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Abstract

This work has sludied the p_yfolysis behaviors of biomass in atmospheric pressure and the
carbonization of biomass in hot compressed water. The pyrolysis behaviors of biomass have been
investigated with the TG-MS technigue, while paying close attention 1o the gas formation during the
pyrolysis. The biomass samples used in this study were rice straw, rice husk, and comcob. The
weight decreasing profiles and the gas formation rales were significantly different among the
samples although their elemental compositions were almost the same. It was found that H,O is the
main gas component formed for all the samples. The differences in the gas formation rates were
found to be due to their differences in the composition of hemicellulose, cellulose, and lignin. There
were significant interactions between cellulose and lignin during the pyrolysis. The interactions
between cellulose and lignin during the pyrolysis contributed to a decrease in tar yields but an
increase in char yields. From the gas formation data and FTIR analyses of the chars, it may be
concluded that the suppression of tar formation during the pyrolysis of biomass was brought about
by the cross-linking reactions between lignin and cellulose to form H,O and ester groups during the
pyrolysis.

Carbonization of biomass (corncob) in hot compressed water was performed using a small
bomb reactor at temperature 300 — 350°C and pressure 10 — 18 MPa for 30 min. Then, the solid
product or biochar was subjected to various analyses in order to investigate the effects of the
carbonization in hot compressed water on the characteristics of the biochar. It was found that the
yield of biochar carbonized in hot compressed water at 350°C and pressure of 10 MPa for 30 min
was 44.7%, whereas the yield of biochar carbonized in nitrogen atmosphere at 350°C is 36.4%.
Based on the information obtained from the elemental analyses of the biochar, it was found that the
oxygen functional groups in the corncob were selectively decomposed during the carbonization in
hot compressed water. The heating values calculated from the elemental analyses of the biochar
carbonized in hol compressed water were 1.8 times larger than that of the raw comcob. The
pyrolysis and combustion behaviors of the biochar were found to be affecied significantly by the

carbonization in hot compressed water.
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Abstract

The pyrolysis behaviors of rice straw, rice husk, and corncob have been
investigated with the TG-MS technique, while paying close attention to the gas
formation during the pyrolysis. The weight decreasing profiles and the gas formation
rates were significantly different among the samples although their elemental
compositions were almost the same. It was found that H,0 is the main gas component
formed for all the samples. The differences in the gas formation rates were found to be
due to their differences in the composition of hemicellulose, cellulose, and lignin.
There were significant interactions between cellulose and lignin during the pyrolysis.
The interactions between cellulose and lignin during the pyrolysis contributed to a
decrease in tar yields but an increase in char yields. From the gas formation data and
FTIR analyses of the chars, it may be concluded that the suppression of tar formation
during the pyrolysis of biomass was brought about by the cross-linking reactions

between lignin and cellulose to form H,O and ester groups during the pyrolysis.

Keywords: Pyrolysis, biomass, TG-MS



1. Introduction

Due to the global environmental concerns over excessive fossil fuel usage,
sustainable biomass resources have grown in importance as partial alternatives to fossil
resources. Biomass including agricultural residues is one of the main renewable
energy resources available especially in an agricultural country such as Thailand.
Biomass can be converted to energy and clean fuels via thermochemical and
biochemical processes. Pyrolysis is one of the thermochemical processes that convert
biomass into liquid fuel: bio-o0il. Recently, extensive researches aiming to develop the
renewable energy resources from biomass have been carried out, especially the
pyrolysis of biomass by the Pyrolysis Network (PyNe) {1-3]. However, due to higher
costs, lack of experience and low quality of the oil [3], there is at present no
commercialized plant for pyrolysis oil production, which would benefit from the
legislative incentives available. Particularly, the pyrolysis oil contains high water
content (15-30 wt%), which causes low heating value (16-19 MJ/kg), phase rseparation,
and instability [1-2]. Moreover, the water content makes it difficult during analyses to
obtain reliable data for physicél properties, such as thermal conductivity and flash point
[1-2]. These data are indispensable for commercialization of pyrolysis oil with

satisfactory safety norm [1-3]. Therefore, the reduction of water formation during the



biomass pyrolysis is an essential 'targel for pyrolysis oil production.

