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Abstract. The present work examines the experimental results obtained from sugar cane bagasse pyrolysed in an eectrical rotary
kiln and those from bagasse thermogravimetric curves, considering different heating rates (5, 10, 15 °C/min). To obtain curves
considering the biomass thermal decompositions in the kiln, similar to the TG's curves, it is necessary to itercalate constant
heating rates with constant temperature intervals. These curves show geometric similarity between then, including the sope values
of the thermal degradation lines that correspond to the holocellulose and lignin regions. The final yield at 500 °C, however, does not
match, (The TG values were situated between 6.5 and 17 %, while the kiln values were in the range 24.5 to 26.5 %). All these facts
offer strong evidence that if there is considerable mass scale change from the thermogravimetric sample and that of the kiln reactor,
information from thermal analysis may be somewhat misleading.
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1. Introduction

The present energy world criss resulting from the shortage of fossl fuds and from environmental problems caused
by an abusve use of natural resources, has been motivating the scientific communitiy to look for new technologies
which would dlow for the economicd use of renewable sources of energy. In Brazil the main sources of exploration,
consdering the current levels of technology, are the hydraulic, the naturd gas and the biomass, even knowing that the
hydraulic is, nowadays, less attractive than it was in the past, due to environmenta and economica restrictions,
imposed by protection laws, and/or by the physical, or geographical limitetions of the stes where hydraulic sources are
dill available. Moreover, the hydraulic source is dependent on the climatic changes, and therefore, it should count on
Government policies and investments, to implement, for example, the thermodectric sector to avoid the lack of water,
generated by long droughts, as the one in 2001, Jinior (2001-2003). Thus, ancther Brazilian option is the thermoelectric
plants, fuelled ly natural gas, which has a high cdorific capacity and is the cleanest of the fuels. But, as is known, this
energy may be four times more expensive than the hydraulic. In addition, natura gas is not distributed everywhere in
the country, Jinior (2001-2003). In such a context, biomass, through rational and sustainable programs, appears to be a
very attractive source of energy, being aso arenewable source and largely found in Brazil.

Biomass is any materid beonging to the vegetable kingdom, such as plants, agricultural cultures and their residues,
as sugarcane bagasse, rice husk or coffee shel, branches of trees, extractive vegetable ails, or from species planted as
soy, padm ail and castor ail plant, besides the urban garbage and animals manure.

The use of bioenergy can aso gimulate the job market in the countryside, promoting best conditions for the people,
and the reduction of oil importation, Rocha (2003). Studies show that biomass may dlow the perfect equilibrium of
CO, emissions into the atmosphere, and may contribute to the reduction of 97% of such emissions. In consequence,
there will be a decrease in the greenhouse effect.

Brazil is wedl known for the use of sugarcane biomass through one of the most important programs of renewable
energy generation in the world. It has employed modern technologies to convert biomass into eectricity, through
cogeneration systems, in many paper, cdlulose, sugar and dcohol industries. Sugarcane bagasse, for example, is used in
severd Brazilian ditilleries, and sugar industries to supply dl there energy needs (electric and thermal), Bezzon (1998).
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However, the economical exploitation of biomass imposes full knowledge of the processes involved in the
converson of this energy source. Severd researches have been conducted to improve the conversion efficiency of
cdlulose into solid, liquid, or gaseous products, and to reduce the environmental contamination of such conversons
One of the mogt practicd ways of obtaining an efficient fud from biomass is through pyrolysis - thermd decomposition
through high temperatures (> 400 °C) in the absence of oxygen. The results are a combustible ges, liquid products (tar
and pyroligneous acid) and a solid substance (charcoa) which can be converted into activated carbon, Cortex €. d.
(1997).

Some parameters involved in thermd degradation processes in indudrid furnaces, or in laboratoria kilns may be
understood conddering thermd andyses (TA). Thee ae different types of thermd andyses, among them,
Themogr avimetry, (TG), which is defined as a technique that registers the percentage of variation in the mass of a
sample in terms of temperature and/or time, for a chosen heeting ratio, Willard et. a. (1996). To process a TG andysis,
a minimum amount of mass in mg, is utilized, while the industrial furnaces, or laboratorid kilns are charged with an
amount a least a thousand times larger. This scde difference is the main reason of the disagreement between results
obtained in furnaces and the ones originated in TG analysis.

The present work compares and discusses Thermogravimetric data obtained from sugarcane bagasse samples
processed in a SHIMADZU, TGA-50, thermobaance, with results dravn from the sugarcane bagasse pyrolyss,
obtained in arotary kiln.

