-Gas Chromatography/Mass
Spectroscopy (Py-GC-MS) and fixed beds. However, secondary reactions cannot be avoided
in these reactors[22], and therefore interactions between biomass components may be caused
by reactions between primary tars and chars. Moreover, most reactors used are only capable
of slow heating rates. At low heating rate, intra-particle secondary reactions may be more
significant due to the increased retention of liquids within the char residues, changing product
yields and tar characteristics[23, 24]. On the other hand, the wire mesh reactor, used in this
study, was designed to minimize secondary reactions and achieve fast heating rates.

This study sets out to establish the relative contributions of these three phenomena
(reactions between biomass components, effect of biomass structure on these reactions, and
reactor-related effects) during biomass pyrolysis. It compares the pyrolysis behaviour
observed during pyrolysis of synthetic biomass samples (prepared from commercially
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different components decompose at different rates and temperature ranges and this difference
in reactivity between the three basic components makes pyrolysis complex. It is clear that the
use of commercial constituents cannot represent real biomass[1]. The structures and reaction
pathways during pyrolysis of individual components alone should be different from those in
wood because of the physical associations and interactions among them[25]. Moreover,
isolation of biomass constituents from cell wood is commonly achieved by methods that
result in alteration of their original structures. Despite these clear limitations, the use of
isolated or commercial biomass constituents can be a useful tool to investigate interactions
occurring during the pyrolysis of biomass and has been part of the approach in the present
work. This study focused first on the pyrolysis of the three biomass components
independently and then studied the pyrolysis behaviour of synthetic samples and raw biomass.
The effect of reactor configuration is investigated by comparing pyrolysis in a TGA, where
sample particles are in contact, and in a wire mesh reactor (WMR), which provides
segregation between particles and therefore data can be interpreted as representing single
particle behaviour. The data obtained are used to link the decomposition of cellulose,
hemicellulose and lignin and the possible interactions within lignocellulose in order to better
understand biomass behaviour from primary reactions in the thermal processing of different

biomass fuels.

2. Experimental Section

2.1 Samples. Commercial microgranular powder cellulose (Whatman, UK; Part No. 4061-
050), xylan (from Birchwood, Sigma-Aldrich) to represent hemicellulose, and lignin (Alkali,
Sigma--Aldrich) were used in this work. Four composite pellets were prepared by mixing fine
cellulose, xylan and lignin in an agate mortar. They were ground using a ball mill for 2 h
prior to mixing. All samples were pressed and then crushed into 106-150 pum size for use in
wire mesh reactor and TGA. Three biomass feedstocks, pine, spruce and oak, were also
studied in this work. Full compositional analysis of these original feedstocks was performed
using protocols developed by NREL[26] and modified by Ray et al[27] (Table 1). The
moisture content was determined by oven drying at 105 °C for 12 hours[28] and the dried
material was used for subsequent analysis. The fraction of extractives was established by
treating the dried biomass with 95% ethanol using a Dionex® Accelerated Solvent Extractor
(ASE200)[29]. The structural sugars, acid soluble lignin and ash were then determined using
a method established by Sluiter et al.[30] The biomass post-drying and extraction was
subjected to a two-step sulphuric acid digestion: (i) in 72% sulphuric acid at 30 °C for 60
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sugars dissolved in the resultant liquor were determined by UV absorbance and HPLC
analysis respectively. The HPLC analysis was performed using a Bio-Rad Aminex HPX-87P
column at 80 °C using a mobile phase of water, at a flow-rate of 0.6 mL min™. The solids
resulting from the acid digestion were considered a mix of acid insoluble lignin and ash, with
the ash fraction determined by dry oxidation at 575 °C[31].