To date, the intrinsic high oxygen content in biomass structure, consisting mainly
of cellulose, hemicellulose and lignin [4-11], has been considered as the main reason
why biomass produces such high amount of water during the pyrolysis {5, 12].
However, to the authors’ best knowledge, there are few detailed studies on the
mechanism of water formation during biomass pyrolysis [5, 12]. In addition, it is
fascinating that levoglucosan (tar) can be obtained from the pyrolysis of pure cellulose
in yields of up to 60%, although most typical biomass produces less than 5% of
levoglucosan in spite of cellulose concentration of approximately 50% (5, 13]. From
this fact it seems likely that the pyrolysis behavior of cellulose in biomass is affected
significantly by the surrounding lignin, hemicellulose, and minerals during the
pyrolysis.

In the present study, we focused on the gas formation behaviors during the
pyrolysis of biomass by paying close attention to water and tar formation. The
changes in functional groups during the pyrolysis of biomass were also investigated by
FTIR analysis. From thesé- ‘measurements, the pyrolysis behaviors of different

agricultural residues were examined in details.



2. Experiments
2.1. Materials

The materials used for this study were rice straw, rice husk, corncob, xylan (from
Birchwood, Sigma Aldrich) as a model compound for hemicellulose, lignin (alkali, low
sulfonate content, Sigma Aldrich), and cellulose (microcrystalline powder, Sigma
Aldrich). After milling and sieving into less than 74 um in diameter, the samples were
dried in vacuo at 70°C for 24 hours. Table I shows the results of ultimate and

proximate analyses of the samples.

2.2. Pyrolysis experiments

The pyrolysis experiments were performed in a sensitive thermobalance
(Perkin-Elmer, Pyrisl TGA) at a heating rate of 10 °C/min up to a final temperature of
600°C under the helium flow rate of 50 ml/min. A quadrupole mass spectrometer
(Perkin-Elmer, Clarus 500 MS) coupled to the thermobalance was used for the evolved
gas analysis. To avoid secondary reactions, a probe was placed very close to the
sample pan of the thermobalaﬁce in the direction of the gas flow. The transfer lines
between the TGA and the MS were heated to 200°C in order to avoid cold spots and

thus prevent the condensation of the gaseous products. The signals for mass numbers



of 2, 15, 18, 28, and 44 were ,éontinuously detected. Then the mass numbers were
converted to the concentrations of Hy, CH4, HyO, CO, and CO; by referring to the
calibration curves constructed using the standard gases. The evolving rates of the

gaseous products were estimated from the measurements.

2.3. Changes in the functional groups of biomass during the pyrolysis

To investigate the changes in functional groups during the pyrolysis, the FTIR
analysis was employed. All the IR spectra were measured at 4 cm™ resolution on an
FTIR spectrometer (Perkin-Elmer, Spectrum One). The IR spectra of the raw biomass
and the biomass pyrolyzed at 250°C, 300°C, 330°C, and 400°C were measured by using
the KBr pellet method. Since the IR absorption of the pyrolyzed samples was very
intense, only a small amount of the sample (1 wt %) was mixed with KBr powders to
prepare transparent disks to undergo transmittance IR measurements. Transmittance
spectra were collected by acquisition of 8 scans and they were converted to absorbance

spectra.

3. Results and Discussion

3.1. Changes in weight and gas formation rates during the pyrolysis.



Fig. 1 shows the changes in weight and gas formation rates during the pyrolysis of
(a) rice straw, (b) ricc husk, (c¢) corncob, {(d) xylan, (e) lignin, and (f) cellulose. The
integrated product distributions werc also shown in the figure. The amount of tar
formed was equated to the difference between the weight loss and the sum of the
evolved amounts of H,, H;0, CHy, CO, and CO,. The weight loss curves are on the
dry basis. The weight decreasing profiles were significantly different among the
samples. The weight of rice straw started to decrease at above 150°C.  On the other
hand, the weight of rice husk and corncob started to decrease at above 200°C. The
major weight decrease was observed at around 250°C-350°C for all the samples.  After
that, the weight decreased gradually when increasing the pyrolysis temperature further
from 400°C to 600°C for all the samples. The char yield at 600°C for rice straw was
30%, while the char yields for rice husk and corncob were 47% and 19%, respectively.
On the other hand, the char yields at 600°C for xylan, lignin, and cellulose were 28%,
63%, and 7%, respectively.

