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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

11



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

12



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

13



largest amount of H,O (0.24& g/g-sample) and the least amount of tar (0.096
g/g-sample). On the other hand, corncob produced the largest amount of tar, which
was 0.262 g/g-sample. The large amount of water production during the pyrolysis of
rice straw was judged to be due to its high content of hemicellulose. 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 can be considered 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.
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Table 1. Ultimate analyses (wt %, daf.) and proximate analyses (wt %, db.) of rice straw,

rice husk, corncob, xylan, lignin, and cellulose.

Ultimate Analyses [wt %, daf.]

Proximate Analyses [wt%, db.]

Samples . Volatile i
C H N O(diff.) Fixed carbon Ash
matter

rice straw 442 6.2 0.8 48.8 71.6 14.5 13.9
rice husk 474 6.7 0.8 4514 68.9 11.1 20.0
corncob 45.5 6.2 1.3 47.0 82.2 16.9 0.9
xylan 40.0 6.0 0.0 54.0 79.6 17.5 2.9
lignin 56.3 6.1 0.0 37.6 68.7 20.7 10.6
cellulose 44 4 6.8 0.0 48.8 96.3 3.7 0.0
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Table 2. The results of structural analyses for biomass samples [7-9].

Biomass Samplc | Hemicellulose | Cellulose | Lignin | Extractive matter | Reference
rice straw 35.7 320 223 10.0 7]
rice husk 28.6 286 24 4 1R.4 it

corncob 310 50.5 150 35 9]
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Abstract

Carbonization of biomass (éorn cob) 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 corn cob were selectively decomposed during the carbonization in hot compressed
water. The pyrolysis and combustion behaviors of the biochar were found to be affected

significantly by the carbonization in hot compressed water.

Keywords: Carbonization, Biomass, Hot compressed water, Hydrothermal, Subcritical

water
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Renewable energy is of growing importance in satisfying environmental concerns
over fossil fuel usage. Bioma.é;s including agricultural residues is one of the main
renewable energy resources available especially in an agricultural country such as
Thailand. Thailand has many kinds of biomass, for example, rice husk, corn cob, coconut
shell, palm shell, and sugar cane bagasse. Biomass is considered the renewable energy
source with the highest potential to contribute to the energy needs of modern society for
both the developed and developing economies world-wide (IEA, 2000).

There is a wide range of processes available for converting biomass into more
valuable fuels. These include biological processes to make ethanol (Hamelinck et al.,
2005), and thermal processes to make heat, gaseous fuels, liquid fuels, and solid fuels
(Bridgwater, 2003). Biomass offers important advantages as a combustion feedstock due
to high volatility of the fuel and high reactivity of both the fuels and the resulting char.
Biomass is in part due to the generally higher moisture content and in part due to the high
oxygen content. In comparison with fossil fuels, biomass contains much less carbon and
more oxygen, and hence has a low heating value. Therefore, biomass is seldom utilized in
the energy production schemes (Bridgwater ef al., 1988). So, it is necessary to upgrade
biomass to be a high value fuels by some means.

Several technologies have been developed to convert biomass into a biofuel with a
higher heating value, such as gasification (Bridgwater, 1995), fast pyrolysis (Bridgwater et
al., 2000), and hot compressed water treatment (Goudriaan ef al., 1990). In the hot
compressed water treatment, the biomass is treated with water under subcritical condition
(300 - 350 °C, 10 ~ 18 MPa). During this process, the oxygen content of the organic
material is reduced from about 40% to between 10% to 15%. Many studies have been
performed to investigate the decomposition of biomass in water under subcritical and

supercritical conditions (Mok et al., 1992; Sasaki et al., 1996; Yoshida er al., 2001).



However, Iittle work has been done to investigate the effects of hot compressed water on
the characteristics of the solid proﬂduct.

In this study the biomass (corn cob) was carbonized in hot compressed water at
temperature 300 — 350°C and pressure of 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. The pyrolysis
and combustion behaviors of the biochar were examined in detail through the

measurements of changes in weights by using a thermogravimetric analyzer (TGA).

Materials and Methods
1. Sample preparation
The biomass samples used in this study is corn cob. Corn cob sample was ground
into less than 1 mm in diameter and dried in vacuo at 70 °C for 24 h before the

experiments. The proximate and ultimate analyses of corn cob are shown in Table 1.