2.2 Experimental set-up and procedure. An atmospheric WMR was used in this study[32].
Briefly, a stainless steel wire-mesh sample holder was held between two electrodes. The
mesh acted as a resistance heater, and samples were heated at variable heating rates to the
preset experimental temperature. The reactor was configured to stream a flow of sweep gas
(helium at 0.1 m s) through the sample holder, to minimize interactions between evolving
volatiles and solid, in order to suppress extraparticle secondary reactions of the volatiles. The
experimental procedure and tar/oil trap have been described in detail elsewhere[32]. The
solids remaining after the test were weighed and the difference between this and the initial
weight gives the solids conversion. Condensables were measured by collection in a cold trap
(at liquid N, temperature) and the gas yield was estimated by difference. The particle size
range selected for these experiments was 106-150 um. Experiments described in this work
have been carried out in duplicate at two heating rates, 0.5 and 1000 °C s, to a peak
temperature ranging from 325 to 525 °C, and a holding time at the peak temperature of up to
15s.

TGA experiments were conducted in a PerkinElmer “Pyris 1” thermogravimetric analyser. A
single run was done for each condition. About 3 mg of sample was placed in the
thermobalance and heated from 50°C to 900 °C at a heating rate of 30 °C min™. These
experiments were carried out at atmospheric pressure with a nitrogen flow of 40 mL min ™.
2.3 Tar and char analyses. Size exclusion chromatography (SEC) analysis of the
condensable material obtained from WMR experiments was carried out using a 300 mm long,
7.5 mm id., polystyrene/polydivinylbenzene-packed, Mixed D column (Polymer
Laboratories, U.K.)[33]. This technique gives an indication of the molecular size of the
material. The chromatograph was operated at 80 °C and a flow rate of 0.5 mL min™ with 1-
methyl-2-pyrrolidinone (NMP) as the mobile phase. Signal detection was carried out using a
Knauer diode array Smartline 2600 detector, with UV absorbance at 300 nm.

Levoglucosan concentration in liquid products from cellulose pyrolysis was determined in a
gas chromatograph equipped with a flame ionisation detector (GC-FID). A DB-1701 GC
capillary column (30 m x 0.25 mm i.d. x 0.25 um film thickness) was used. The injector
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stage of 8 min at 45 °C, followed by heating to a final temperature of 250 °C at a rate of
4 °C min™. The final temperature was held for 10 min.

The surface morphology of the chars was observed by scanning electron microscopy (JEOL,
JSM-5610LV).

3. Results and Discussion
3.1 Pyrolysis of biomass components

As described above, the actual behaviour during the thermal decomposition of biomass
is governed by complex factors, such as the different reactivities and stabilities of the
individual components, the possibility of interactions between these components within the
biomass matrix and finally the reaction of pyrolysis products between themselves and with
the pyrolysing bed, which will be affected by reactor configuration. Characterisation of
individual component behaviour represents the first step towards understanding the behaviour
of synthetic mixtures and actual biomass. Therefore, the behaviour of cellulose, xylan,
representative of hemicellulose, and lignin was initially studied, followed by that of synthetic
mixtures and biomass itself.

Figure 1 presents the weight loss and derivate weight loss of cellulose, xylan and lignin
observed in the TGA. The temperature range of decomposition and maximum weight loss
rate were consistent with other reported results[34, 35]. As expected, char yields of xylan and
lignin were higher than that of cellulose, being 21.7% and 41.1% respectively. Cellulose
exhibited the greater total weight loss, leaving a solid residue yield of only 1.7% of the
original sample at 900 °C. It also showed the maximum weight loss rate as it decomposed
over a narrow temperature range, with the onset temperature at ~315 °C, and the maximum
decomposition rate at ~370 °C. Both xylan and lignin began decomposing at about 200 °C.
While most of the xylan degradation took place at lower temperatures than that of lignin, the
maximum rate of weight loss of cellulose and lignin coincided in the range 350-400 °C. This
enhanced interactions between these components as will be discussed below.