The formation behavior of CHy4, H,O, CO, and CO; gases was well accompanied
by the sharp decomposition seen in the wei ght loss curves. However, the H; formation
behavior was not accompanied by any sharp decomposition. Of particular interest is

the fact that H;O was the main gas compbnent formed for all the samples. It started to



evolve at ca. 150°C for rice straw, whilc it started to evolve at above 200°C for rice husk
and comncob. The profile of H,O formation rates had two peaks at 185°C and 300°C
for rice straw. On the other hand, the said profile had two overlapping peaks at 300°C
and 340°C for rice husk and corncob. As for the pyrolysis of model compounds, HO
was also the main gas component formed for all the samples. [t started to evolve at
around 200°C for xylan, whereas it did so at above 250°C for lignin and cellulose. It
was found that among the samples used in this study hemicellulose and cellulose
produced the largest amount of HO and tar, respectively.

It is well known that lignocellulosic biomass mainly consists of cellulose,
hemicellulose, and lignin [4-11], and their composition significantly influences the
biomass pyrolysts reaction [4-11, 14]. Table 2 shows the results of structural analyses
for biomass samples reported by other researchers [7-9]. The hemicellulose content of
rice straw is higher than the hemicellulose content of corncob, whereas the cellulose
content of rice straw is less than that of corncob. Therefore, the early weight loss of
rice straw was probably due to the early decomposition of abundant hemicellulose in

rice straw to form H,O.

3.2 Yields of products during the pyrolysi&.



Fig. 2 shows the yields of products (H,, CH4, H,O, CO, CO;, and tar) for rice
straw, rice husk, corncob, xylan, lignin, and cellulose during the pyrolysis at 600°C.
All the samples produced a much higher amount of the oxygenated gases such as CO,
CO;, and H,0 than hydrocarbon and hydrogen during the pyrolysis. This result was
well associated with the high oxygen content in the ultimate analyses shown in Table 1.
Among the biomass samples, rice straw produced the largest amount of H,O (0.244
g/g-sample) and the least amount of tar (0.096 g/g-sample). On the other hand, rice
husk and comcob produced less H,O, which were 0.178 g/g-sample and 0.184
g/g-sample, respectively. Among the model compounds, xylan produced the largest
amount of H,O (0.280 g/g-sample) and the smallest amount of tar (0.084 g/g-sample),
whereas cellulose produced the largest amount of tar (0.676 g/g-sample). These results
clearly indicated that a higher content of hemicellulose in the biomass resulted in a
larger amount of water production during the pyrolysis.

Moreover, what 19 fascinating in the biomass pyrolysis is that each biomass sample
shows a different devolatilization behavior during the pyrolysis even though the
samples show almost the same élemental compositions in Table 1. Definitely, biomass
can not be represented by a single homogeneous material. Therefore, it is necessary to

examine the pyrolytic products of biomass by simultaneously considering the



differences in the physical texture (e.g. the distribution of hemicellulose, cellulose,
lignin, and minerals in biomass) and chemical structures (e.g. functional groups and

chemical bonds).

3.3. Examination of the pyrolytic products of blended model samples: lignin-cellulose,
xylan-cellulose, and lignin-xylan.

Fig. 3 shows the weight loss curves, gas formation rates and products distribution
during the pyrolysis of (a) lignin-cellulose, (b} xylan-cellulose, and (c) lignin-xylan
blends with the same blending ratio of 50:50. In order to verify the existence of the
interaction between lignin-cellulose, xylan-cellulose, and lignin-xylan during the
pyrolysis, theoretical TG curves were also calculated. If there is no interaction
between each component, the weight loss behaviors of the blends can be predicted as

the sum of the individual component’s behavior in the blends.