2. Carbonization under atmospheric pressure

The carbonization of biomass under atmospheric pressure was conducted in a tube
furnace and a horizontal quartz tube reactor (3 cm L.D. and 50 cm in length). About 0.5 g
of the corn cob was placed in an alumina boat (20 mm x 100 mm) and then the boat with
the sample was inserted into the middle of the reactor. The sample was heated from room
temperature to 350 °C at a constant heating rate of 10 °C/min in a nitrogen stream at flow
rate of 200 ml/min and it was kept at the desired temperature for 30 min. The carbonized

sample was subjected to various analyses.

3. Carbonization in hot compressed water



The carbonization of biomass in hot compressed water was carried out by use of a small
bomb reactor (1 cm 1.D. and 15 cm length). About 1 g of com cob and 1 — 7 g of water were
added into the reactor, and then the reactor filled with the sample and the water was immersed
into an air fluidized bed of MgO particles (70 pm in diameter). The internal diameter of the
fluidized bed was 8 cm and the bed height was 50 cm. The reactor was heated from 30 °C up
to 300°C or 350°C at which it was kept for 30 min. The pressure inside the reactor was
measured by a pressure transducer (Kyowa, PGM-500 KD) connected to the reactor. Figure 1
shows the experimental set up used for the carbonization of biomass in hot compressed water.
After the reaction time was reached, the reactor was immersed into the water bath to stop the
reaction. The gaseous product was collected by a gas bag and then analyzed by using a gas
chromatography with a TCD detector (Shimadzu, GC-14B) for CO, CO,, and CH,s. The
reaction mixtures were separated into the solid and liquid fractions by filtration. The liquid
fraction was diluted with water to 100 ml and then analyzed for the total organic carbon by
using a TOC analyzer (Shimadzu, TOC-VCSH). The solid fraction was dried at 70 °C for 24
hin vacuo. After drying, the solid was determined for the elemental composition by using a

CHNS analyzer (Thermofinnigan, Flash EA 1112 series).

4. Pyrolysis behaviors of the biochar

The weight change of the biochar during the pyrolysis was measured by use of a
sensitive thermogravimetric analyzer (Perkin Elmer, Pyris] TGA). Fine particles of less
than 74 pm and small samples of around 5 mg were used to ensure uniform heating of the
samples. The sample was heated from room temperature to 900 °C at a constant heating

rate of 10 °C/min in a nitrogen stream and flow rate of 50 ml/min.

5. Combustion behaviors of the biochar



The weight change of the biochar during the combustion was measured by use of a
sensitive thermogravimetric anaiyzer (Perkin Elmer, Pyris] TGA). Fine particles of less
than 74 um and small samples of around 5 mg were used to ensure uniform heating of the
samples. The sample was heated from room temperature to 600 °C at a constant heating

rate of 10 °C/min in an air stream and flow rate of 50 ml/min.

Results and discussion
1. Effect of reaction temperature and pressure on the conversion of the biomass

The biochar carbonized in hot compressed water were abbreviated by attaching the
final temperature and pressure after H>O, for example H;O-300-10 means the biochar was
carbonized in hot compressed water at temperature of 300 °C and pressure of 10 MPa. On
the other hand, the biochar samples carbonized in the nitrogen atmosphere were
abbreviated by attaching the final temperature and pressure after N3, for example N,-300-
0.1 means the biochar sample was carbonized in the nitrogen atmosphere at temperature of
300 °C.

Figure 2 shows the yield of biochar carbonized in hot compressed water at 300 —
350°C and pressure of 10 — 18 MPa. The yields of biochar carbonized in hot compressed
water at 300°C decreased from 46.8 % to 43.7 % when increasing pressure from 10 MPa
to 18 MPa. The yields of biochar carbonized in hot compressed water at 350°C decreased
from 44.7 % to 38.6 % when increasing pressure from 10 MPa to 18 MPa. On the other
hand, the yields of biochar carbonized in the nitrogen atmosphere at 300°C and 350°C
were 49.8 % and 36.4 %, respectively. These results clearly indicated that pressure
significantly affected the yield- of biochar and the yield decreased with increasing the
pressure. These results also suggested that we could increase the yield of biochar by

carbonization in hot compressed water at 350°C.