2. Experimental
21TheRaw Material

The rav maerid used in this research was the sugarcane bagasse, from Agroindistria Jepungu SA., a sugarcane
didtillery located in Santa RitaPB-Brazil. The bagasse is a reddue from the sugarcane, after the cane juice extraction.
Essentidly, it is a lignocdlulose materid, with chemicd components, such a holocdlulose, (cdlulose and
hemicdlulose), lignin and organic and inorganic eements.

2.2 Equipment
221 TheElectrical Rotary Kiln

All the experiments rel ated to pyrolysis were carried out in a Japanese dectrica rotary kiln, made by CHINO,
whose make and modd ae RICH TAKABAYASHI and RSS, respectively. The kiln has a tubular fixed bed resctor
(93 mm of internd diameter and length 900 mm). See Fg. (1). The hesting system is formed by three sets of eectrical
resistances, in series, and disposed in two opposite semi-cylindrica cradles. The longitudina length of the resistances is
700 mm. The kiln may be programmed to settle hegting rates, and temperaureslimits.

Figure 1. The Electricd Rotary Kiln.
2.2.2 The Thermogravimetric Balance

The TG curves describing the therma decomposition of the sugarcane bagasse were obtained from a thermobdance
SHIMADZU, modd TGA-50. The whole apparatus was in a room a 25 °C. The TG experiments took into account
three different heating ratios, (5, 10 and 15) °C/min, and temperaures ranging from ambient to 510 °C. The sample
masses varied between 35 to 4.5 mg.



2.2.3 The Thermocouples

For each set of eectricd resstances in the rotary kiln there were a K type thermocouple, and a temperature did.
Temperatures could also be registered by a plotter. All these devices were disposed in a frontal control pand. Another K
type thermocouple was used to determine the temperatures at the geometrical center of the biomass samples.
2.2.4 The Sample Capsules

To dore the samples during the pyrolyss, iron cylindrica capsules, with a lid at the top, having internal diameter of
48 mm, length of 140 mm, and weighting between 250 and 270 g, were built. See Fig. (2).

Figure 2. The Sample Capsules
2.2.5The Samples
2.25.1 Samplesfor TG Analysis

All the samples taken to the thermogravimetric balance, were formed by the raw materid from bags brought from a
digtillery, and seved - mesh 0.7 (ABNT) — to guarantee a certain uniformity in the grains. Just 35 to 45 mg of the
sieved materid filled up the cylindrica duminacell (6 mm diameter and 2.5 mm long) of the TG baance.

2.25.2 Samplesfor the Rotary Kiln

Two kinds of samples were consdered to be used in the kiln reactor: 1. An amount of 30 g of raw materid, not
seved. 2. 30 g of rav materid: 8 With 8 % of reduction in its origind mass. b) With 10% of reduction in its initid
meass.

The reason for using samples with fixed moisture reduction was determined by the thermogravimetric data, which
showed curvesinitiaizing with 8 or 10 % of moisture content losses.

2.2.6 The Sample Temperature

To plot and evduate TG curves, it is necessary to know, the heeting rate, the temperature behavior of the sample,
some physca characteriics of the sample, as wel as the thermogravimetric baance principles, (Cortex et. d., 1997;
Wendlandt, 1986 and Kesttch et. d. 1975). To obtain the therma decompostion data from pyrolysis in a furnace, or in
a kiln, smilar parameters are required, but they are much more difficult to pin point. The heding rate is an example.
Some furnaces, or kilns, as the one used in this research, may control the heat flux of the eedrical resistances, however,
this controlling cannot guarantee, as is obvious, that the sample will undergo the pyrolyss under the established hesating
rate. To increase the control of the therma decompostion of the samples insde the capsules, a thermocouple, K type,
was placed in the axis of the capsule, at the center of the cylinder. The temperature measured at this point represented
the ingtant temperature of the whole sample, during the heating process, which started a ambient temperature, and
finished a 500 °C, when the kiln was turned off, opened and cooled by a fan placed in the room. These temperatures
wereregistered usng aMicrologger 21X.



2.2.7 TheKiln Thermal Decomposition Curves

Eight capsules properly loaded with bagasse were employed to help to plot the curves of thermo-decompostion,
related to the kiln. To get the first point of the curve, the kiln was turned off when the temperature of the biomass
reached 140 °C. Then the kiln, and consequently the biomass was cooled to 100 °C, and then weighed. After reaching
ambient temperature, a second capsule was put in the kiln, which was then turned on, being turned off agan when the
temperature of the biomass arrived a 190 °C. At this stage the kiln was put out. And when the temperat ure decreased to
100 °C the sample was weighed, giving the second point of the curve. In this way, and by conddering the temperatures
at 240, 290, 340, 390, 440 and 500 °C up to end of the pyrolysis process, the thermo-decomposed curve was built. The
steps below were aso sequentidly followed:

The kiln was heated with a 10 °C/min hegting rate, for a period of 30 minutes;
After the above period, the temperature was kept constant for 10 minutes;

A hegting rate of 7.1 °C/min was then applied for 8 minutes;

And &fter that the heating rate was settled to 8.4 °C/min, for 7 minutes;
Finally, the heating rate was turned to 10.4 °C/min, for 10 minutes.