The three biomass constituents were also pyrolyzed in the WMR at two heating rates,
0.5°C s (same as in the TGA) and 1,000 °C s™. Table 2 shows the product distribution of
cellulose as a function of temperature and heating rate. Consistent with TGA results, the
temperature range of cellulose decomposition was roughly between 325 °C and 450 °C. At
325 °C and high heating rate, the extent of cellulose decomposition was small and the mass
remaining on the mesh was probably original cellulose. Decomposition increased rapidly
with temperature, so that at 450 °C near complete conversion had occurred, only increasing
marginally with a further increase in temperature to 525 °C. Little difference was found in



cellulose conversion between low and high heating rates at 450 and 525 °C. However, at
325 °C the solids yield was clearly smaller at the slower heating rate. This different trend at
the lower temperature was a consequence of the significantly longer reaction time when the
sample undergoes slow heating. As in the 325 °C region the kinetics of cellulose
decomposition was slow, reaction time had a much more marked effect than at other
temperatures. This trend was opposite to that obtained in early TGA work[36] at relatively
slow heating, where it was found that a lower heating rate (0.03 °C min™) resulted in a
considerable increase in char yield compared to higher heating rate (70 °C min™). However,
the relatively large cellulose sample used in the literature (20 mg) may have influenced the
results as temperature gradients and secondary reactions were inevitable.

The effects of temperature and heating rate on xylan product distribution from the WMR
are given in Table 3. At 325 °C and a 0.5 °C s™ heating rate, 46% of the initial material
remained as solid, but the condensable formation was only 6.5%. The solids conversion and
condensable formation increased slowly as the temperature was raised from 375 °C to 525 °C.
This further weight loss was reported to be associated with the rearrangement of the residue
during the charring process[37]. In contrast with cellulose, high heating rate significantly
enhanced liquid and gas formation, while decreasing yield of solid residue due to a different
reaction mechanism[38]. Moreover, because of the high reactivity of xylan, reaction time had
a negligible effect on char and tar yields at 525 °C, as the comparison between 0 s and 15 s
runs shows.

The char yield of lignin was much higher than that from cellulose and xylan. Lignin has
a lower reactivity compared with xylan due to its highly crosslinked nature. At 375 °C, the
char yields were 66-72% depending on heating rate. A higher decomposition rate was
observed from 375 °C to 450 °C, although at 525 °C there was still 52% residual char. The
main reactions in this temperature range may be the cleavage of substituents from the
aromatic rings and of linkages between monomer units[37]. Experiments performed at 0.5,
100 and 1000 °C s™ showed that, similar to xylan, faster heating rates led to higher tar yield at
the expense of char and gas yield. Higher heating rate favours the evaporation of intermediate
products from the particles and minimises the occurrence of cross-linking reactions[39].
Lignin pyrolysis experiments with a 0 s holding time were carried out at 525 °C. The solids
yield was higher than that seen at 15 s, indicating that reactions were still taking place and
that the kinetics of lignin pyrolysis was slower than that of xylan.

Comparison of solid residue yields between TGA and WMR is enabled by data in Tables
2 to 4. Wire mesh reactors are designed to minimize secondary reactions and temperature
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mesh as a monolayer. The good match between solid yields from WMR and TGA pyrolysis
obtained at high temperature shows that the effect of volatile-char interactions leading to
enhanced char formation were also insignificant in the latter, likely due to the small sample
size used (3 mg). However, at low temperatures, solid residues of pyrolysis of cellulose and
lignin were higher in the TGA, suggesting that interactions in the TGA pan could produce a
shift to higher temperatures in the release of volatiles.

Overall, these results show that due to their different polymeric structures and chemical
nature, pyrolysis of xylan and lignin proceeded through a different pathway to that of
cellulose. Cellulose is more resistant to the start of degradation due to its crystalline structure.
Therefore, only slow decomposition occurred at temperatures up to 325 °C. However, once
initiated, cellulose shows high decomposition rates and presents the typical pyrolysis
behaviour of pure linear polymers: a relatively narrow temperature range, the production of a
single monomer (levoglucosan, about 60 wt.% for all runs) as the main reaction product and
little dependence of product distribution on heating rates. On the other hand, xylan and lignin
exhibit the broad product distribution and dependence on heating rate, which is characteristic
of solid fuels such as coal and biomass. Cellulose and lignin have an overlapping maximum
weight loss temperature range, approximately between 375 °C and 450 °C. Xylan
decomposition takes place at lower temperatures with a charring process extending to this
temperature range while lignin also undergoes a charring process at temperatures higher than
~450 °C.