Table 2 lists the proximate analyses and the yields of biochar carbonized in hot
compressed water and in nilrogén atmosphere. The volatile matter of biochar carbonized
in hot compressed water increased with increasing pressure while the volatile matter of
biochar carbonized in nitrogen atmosphere decreased with increasing temperature. The
ash contents of biochar carbonized in hot compressed water at some conditions were null
comparing with the ash content of the raw corn cob of 8.6%. This result showed that the
mineral matter in corn cob could be dissolved in water at high pressure.

The proportion of products (solid, liquid, and gas) from corn cob carbonized in hot
compressed water can be described as carbon distribution. Figure 3 shows the carbon
distribution of biochar carbonized in hot compressed water. The carbon in solid products
of biochar carbonized in hot compressed water at 300°C decreased from 78.5% to 67.1%
when increasing the pressure from 10 MPa to 18 MPa. On the other hand, the carbon in
liquid products at 300°C increased from 16.7% to 22.7% when increasing the pressure
from 10 MPa to 18 MPa. The carbon in solid products of biochar carbonized in hot
compressed water at pressure of 18 MPa increased from 67.1% to 69.6% when increasing
the temperature from 300°C to 350°C. This result indicates that the conversion of comn
cob in hot compressed water is accelerated by increase in pressure. However, small
amount-of gas, in which CO; is the major gas component, was formed at all experimental
conditions employed in this study. The carbon balances of all the experiments are more
than 85%. The loss of the carbon balances was probably due to the sticky residue

deposited on the wall of reactor not being recovered.

2. Elemental analyses of the biochar carbonized in hot compressed water
Next, the elemental compositions and calorific values of the biochar carbonized in

hot compressed water as well as the biochar carbonized in the nitrogen atmosphere were



examined. Table 3 lists the ultimate analyses and the calorific values of the biochar
carbonized in hot compressed water and in nitrogen atmosphere. The calorific value is
calculated from the ultimate analyses by using the SEYLER’s formula (D.W. van

Krevelen, 1993) as follows:

CV (cal/g) = 123.9C + 388.1H + 0.250° — 4269

From the Table 3, the carbon content of the biochar carbonized in hot compressed
water at 350°C increased from 80.2% to 82.7% while the oxygen content decreased from
14.1% to 10.7% when increasing pressure from 10 MPa to 18 MPa. On the other hand,
the carbon content and the oxygen content of the biochar carbonized in nitrogen
atmosphere at 350°C were 76.9% and 18.1%, respectively. The calorific value of the
biochar was significantly increased by the carbonization in hot compressed water. These
results suggested that the oxygen functional groups in the com cob were selectively
decomposed during the carbonization in hot compressed water resulting in high calorific
value of the biochar. Thus, we can upgrade the biomass into biochar with high calorific

value and high yield by carbonization in hot compressed water.

3. Pyrolysis behaviors of the biochar

To examine the pyrolysis behaviors of the biochar, the thermogravimetric curves of
the biochar during the pyrolysis were examined. Figure 4 compares the weight loss curves
during the pyrolysis between the raw corn cob and the biochars carbonized in hot
compressed water and carbonized in the nitrogen atmosphere. The weight decreasing
profiles of the biochar carbonized in hot compressed water were significantly different

from the biochar carbonized in the nitrogen atmosphere. Among these biochars, the
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weight of biochar carbonized in hot compressed water started to decrease before that of
the biochar carbonized in the nitrogen atmosphere. The weight of the biochar carbonized
in hot compressed water started to decrease at around 150°C and the char yields at 900°C
for the H,0-350-10, H,0-350-15, and H,0-350-18 were 71.4%, 60.2 %, and 51.8 %,
respectively. On the other hand, the weight of the biochar carbonized in the nitrogen
atmosphere started to decrease at above 200 °C and the char yield at 900°C was 65.6 %.
These results showed that the pressure significantly affected the pyrolysis behaviors of the
biochar and the char yielld at 900°C of the biochar carbonized in hot compressed water
decreased with increasing rin pressure.  These results clearly indicated that the
carbonization of corn cob in hot compressed water is significantly different from the

carbonization in the nitrogen atmosphere.