This procedure guaranteed a heating rate, for the whole period, close to 7.2 °C/min. It has been noticed that the kiln
programmed to be heated & a heeting rate of 10 °C/min, from ambient temperature to 500 °C, produces very high levels
of hegting rates at the center of the sample.

3. Resultsand Discussions
3.1 Thermogravimetrics Curves

Figure (3) shows the thermogravimetric and the derivative of the thermogravimetric curves, for the sugarcane
bagasse, consdering a hedting rate of 5 °C/min. (It was obsarved that for 10 and 15 °C/min, dl TG and the
corresponding derivative curves have amost the same profiles of the ones shown in Fig. (3)). Figure (3) shows three
different configurations for mass losses. The firs one correponds to the bagasse dehydration reection, occurred
between the room temperature and 100 °C. The second, represents the holocdlulose thermd degradation, which may be
aubdivided in two regions. the fird one presenting dower changes, corresponding to the hemicdlulose degradetion,
happened in the range between 220 °C and 340 °C. The other one, showing faster changes in the profile, is reative to
the cdlulose degradation, and occurs between 350 °C and 400 °C. The third region of therma decompostion, is due to
the lignin presence. It was done in the interval between 400 °C and 650 °C. From the derivative curve, it is much easier
to digtinguish dl these different regimes, or regions.
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Figure 3. The thermogravimetric and the derivative of the thermogravimetric curve plotted consdering the hedting rate
equal to5°C/min.



Figure (4) presents three TG for 5, 10 and 15 °C/min hedting rates, in terms of the biomass temperature. As
expected, see Fig. (4), generdly spesking, the higher the heting rate, the more the curves didocate to the right. It is
visble, however, that the curve concerned with the rate of 10 °C/min has a quicker golution to the left than the one of
15 °C/min, indde the lignin region. The fact that the higher the hedting rate, the fagter the lignin region is reached,
Rocha (2003), explains the superposition of curves of rates 10 °C/min and 15 °C/min, in Fig. (4).
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Figure 4. TG curvesin terms of the sample temperature for hegting rates, such as 5, 10 and 15 °C/min.
3.2 Temporal Temperature Distribution

Figure (5) presents three temperature distributions. The firg one shows a line which represents the temperat ure
digribution of the kiln dectricd resstances. The other two curves were plotted from data obtained consdering the
procedures described in section 2.2.6, and teking into account two samples: the first one consisting just of raw materia
picked from a bagasse bag brought from the didtillery, the second formed by bagasse taken from the oven, having a 8 %
moisture content reduction.

50 4 —— electrical resistance -
— raw material A
. | —— material 8% moisturereduction //
g ™ |
o
2 /
] /Y
E 20 /
/
=
0
0 10 20 30 40 50 60
Time (min)

Figure 5. Temperature digtributions of the dectrica resistance, rav materid and materia with 8 % of moisture contant
reduction, usng a heating hate of 10 °C/min in thekiln.



Observing the curve related to raw materid, one may see that there is no change in the temperatures during the first
15 minutes. Basicdly, it shows vdues of the room temperature. This duggishness is caused by the therma inertia, due
to the low conductivity of the air between the capsule and the reactor walls, combined with the poor conductivity of the
bagasse. After this period, and during the next 10 minutes, a heat wave front starts heating the raw materid sample,
keeping a heeting rate constant and close to 6 °C/min, which increases the sample temperature to 100 °C. As it may be
sen Fig. (5), this temperature is kept congtant for about 14 minutes, seeming to indicate the existence of a hase change
(the water evgporation). The sequence shows a fast increase in the sample temperature, when it quickly goes, from 100
to 475 °C, presenting a quite congtant heeting rate close to 62.5 °C/min. During this last period the holocelulose and the
lignin kinetic reactions also took place. In spite of this abrupt change in the sample temperature, the heating rate of the
kiln was maintained a 10 °C/min. Subsequently, the raw sample curve exhibits a dope very similar to the line which
represents the temperaure behavior of the kiln dectrica resisances (See the “straight” line in Fig. (5)), which displays
a hedting rate nearly equd to 10 °C/min. This was expected, considering thet al kinetic resctions have ceased, and the
remaining pyrolysed biomasswas just acting as a substrate to drive the heat coming from the electrical resistances.