3.2 Pyrolysis of synthetic biomass samples

This part of the study focused on identifying whether the performance of a physical
mixture of cellulose, xylan and lignin could be predicted from that of the individual
components and on establishing the importance of any interactions between them. Four
mixtures of the biomass fractions were prepared: cellulose/xylan (1:1 wt ratio),
cellulose/lignin (1:1 wt ratio), xylan/lignin (1:1 wt ratio) and cellulose/xylan/lignin (1:1:1 wt
ratio). The samples were pyrolysed in TGA and WMR and their product distribution has been
compared with their predicted yields based on the behaviour of single components shown in
the previous section. It should be noted that instead of attempting to entirely mimic and
reproduce actual biomass, these tests simply served as a means of establishing whether
interactions occurred when the biomass components formed a physical mixture.

3.2.1 TG analysis of synthetic biomass samples

TG analysis was performed for these samples at the same conditions used for the

separate components. The experimental TGA weight loss profiles and DTG are compared
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mixture (Figure 2). For all mixtures (experimental and predicted curves), there was a period
of rapid weight loss after the onset of pyrolysis. The experimental weight loss curves fitted
the predicted curves fairly well at temperatures lower than 300 °C. The temperature at which
pyrolysis initiates did show a dependence on the composition of the mixture, but was similar
for both experimental and predicted curves. This suggests that interactions are negligible
between solid phases and the presence of volatile pyrolysis products is required for them to
occur. However, with an increase in temperature to around 375 °C, which corresponds to the
maximum weight loss rate of cellulose shown above, the experimental weight loss rate in
cellulose/xylan, cellulose/lignin and cellulose/xylan/lignin mixtures seemed to decrease in
relation to the predicted weight loss rate. This shifted the experimental curves towards more
solids than predicted, and is clearly a result of the interaction of the levoglucosan released by
cellulose and the pyrolysis products of xylan and lignin.

The near completion of pyrolysis was indicated by the sudden decrease in weight loss
rate for both experimental and predicted curves at around 450 °C. The slow rate of change
afterwards was consistent with a slow rearrangement within the char leading to the release of
small gas fragments. The char vyields from cellulose/xylan, cellulose/lignin and
cellulose/xylan/lignin mixtures taken at this point were all higher than the estimated values,
while for xylan/lignin, the experimental and calculated TG and DTG curves agreed well. This
indicates the interaction between xylan and lignin did not affect the char yield, confirming
that the main interactions leading to changes in solid yields involve secondary reactions of
levoglucosan.

SEM micrographs of chars derived from the different samples are shown in Figure 3.
The char from cellulose/lignin pyrolysis showed a smooth surface with several pores. Chars
from cellulose/xylan/lignin pyrolysis were similar to those from cellulose/lignin pyrolysis. By
contrast, cellulose/xylan pyrolysis produced lumpy and compact chars. These observations
are consistent with the occurrence of lignin melting. As lignin melts during pyrolysis[40],
cellulose would be covered with the molten layer decreasing the mass transfer coefficient to
the gas phase and providing good contact between pyrolysing components for
repolymerization reactions to occur, leading to gas and secondary char formation. When the
temperature reached the maximum mass loss rate of cellulose (approximately 375 °C), the
production rate of intermediate products (mainly levoglucosan) was faster than their escape
rate out of the particle due to mass transfer resistance caused by molten layer[41]. This
would build up pressure inside particles and then pores were formed by volatiles erupting
through the surface. On the other hand, xylan did not appear to melt in these experiments and
interactions with cellulose are likely due to heterogeneous reactions within particles[20].