4. Combustion behaviors of the biochar

Next the combustion behaviors of the biochar were examined. Figure 5 compares
the weight loss curves during the combustion between the raw corn cob and the biochars
carbonized in hot compressed water and carbonized in the nitrogen atmosphere. To
examine the combustion behaviors of the biochar in more detail, the weight decreasing
profile of each sample was differentiated with time and the result was shown in Figure 6.
The derivative plots showing the rate of weight change as a function of temperature
(derivative thermogravimetry, DTG) are useful in attempting to resolve overlapping
processes. The DTG curve for raw corn cob showed two sharp peaks at 265°C and 290°C
and a broad peak at around 400°C. The DTG curve for N»-350-0.1 showed a big
distinctive peak at around 400°C. The DTG curve for H,0-350-10 showed a big sharp
peak at around 410°C. On the other hand, the DTG curve for H,0-350-18 has two

distinctive peaks at 180°C and 480°C. Due to high volatile matter content of H,0-350-18
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(48.4 %), the first peak of the DTG curve for H,0-350-18 may probably due to the
combustion of the volatile matter evolved at lower temperature. These results clearly
indicated that the combustion behaviors of the biochar carbonized in hot compressed

water were significantly affected by carbonization in hot compressed water.

Conclusion

In this study the carbonization of biomass in hot compressed water at temperature
300 - 350°C and préssurc of 10 - 18 MPa for 30 min was proposed in order to upgrade the
biomass into a biochar with a higher heating value. If was found that the yields of the
biochar carbonized in hot compressed water at 350°C were higher than the yield of the
biochar carbonized in the nitrogen atmosphere. The yield of the biochar decreased with
increasing pressure and temperature during the carbonization in hot compressed water.
The effects of carbonization in hot compressed water on the properties of the biochar were
examined from several aspects. Based on the information obtained from the elemental
analyses of the biochar, it was found that the oxygen functional groups in the corn cob
were selectively decomposed during the carbonization in hot compressed water. The
heating values calculated from the elemental analyses of the biochar carbonized in hot
compressed water were 1.8 times larger than that of the raw corn cob. The pyrolysis and
combustion behaviors of the biochar were found to be affected significantly by the

carbonization in hot compressed water.
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Table 1. Proximate and ultimate analyses of biomass samples

Sample

Proximate analyses [wt % ,dry basis]

Ultimate analyses [wt %, daf]

VM

FC

Ash

C

H

N

O (diff)

Corncob

75.3

16.1

8.6

48.2

6.5

0.7

44.6
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Table 2. The proximate analyses and the yields of biochar carbonized in hot

compressed water and in nitrogen atmosphere.

Sample Proximate analyses [wl%; dry basis] Yield
Volatile matter | Fixed carbon Ash [wt% dry basis]

N»-300-0.1 59.3 40.7 0.0 49.8
N»-350-0.1 34.6 63.2 2.2 364
H,0-300-10 51.7 48.3 0.0 46.8
Hy0-300-15 53.4 46.6 0.0 454
H,0-300-18 53.5 46.6 0.0 43.7
H,0-350-10 28.7 69.3 1.9 44.7
H>0-350-15 399 60.0 0.0 40.8
H,0-350-18 48.4 51.6 0.0 38.6

15



Table 3. The elemental analyses and the calorific values of biochar carbonized

in hot compressed water and in nitrogen atmosphere.

Sample Ultimate analyses [wt%, daf.} Calorific value

C H N O (diff) [cal/g]
raw 48.2 6.5 0.7 44.6 4,722.9
N»-300-0.1 66.0 54 0.5 28.1 6,201.5
N,-350-0.1 76.9 4.4 0.6 18.1 7,048.5
H,0-300-10 75.7 5.5 0.6 18.1 7,326.7
H,0-300-15 75.7 5.7 0.5 18.0 7,403.4
H>0-300-18 69.6 5.7 0.4 24.2 6,713.0
H,0-350-10 80.2 4.8 0.5 14.1 7,580.4
H,0-350-15 79.1 54 0.5 15.0 7,683.5
H,0-350-18. 82.7 6.0 0.6 10.7 8,334.8
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Carbonization Characteristics of Thai Agricultural Residues
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Abstract: The carbonization characteristics of some Thai agricultural residues have been investigated. The weight change behaviors
and the changes in functional groups during the carbonization were examined by using a thermogravimetric analyzer and an FTIR
spectrometer, respectively. The weight decreasing profiles were significantly different among the samples. The DTG curves during
the carbonization of biomass have several distinctive peaks. These peaks seem to be caused by the decomposition of hemicellulose,
cellulose, and lignin in biomass. There were significant interactions between cellulose and lignin during the carbonization. The
thermogravimetric analyses of the lignin-cellulose blends clearly show that the interactions between cellulose and lignin during the
carbonization contributed to increases in carbonization yields. From the FTIR analyses, the increase in carbonization yields during
the carbonization of lignin-cellulose blends was brought about by the cross-linking reactions between lignin and celiulose to form

ester groups during the carbonization.