Yeale = Xe Yc+xl Yitx, Yy (1)

where x, xj, and x, are the weight fraction of cellulose, lignin, and xylan in the blends,

and Y., Y), and Y, are the char yields of cellulose, lignin, and xylan, respectively. It
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was found that the cxperimenta'l weight loss curves decreased more rapidly than the
calculated weight loss curves in the low temperature region, but with a further increase
in temperature the experimental weight loss curves seemed to decrease more gradually
than the calculated weight loss curves for the lignin-cellulose and xylan-cellulose blends.
Then, the char yield at 600°C for the experimental weight loss curves was larger than
the char yield for the calculated weight loss curves for the lignin-celiulose and
xylan-cellulose blends. On the other hand, for the lignin-xylan blend, there is no
significant difference between the experimental and the calculated curves (Fig. 3 (c)).
These results indicate the existence of the interactions between lignin-cellulose and
xylan-cellulose during the pyrolysis. Moreover, it was found that the amount of tar
formed at 600°C for the lignin-cellulose blend was only 0.056 g/g-sample, whereas the
amount of tar calculated from Figs. 1 (e) and 1 (f) was 0.396 g/g-sample. This resuit
suggests that the interactions of lignin and cellulose during the pyrolysis contributed to
decrease the tar yields.

As seen in Fig. 3, H,O was the most abundant gas formed during the pyrolysis of
the blended samples. Moreovéf, the H,O formation rate shows maxima at the region
where the experimental and the calculated TG curves cross each other. This suggests

that the weight loss discrepancy between the experimental and the calculated curves are
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closely related to the formation of H,0 during the pyrolysis. In order to investigate the
suspected relatiopship, the changes of HyO, CO, CO,, and tar yields at 600°C as a
function of cellulose content for lignin-cellulose and xylan-cellulose blends are plotted
in Figs. 4 (a) and 4 (b), respectively. The amounts of H,O formed from the blends
were larger than that of the pure component for both the lignin-cellulose and
xylan-cellulose blends. On the other hand, the amounts of tar formed from the blends
were smaller than that of the pure component for both same blends. These results
indicate that the tar formation of lignin-cellulose and xylan-cellulose blends was
suppressed by H,O formation during the pyrolysis. These results are neatly consistent

with the recent study of Hasegawa er al. [12].

3.4. Examination of changes in functional groups during the pyrolysis of
lignin-cellulose blend and corncob.

In this section the changes in the functional groups during the pyrolysis of
lignin-cellulose blend and corncob were examined by utilizing the FTIR analysis. Figs
5 (a)and 5 (b) show the observed changes in the FTIR spectra (500 - 4,000 cm']). The
amount of OH groups (3,000 — 3,600 cm™) and aliphatic C-H groups (2,900 — 3,000

cm’™) decreased significantly when the pyrolyzing temperature exceeded 300°C.  The
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amount of ester groups (1,750.; 1,800 cm’™"), on the other hand, gradually increased
when the pyrolyzing temperature exceeded 250°C but started to decrease above 330°C.
These results indicate that the ester groups were formed at around 250°C and the ester
groups were decomposed at above 330°C. Combining these results with the data of
gas formation in scction 3.3, it may be considered that the interaction between cellulose
and lignin during the pyrolysis of biomass produced water and the ester groups. In
addition, the formation of water and the cross-linking reactions contributed to a

decrease in tar yields but an increase in char yields.

4. Conclusion

The pyrolysis behaviors of rice straw, rice husk, and comcob have been
investigated with the TG-MS technique, while paying close attention to the gas
formation during the pyrolysis. The weight decreasing profiles and the gas formation
rates were significantly different among the biomass samples although their elemental
compositions were almost the same. It was found that H,O was the main gas
component formed from all the samples. The differences in the gas formation rates
were found to be due to their differences in the composition of hemicellulose, cellulose,

and lignin. It was found that, among the biomass samples, rice straw produced the
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