The following procedures, usng a bagasse sample with 8 % of moisture reduction, were used to examine if the first
part of the curve considered above, redly correspanded to the evaporation phenomenon: By filling the eight capsules
with bagase & 8 % of moisture loss, a new experiment, very smilar to the one just described, was made, resulting in
the third curve in Fig. (5) (green color) . Examining this curve, one can see tha it perfectly coincides with the second
one, during the first 30 minutes, see the red curve. Aftewards, however, between 30 and 45 minutes, the curve is not o
flat as the other one, making it evident that there was no evaporation there, conddering that the sample was aready
dehydrated. The rest of the third curve shows the action of the two kinetic reactions, related to the decompositions of
the holocdllulose and the lignin. Findly, a 450 °C, the dope of the curve becomes identical to tha of the temperature of
the resistances, overlapping the second curve.

3.3 Comparisons Between Themogravimetric Plotsand Curves of Thermal Decomposition

Figure (6) displays three TG plots (related with the three hesting rates 5, 10 and 15 °C/min) and two curves
representing two cases of thermal decompostion of sugercane bagasse previoudy dried: the first having 8 %, and the
second 10 % of moisture content loss, based upon the initid mass. Concerning the TG curves, Fig. (6) shows just
portions ranging between 140 °C and 510 °C, that is, the domain of temperature variations conddered in the eectrica
kiln.
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Figure 6. Curves of therma decomposition in the kiln with 8 and 10 % of moisture content reduction and TG with 5, 10
and 15 °C/min, asfunction of the time.

From Fig. (6), it is evident that the therma decomposition based on steps presented above (section 2.2.7) produced
profiles much closer to the 5 °C/min TG plot, than to the other TG curves. On the other hand, after the dehydration
process n al TG curves, the therma decomposition of the biomass dtarted, for the heating rates of 5, 10 and 15 °C/min,
respectively, a 2500, 1500 and 1000 seconds, right after the limit of 200 °C is reached, Figure (7). This fact is not



observed in the curves besed on the thermd decomposition data using the kiln. In both cases for biomass previoudy
dried (moisture content losses of 8 and 10 %) the therma decomposition was initiated a 140 °C, showing a constant
rate of mass reduction: 10.8 % (8% of moisture ontent losses) and 17,5% (10 % of moisture content losses), see Fig.
(7). Following this decaying phenomenon, a quicker process of therma decompostion takes place, for both cases (8
and 10%), which corresponds to the holocdlulose degradation. Then, the new segment in eech curve (thermd
degradation of the holocdlulose and lignin), shows a behavior smilar to those presented by the TG curves including
the proximity of the dope magnitude. However, the find percentage of mass losses, evduated a 500 °C, differs
condderably from the experimentd data collected from the thermogravimetric anadlyss. For example, from TG, under
the hedting rate of 5, 10, 15 °C/min, the find percentage values were respectivdly 6.5, 14 and 17 %, while the two
curves conceming the previoudy dried materid (8 and 10%) exhibited dmost the same reault, i.e, 25 % of its initid
mass.
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Figure 7. Curves of thermd decomposition in the kiln, with 8 and 10 % of moisture content reduction, and TG with 5,
10 and 15 °C/min, asfunction of thetemperature.

4. Conclusion

Severd variables are involved in the find TG andyds result. These variables, among others, may be the sze and
the uniformity of the particles, the compactness of the sample, hest convection currents in the kiln, or in the furnace
reector, the amount of the sample, the therma conductivity of the sample materia, etc, which, generadly spesking, are
not easy to control. Just these aspects may suffice to make it complex, and sometimes impossible, the comparison of
measurements from thermo-balances, of different manufacturers.

Therefore, if the comparisons are made between results produced by thermogravimetric baances and those from
indugtrial  furnaces, or laboratoria kilns, the incongruences may be basically motivated by the incomparability of the
amount of mass used in both Stuations. A TG analyss reguires a sample having a mass which may vary from few
milligrams to approximately 10 grams, depending on the raw materid under consideration, or upon the euipment type,
Jaroniec . a.(1990). In this study, for example, the mass utilized in the TG andyss ranged between 35 to 45 mg. In
contradt, the eectrica kiln, where dl the pyrolysis were conducted, which has a very smal reactor compared to a semi-
industrid  furnace, required an amount of bagasse 7000 to 8500 times larger than the mass used in the
thermogravimetric balance. As an immediate consequence, the heat of reaction in the kiln provided a sgnificant
temperature increase, inside the biomass in the reactor, while such an effect was not perceived during the TG analysis.

This study shows that to undergo a pyrolysis process having a fixed heating retio in a furnace, or in a kiln, is not a
smpletask, as different from when athermogravimetric belanceis used.

Teking into account dl the above remarks one should be aware that for the indications and conclusons emerged
from a therma analysis to be transferred to furnace, kiln, or oven operation control, where the amount of mass
employed, and/or the experimentad conditions are completely different, they should at least be checked, corrected, or
considered with caution.
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