Keywords: Carbonization, Pyrolysis, Biomass, Thermogravimetric, FTIR Analysis.

1. INTRODUCTION

Renewable energy is of growing importance in satisfying
environmental concerns over fossil fuel usage. Biomass
including agricultural residues is one of the main renewable
energy resources available especially in an agricultural
country such as Thailand, Thailand has many kinds of biomass,
for example, rice husk, corncob, cocenut shell, palm shell, and
bagasse. Biomass can be converted to energy and fuels via
thermochemical and biochemical processes [1]. Carbonization
is one of the thermochemical processes that convert biomass
into charcoal. Charcoal has been used as a domestic fuel for
cooking in rural areas. The carbonization process, also known
as pyrolysis, can be defined as the step in which the organic
material is heated slowly in an inert environment at
temperature of 450°C - 500°C, which may extend to 1300°C
[2]. The organic material is transformed into a material that is
essentially carbon. The process is complex and several
reactions may take place simultaneously such as dehydration,
devolatilization, and condensation [3]. However, the
production of charcoal from biomass by conventional method
is slow and inefficient. Moreover, the inefficient carbonization
processes are a principal cause of deforestation.

Many attempts have been performed to improve the
carbonization yield. Antal er al. reported methods to improve
the carbonization yield. They reported a method for
manufacturing high-quality charcoal from biomass. In the pipe
bomb experiments, a process development unit (PDU) was
designed and constructed to demonstrate the technology of
high-yield (HY) charcoal manufacture on a larger scale [4]. It
has been reported that the charcoal yields of 42 - 62 wt%
could be achieved by carbonization at elevated pressure [S].
Mackey er al. studied the influence of heating rate on charcoal
yields. They reported that an increase from 22% to 32% in the
yield of charcoal from red wood when the heating rate was
reduced from 200 °C/min to | °C/min [6]).

However, to improve the efficiency of the carbonization
process, it is very important 1o investigate the carbonization
behavior of biomass from fundamental viewpoints. Mansaray
and Ghaly have investigated the thermal degradation of four
rice husk varieties at three heating rates (10, 20 and 50 °C/min)
in nitrogen atmosphere by using the thermogravimetric
analysis between ambient temperature and 700 °C. They
found that the higher the cellulosic content of the rice husk,
the higher the thermal degradation rate and the initial

Corresponding author: nzkorn_w(@jgsee kmutt.ac.th

degradation temperature {7]. Antal and Mok have studied the
effect of heating rate on the carbonization yield of bagasse by
using the thermogravimetric analysis [8). They found that
there was no significant change in the carbonization yield at
541 °C when decreasing the heating rate from 2 to 0.5 °C/min.

In this study the carbonization characteristics of some Thai
agricultural residues (e.g. corncob, bagasse, rice husk, coconut
shell and palm shell) were investigated by thermogravimetric
analysis (TGA). The rate of weight loss of the sample as a
function of temperature and time was measured to predict the
thermal behavior of biomass samples. The changes in
functional groups during the carbonization were examined
using Fourier Transforms Inftared (FTIR) spectrometer, Based
on these measurements, the carbonization mechanism of
biomass was discussed.

2. EXPERIMENTAL

2.1 Materials

The biomass samples used in this study were rice husk,
comceb, bagasse, coconut shell, and palm shell, Table 1 lists
the ultimate analyses of the biomass samples, The biomass
samples were ground into fine particles of less than 75 pm in
diameter and dried in vacuo at 70 °C for 24 hours before the
experiments.