3.2.2 Fast pyrolysis of synthetic biomass samples in WMR

To understand potential interactions between individual components at fast heating rate,
the prepared mixtures were pyrolyzed in the WMR. The results are shown in Table 5. It can
be seen that at 325 °C, the experimental results are close to predicted ones, indicating the
absence of interactions at this temperature. This is consistent with the negligible
decomposition of cellulose at 325 °C as shown in Table 2, and most weight loss and tar yield
was due to xylan or lignin pyrolysis alone. However, obvious interactions within binary or
ternary mixtures were observed at 525 °C. For cellulose/xylan pyrolysis, the experimental
char and gas yields were higher than the estimated yield, but tar yield lower, which is
consistent with the TGA results. The morphology of char from cellulose/xylan pyrolysis in
WMR was observed by SEM (Figure 3a-3d). It can be seen that the lumpy and compact
particle surface was similar to the corresponding char obtained in TGA. For cellulose/lignin,
the experimental result was close to the predicted one in terms of char yield, while more gas
was formed due to tar cracking. Similar to TGA data, the interaction between xylan and
lignin did not affect the product distribution. For cellulose/xylan/lignin, slightly higher char
and gas yields and lower tar yield than predicted were observed. In summary, interactions
exist at high heating rate between cellulose and the other two components that lead to small
changes in the amount of char. These interactions were more significant with xylan than
lignin. On the other hand, interactions between cellulose and other components produced a
significant decrease in the amount of tar and a higher amount of gas with respect to that
predicted from behaviour of individual components. No interactions leading to changes in the
product distribution are present in xylan/lignin mixtures.

To gain a further understanding of the interaction between cellulose and xylan or lignin,
the tars from the pyrolysis of these two binary mixtures were analysed by SEC. The results in
all cases showed bimodal signal distributions. The peak appearing at shorter elution times
corresponds to material excluded from the pores of the column packing, due to either its large
molecular weight or a rigid conformation that makes it unable to enter the pores[42]. The
“cellulose/lignin separate” tar was obtained from cellulose and lignin pyrolysis separately.
Briefly, the same amounts of cellulose and lignin were pyrolyzed successively in WMR. The
liquids from pyrolysis of cellulose and lignin were successively condensed in the same tar
trap (without tar collection between experiments) and analysed by SEC. It can be observed
that the tar from pyrolysing the cellulose/lignin mix was heavier than that from cellulose and
lignin pyrolyzed separately. Similarly but more significantly, the tar from “cellulose/xylan
intimate mixing” was heavier than “cellulose/xylan separate” tar. It can be inferred that

primary volatiles from cellulose and xylan or lignin went through secondary cracking,



condensation or cross-linking reactions forming less amount of heavier tar. No difference in
molecular weight distribution was found between “lignin/xylan intimate mixing” and
“lignin/xylan separate” tars. This further verified the absence of interaction between xylan
and lignin.
3.3 The pyrolysis of lignocellulosic biomass

The reaction pathways during pyrolysis of individual biomass components may be
different from those of the same components in lignocellulosic biomass, because of complex
biomass structures and the potential for physical and chemical interactions as those observed
in the work with biomass components described above. Three well-characterized biomass
samples were pyrolyzed in TGA and WMR. The product distributions were compared with
those calculated using the biomass composition analyses and individual component pyrolysis
behaviour. The compositions and proximate analyses are shown in Table 1. There are only
small differences in the proportions of cellulose, hemicellulose and lignin between the
different woods. Although it is noted that oak has the higher lignin and lower hemicelluloses
and cellulose contents. The proximate analyses of the samples are also similar.