Table 1 The ultimate analyses and calorific values for biomass'
samples used in this study

Ultimate analyses (%daf)

Sample C H O+N cv
(diff)  (callg)
Comcob 48.4 6.2 57.8 4,264.2
Bagasse 47.8 6.1 583 4,098.3
Rice husk 50.2 6.8 43.0 34320
Palm shell 56.4 6.8 36.8 5,004.0
Coconut shell 51.8 6.0 423 43733

2.2 Carbonization experiments

The weight changes during the carbonization was measured
by the use of a sensitive thermogravimetric analyzer ( Perkin
Elmer, Pyris | TGA). The sample was heated at a constant rate
of 10 K/min in nitrogen atmosphere from room temperature to
900 °C. Fine particles of less than 75 pum and small samples of
around 10 mg were used to ensure uniform heating of the
samples. The calorific values of the samples were measured
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by a bomb calorimeter (LECO, AC 350). Mean values from
three repeated measurements were reported for the calorific
values. !

2.3 Changes in the functional groups of biomass during the
carbonization

To investigate the changes in functional groups during the
carbonization, 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 carbonized at 250 °C, 300 °C,
320 °C, and 400 °C were measured by using KBr pellet
method. Since the IR absorption of the carbonized samples
was very intense, only a small amount of the sample {1 wi %)
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 through the carbonization

Figure | shows the changes in weight during the
carbonization of the biomass samples. The weight decreasing
profiles were significantly different among the samples. The
weight of palm shell started to decrease at above 150 °C. On
the other hand, the weight of rice husk, corncob, bagasse and
coconut shell started to decrease at above 200 °C. The major
weight decreasing was observed at around 250 °C - 350 °C for
all the samples. Afier that, the weight decreased gradually
when increasing the pyrolysis temperature further from 400 °C
to 600 °C for all the samples. The carbonization yield
gradually decreased from 48.1% to 41.3% for rice husk and
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Fig. 1 Changes in weight of biomass samples during the

carbonization.

Table 2 The yiclds of charcoal from biomass samples at
several carbonization temperatures.

Yield (wit% dry basis)

Sample 400 °C 500 °C 600 °C
Corncob 285 243 27
Bagasse 343 30.) 28.4
Rice husk 48.1 432 413
Palm shell 326 27.6 25.0
Coconut shell 32.3 27.8 25.4

from 28.5% to 22.2% for corncob with an increase of
temperature from 400 °C to 600 °C. Table 2 lists the
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carbonization yields at different temperatures for the five
biomass samples. The carbonization yields were significantly
different among the samples.

To examine the carbonization behaviors of the biomass
samples in more detail, the weight decreasing profite of each
biomass sample was differentiated with time and the result
was shown in Fig. 2. The derivative plots showing the rate of
weight chanpge as a function of temperature (derivative
thermogravimetry, DTG} are useful in attempting to resolve
overlapping processes. The DTG curves of celiulose, lignin,
and xylan (represents hemicellulose)} are also shown for
comparison in Fig. 2. The DTG curve for xylan has two
distinctive peaks at 220 °C and 280 °C, while the DTG curve for
cellulose has a sharp peak at 340 °C. On the other hand, the
DTG curve for lignin is very broad and has 2 small peak at
31¢ °C. All the biomass samples show two distinctive peaks at
around 280 °C and 340 °C, These results suggest that the first
peak of the DTG curve for biomass samples is due to the
decomposition of hemiceliulose in the sample and the second
peak of the DTG curve is due to the decomposition of
celiulose in the sample.

However, it is necessary to examine further the synergistic
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ET1S / v 10 Kimin
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'E Rice husk Cocorut shel
o -20F =
%, Bagasse
E
- 30 = -
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h-
40 = ]
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effect of the blending of cellulose, hemicellulose, and lignin
during the carbonization,

Fig. 2 DTG thermogram of biomass samples, cellulose, lignin,
and xylan.