Figure 5 compares the experimental and calculated TGA curves for the three biomass
samples. It can be observed that the char yields of oak, spruce and pine were all less than
their predicted yields, which is opposite to the trend observed for the synthetic samples. Table
6 shows the gas, tar and char yields from pyrolysis of oak, spruce and pine obtained in the
WMR. These experiments were done at different temperatures and heating rates, with a 15 s
holding time. The data in Table 6 show that the trends were similar to cellulose pyrolysis
presented in Table 2. At 325 °C, the char yield was above 80% for all the biomass samples.
When temperature increased to 450 °C, the char yield decreased significantly and a further
increase in temperature decreased char yield slowly. At 525 °C, the conversion of all the
samples was similar. At 325 °C, the experimental char and tar yield was close to the predicted
one, although char yields tended to be slightly underestimated. This indicates a relative
absence of interaction within lignocellulosic biomass, which does support the feasibility of
predicting lignocellulosic biomass behaviour at this temperature based on that of biomass
constituents. As discussed in Tables 2, 3 and 4, at high heating rate, the decomposition of
cellulose was negligible at 325 °C and weight loss of xylan and lignin was ~50% and ~30%
respectively. Therefore, the good match between experimental and predicted vyields
reinforced the interpretation that interaction between xylan and lignin was negligible, a
finding consistent with TGA and WMR results for the synthetic samples. At 450°C and
above, significantly less char and more tar were obtained compared with the estimated yields

both at fast and slow heating rate. Although it confirmed that the pyrolysis of cellulose played



a key role in the product distribution, this trend was different from that obtained with
synthetic samples, in which the actual tar yield was always lower than the estimated yield.
This may be due to the different microscopic structure of biomass compared with synthetic
samples. In raw biomass, groups of adjacent cells form a multicellular porous structure
comprised of smaller (lumen) and larger (parenchyma) cavities making escape of
intermediate products of pyrolysis through cavities easier[43].

The morphology of char from oak and pine pyrolysis was observed by SEM (Figure 6).
Vesicles and spherical pores were observed on the char surfaces. These are likely formed
when volatiles are released from the melted surface as bursting bubbles, forming spherical
pores on the surface. Different to synthetic samples pyrolysis, the open porosity of
lignocellulosic biomass is observed in the micrographs shown in Figure 6a-6d. Biomass
natural porosity (tracheids and vessels) is enhanced by cellulose pyrolysis, leaving channels
that provide a convenient release route for pyrolysis vapors, and lead to less secondary
reactions of tars to form char and gases. This is consistent with the observation that at low
temperatures, when cellulose pyrolysis is not significant, there is more char formed than
expected based on the behaviour of individual components. The enhanced char yield is due to
primary tars released by lignin and xylan pyrolysis not escaping the particle and undergoing
secondary reactions to form char and gas. These results have highlighted that the pyrolysis
behaviour of biomass is closely linked to the lignocellulosic structure. The intimate contact of
individual components and the structure of lignocellulosic biomass make the reaction

complex compared with physical mixtures.

4. Conclusions

The interaction within lignocellulosic biomass during pyrolysis was studied using the
three biomass components separately, synthetic biomass samples formed from them and oak,
spruce and pine, using TGA and WMR. Cellulose pyrolysis takes place over a relatively
narrow temperature range, a behaviour typical of linear polymers. On the other hand, xylan
and lignin pyrolyse over a larger range, starting at lower and extending to higher
temperatures than cellulose. The maximum rate of weight loss for cellulose and lignin occur
simultaneously at 350-400 °C, which contributed to maximise interactions between these
components. Xylan and lignin showed higher char yields, while cellulose mainly produced
levoglucosan as condensable. These two components show the typical pyrolysis behaviour of
solid fuels, with char yield decreasing with heating rate. By contrast, at 325 °C the char yield
from cellulose increased with heating rate, which is largely a reaction time effect due to the

longer times applied under slow heating.



TGA and WMR experiments led to similar solids yields at high temperature while higher
char yields from pyrolysis of lignin and cellulose were obtained in TGA experiments at
325 °C, showing some degree of interaction between evolving volatiles and the pyrolysing
bed.

At low pyrolysis temperatures (325 °C), the experimental product distributions fitted well
with those predicted from the behaviour of individual biomass components, both in the case
of physical mixtures and lignocellulosic biomass in TGA and WMR. This means that
interactions are not found when pyrolysis of cellulose is not significant, which confirms the
lack of interaction observed between xylan and lignin. In contrast, interactions are relevant
between cellulose and the other two components at higher pyrolysis temperatures. These
interactions produced significant decreases in tar quantity and affected tar molecular weight
distributions, while increases in char yields were relatively smaller than expected based on
the behaviour of individual components at both low and high heating rates.

Actual biomass samples exhibit the opposite trend to synthetic mixtures. The amount of
tar was larger and that of char smaller than the predictions based on the behaviour of separate
components. This shows that structure, in particular the presence of internal porosity and
channels that facilitate volatile release, play a key role in pyrolysis product distribution. The
lack of local porosity in synthetic mixtures increased the possibility of repolymerisation
reactions leading to gas and char formation.
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based on pyrolysis behaviour of individual components.

Figure 1. Pyrolysis curves for cellulose, xylan and lignin samples.

Figure 2. Experimental and predicted TG and DTG curves for different mixtures.

Figure 3. SEM micrographies of pyrolyzed synthetic samples in TG and WMR (Temperature: 500 °C;
Heating rate: 1000 °C s™*; Holding time: 15 s)TG: a. Cellulose/Lignin; b. Cellulose/Xylan; c.
Cellulose/Xylan/Lignin; WMR: d. Cellulose/Xylan

Figure 4. Comparison of SEC chromatograms results of tar from different mixtures obtained from WMR
(temperature: 500 °C; Heating rate: 1000 °C s™). All chromatograms are normalised.

Figure 5. Experimental and predicted TG curves for oak, spruce and pine.

Figure 6. SEM micrographies of pyrolyzed oak (a, b) and pine (c, d) in WMR. (Temperature: 500 °C;

Heating rate: 1000 °C s™; Holding time: 15 s)



Table 1. Compositions and proximate analysis of Oak, Spruce and Pine (wt.%)

Sample Cellulose Hemicellulose Lignin Extractives
Spruce 47.1+0.4 22.3+0.9 29.2+0.6 1.1+0.4
Oak 43.2+0.3 21.9+0.7 35.4+0.4 1.6+0.3
Pine 45.6+0.1 24.0+0.7 26.8+0.3 5.7+0.1
Sample Moisture Volatile Matter Fixed Carbon Ash
Spruce 0.5 88.9 10.2 04
Oak 0.6 89.7 9.5 0.2
Pine 0.5 88.1 10.3 1.1




Table 2. Solid and liquid yields of cellulose as a function of temperature and heating rate in WMR and
solid residue yields in TGA as a function of temperature.

Temperature  Heating rate Holding Pyrolysis Yields (wt.%)
oC oC st time s Solid Liquid Gas Solid
residue g (difference) residue®
325 0.5 15 81.7+2.7 9.1+2.2 9.2 97.8
450 0.5 15 5.4+0.8 80.4+1.8 14.2 5.2
525 0.5 15 4.1+0.4 83.6+1.2 12.3 4.1
325 1000 15 96.1+0.7 — 3.9
450 1000 15 4.6+0.6 79.6+0.9 15.8
525 1000 15 2.0£0.2 82.3+0.7 15.7

a: obtained from TG

Table 3. Solid and liquid yields of xylan at different temperatures and heating rates (WMR)

Temperature  Heating rate Holding Pyrolysis Yields (wt.%)
oC oCst time s Solid Liauid Gas Solid
residue g (difference) residue’
325 0.5 15 46.1+0.7 6.5+1.2 47.5 47.9
375 0.5 15 40.3+0.6 13.94+0.7 455 40.2
450 0.5 15 38.3+0.8 15.3+0.9 46.4 37.1
525 0.5 15 35.5+0.3 17.4+1.0 47.1 34.8
325 1000 15 47.5+0.4 10.1+0.9 42.4
375 1000 15 25.6+0.2 20.6+1.1 53.8
450 1000 15 24.440.6 21.9+0.6 53.7
525 1000 15 20.5+0.3 24.2+0.9 55.3
525 1000 0 22.041.2 22.6+1.7 55.4
525 100 0 30.9+0.9 16.8+1.9 52.3
525 100 15 29.9+0.5 18.5+0.8 51.6

a: obtained from TG

Table 4. Solid and liquid yields of lignin at different temperatures and heating rates (WMR)