3.2 Effect of the presence of lignin on the carbonization of
cellulose

To examine the synergistic effect of the presence of lignin
on the carbonization of cellulose, the TGA analyses of the
lignin-celiuiose blends were carried out. Figure 3 shows the
weight loss curves of lignin-celiufose blends with the ratios of
lignin to cellulose of 20:80 and 50:50. To verify the existence
of interactions between lignin and cellulose, the theoretical
weight loss curves were calculated. These curves represent the
sum of the individual components’ behavior in the blends.
Yeue = Xryl"'-"zyz )
Where x; is the mass fraction of each material in the blend and
Y; is the carbonization yield of each material, The calculaied
weight loss curves for the lignin-cellulose blends were
compared with the expetimental weight loss curves in Fig. 3
for both the blending ratios. [t was found that the experimental
weight loss curves decreased more rapidly than the calculated
weight loss curves in the low temperature region, but with
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Fig. 3 Comparison of TG curves for lignin-cellulose blends
between the experimental and the calculates curves: (a) for
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a further increase in temperature the experimental weight loss
curves seem to decrease more gradually than the calculated
weight loss curves for both blending ratios. Then, the
carbonization yield at 600 °C for the experimental weight loss
curves was larger than the carbonization yield for the
calculated weight loss curves. The difference between the
experimental weight loss curves and the calculated weight loss
curve becomes more significant when the cellulose content in
the blend becomes larger. These results clearly indicated that
the carbonization characteristics of cellulose are significantly
affected by the presence of lignin.

To investigate the synergistic effect of the presence of
lignin on the carbonization of cellulose in more detail, the
FTIR analysis was employed. Figure 4 shows the FTIR
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Fig. 4 FTIR spectra of the lignin-cellulose blends with the
ratio of lignin to cellulose of 20 : 80 and the blends that were
carbonized at 250 °C, 300 °C, 350 °C and 400 °C.

304

spectra (500 - 4,000 cm™') of the lignin-cellulose blends with
the ratio of lignin to cellulose of 20 : 80 and the
lignin-cellulose blends that were carbonized at scveral
temperatures. The amount of aliphatic C-H groups (2,900 -
3,000 cm™) decreased significantly when the carbonization
temperature exceeded 300 °C. The amount of ester groups
(1750 - 1800 cm™'), on the other hand, gradually increased
when the carbonized temperature exceeded 250 °C, exhibited
a maximum at around 350 °C, then decreased rapidly. These
results indicated that the ester groups were formed at around
250 °C and the ester groups were decomposed at above 350
°C. It was suggested that the interactions between cellulose
and lignin during the carbonization produced the ester groups
which were decomposed at higher temperatures. These results
can be concluded that celtulose interacts with lignin to form
the ester groups during the carbonization, which contributes to
an increase in the carbonization yield as shown in Fig. 3.

3.3 Changes in functional groups though the carbonization

Figure 5 shows the FTIR spectra (500 - 4,000 ¢cm™) of the
raw corncob and the corncob samples that were carbonized at
250 °C, 300 °C, 320 °C, and 400 °C. The amounts of OH
groups (3,000 - 3,600 cm™) and atiphatic C-H groups (2,900 -
3,000 cm™) decreased significantly after the carbonized
temperature exceeded 300 °C. The amount of ester groups
(1750 - 1800 cm’'), on the other hand, gradually increased
after the carbonized temperature exceeded 250 °C, reached a
maximum around 320 °C, then decreased rapidly. These
results indicated that the ester groups were formed at around
250 °C and the ester groups were decomposed at above 320
°C. It indicates that the interactions between cellulose and
lignin during the carbonization of comcob produced the ester
groups which were decomposed at higher temperature as
discussed in section 3.2. However, further study and analysis
of gas formations during the carbonization of biomass is
necessary for better understanding of carbonization
characteristics of biomass.
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Fig. 5 FTIR spectra of the raw corncob and the corncob that
were carbonized at 250 °C, 300 °C, 320 °C and 400 °C.

4, CONCLUSION

The carbonization characteristics of rice husk, corncob,
bagasse, coconut shell, and palm shell have been investigated
by using a thermogravimetric analyzer and an FTIR
spectrometer. It was found that the weight change behaviors
during the carbonization were significantly different among
the samples. The DTG curves during the carbonization of
biomass have several distinctive peaks. These peaks seem to
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be caused by the decomposition of hemicellulose, cellulose,
and lignin in biomass, There were significant” interactions
between cellulose and lignin during the carbdnization. The
thermogravimetric analyses of the lignin-cellulose blends
clearly show that the interactions between cellulose and lignin
during the carbonization contributed to an increase in the
carbonization yield. From the FTIR analyses, the increase in
carbonization yields during the carbonization of
lignin-celiulose blends was brought about by the cross-linking
reactions between lignin and cellulose to form ester groups
during the carbonization. It suggests that further study and
analysis of gas formations during the carbonization of biomass
is necessary for better understanding of carbonization
characteristics of biomass.
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