Pyrolysis Yields (wt.%)

Temperature Heating rate Holding
oC ocs? time s Solid Liquid Gas Solid
residue g (difference) residue®
325 0.5 15 74.9+0.4 13.4+1.1 11.7 87.1
375 0.5 15 71.6+0.2 11.440.2 17.0 76.2
450 0.5 15 58.8+1.1 19.5+0.6 21.7 60.1
525 0.5 15 52.2+0.2 23.1+0.6 24.7 53.4
325 1000 15 71.2+0.8 17.8£1.0 11.0
375 1000 15 65.6+0.5 25.3+0.9 9.1
450 1000 15 40.6+0.9 44.7+¢1.3 14.7
525 1000 15 34.8+0.2 46.3+1.1 18.9
525 1000 0 39.4+0.2 48.7+0.2 11.9
525 100 0 48.3+1.0 37.8+1.1 13.9
525 100 15 41.9+0.3 39.7+0.7 18.4

a: obtained from TG



Table 5. Experimental solid and liquid yields of synthetic biomass samples from WMR pyrolysis
(Heating rate: 1000 °C s™*; Holding time: 15 s) of mixtures of components and their respective predictions
based on pyrolysis of individual components

. . Lo Gas (wt.%)

0, 0,
Temperature Solid residue (wt.%) Liquid (wt.%) (difference)

Sample oC

Exp. Pred. Exp. Pred. Exp. Pred.
325 68.7+0.2 718 11612 115 197 167
Cellulose/Xylan 525 162402 113  39.7#20 533 441 354
Cellulose/Lianin 325 868404 837  10.2+15 89 3.0 74
9 525 175+¢0.2 184 541417 638 284  17.8
Xylan/Lignin 525 279+03 277 35402 352 367 371
. 325 723+05 716 15412 136 123 148
Cellulose/Xylan/Lignin 525 216402 191  436+14 506 348  30.3

Table 6. Solid, liquid and gas yields of Oak, Spruce and Pine (WMR) and their respective predictions
based on pyrolysis behaviour of individual components.

. - Gas (wt.%

sample Temp;erature Heaging_l Solid (wt.%) Liquid (wt.%) (différence))
c Rate°Cs Exp. Pred. Exp. Pred. Exp. Pred.

325 1000 80.4+0.6 77.1 10.7¢1.2 113 8.9 11.6

Oak 450 1000 11.0£0.1 217 65.2+0.4 55.0 2338 233
525 1000 9.6£0.1 18.6 65.6+0.1 56.9 24.8 245

525 0.5 14.8+0.9 28.0 53.5+1.3 48.1 317 239

325 1000 88.0+0.1 76.6 — 10.3 — —

Spruce 450 1000 13.1+0.2 195 62.440.6 55.4 245 25.1
525 1000 7.80.2 16.7 62.5+0.2 574 29.7 25.9

525 0.5 16.3+0.5 25.1 55.9+0.6 50.0 27.8 24.9

325 1000 80.1+0.1 74.3 12.9+0.6 10.3 7.0 15.4

Pine 450 1000 15.0£0.2 18.8 512404 535 338 27.7
525 1000 77403 16.1 67.5+1.1 555 24.8 28.4

525 0.5 15.4+0.8 244 55.4+0.7 485 29.2 27.1
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Figure 2. Experimental and predicted TG and DTG curves for different mixtures.
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Figure 4. Comparison of SEC chromatograms results of tar from different mixtures obtained from WMR
(temperature: 500 °C; Heating rate: 1000 °C s™). All chromatograms are normalised.
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Figure 5. Experimental and predicted TG curves for oak, spruce and pine.
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Figure 6. SEM micrographies of pyrolyzed oak (a, b) and pine (c, d) in WMR. (Temperature: 500 °C;
Heating rate: 1000 °C s™; Holding time: 15 s)



