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Despite its abundant supply, tobacco stem has not been exploited as an energy source in large scale. This
study investigates the combustion behaviours of tobacco stem in a thermogravimetric analyser (TGA) and
a pilot-scale fluidized bed (FB). Combustion characteristics, including ignition and burnout index, and
combustion reaction kinetics were studied. Experiments in the FB investigated the effects of different
operating conditions, such as primary air flow, secondary air flow and feeding rates, on the bed temper-
ature profiles and combustion efficiency. Two kinds of bed materials cinder and silica sand were used in
FB and the effect of bed materials on agglomeration was studied. The results indicated that tobacco stem
combustion worked well in the FB. When operation condition was properly set, the tobacco stem com-
bustion efficiency reached 94%. In addition, compared to silica sand, cinder could inhibit agglomeration
during combustion because of its high aluminium content.

� 2012 Published by Elsevier Ltd.
1. Introduction

The supply of tobacco waste is abundant but there is no
effective way to treat or exploit the materials. In China, tobacco
production and curing is ranked among the most important agro-
industries, involving hundreds of millions of farmers and workers
and, thus, contributing significantly to the national economy. How-
ever, the tobacco manufacturing process consumes considerable
amounts of energy but with little efficiency. According to (Xu
et al., 2000), the average energy cost involved in tobacco curing
is 2.2–3.2 kg of standard coal for per 1 kg of tobacco, with a process
energy efficiency of less than 20%. In addition, a large amount of
energy is dissipated through incomplete combustion, flue gas
emission and heat transfer, and the energy cost is then significantly
increased. Furthermore, this considerable use of fossil fuels can
harm the environment through air pollution, greenhouse gas, acid
rain and so on (Quadrelli and Peterson, 2007). Therefore, a poten-
tial solution is essential to address all of the issues mentioned
above. It has been reported that the production of approximately
5 million tons of dried tobacco (Li et al., 2010) yields 1 million tons
of tobacco waste. If such large amount of tobacco waste could pos-
sibly be utilized to provide energy for the tobacco curing in an
effective and clean method, it would satisfy the objectives of both
energy conservation and environmental protection.
Elsevier Ltd.
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Tobacco waste is a typical agricultural waste material produced
during the manufacturing of tobacco. The range of waste products
generated from tobacco is diverse, and mainly includes tobacco
stems, tobacco dust and tobacco residue (Piotrowska-Cyplik et al.,
2009; Zhong et al., 2010). Large amount of tobacco waste is gener-
ated every year, and the disposal of the waste has generated wide-
spread concern in the tobacco industry because of their high
content of toxic chemicals, such as nicotine, which is harm to both
the environment and human health (Barrena et al., 2008). However,
these large yields of tobacco waste could provide a new fuel
resource if used appropriately. The conventional methods for dis-
posal for tobacco waste, including burning it in stacks and dumping
in landfills, not only result in serious environmental pollution but
also cause wastage of resources. Novel approaches proposed for
the use of tobacco stem mainly include: (1) extraction of nicotine
and nicotinic acid (Lu, 2000); (2) preparation of activated carbon
(Li et al., 2008); (3) manufacturing of fibre board (Castron and Agru-
pis, 2000). In addition, many researchers have studied the thermo-
chemical conversion of tobacco waste as a means of alternative
energy production. For instance, Valverde et al. (2000) studied the
pyrolysis kinetics of tobacco dust in a TGA under different heating
rates and established a model for volatile evolution. Sung and Seo
(2009) studied the non-isothermal behaviour of two different types
of tobacco stem on a TGA and concluded that the conditions of
decomposition and type of tobacco variety used were the major fac-
tors contributing to the weight-loss patterns. Li et al. (2011) inves-
tigated the co-combustion characteristics of tobacco residue and
high-ash anthracite coal on TGA under different temperatures in
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mixed proportion and reported that co-combustion improved the
combustion characteristics when compared with the separate
burning of tobacco residue and coal, particularly with regard to
the ignition and burnout characteristics; they proposed a method
that could enable their use as an alternative fuel source. Unfortu-
nately, most of these technologies developed for disposal of tobacco
waste disposal have not been widely applied commercially because
of limitations of low disposing capabilities, high cost and complex
processes. Therefore, identification of suitable methods for efficient
and cost-effective disposal of tobacco wastes is of significant
importance.

Fluidized bed (FB) is a proven technology that has been applied
commercially for clean combustion of fossil fuels and biomass
because of its excellent fuel flexibility, high heat and mass transfer
efficiency and low operating temperature and toxic gas emission
(Kouprianov and Permchart, 2003). Numerous studies of biomass
combustion on the FB have been reported (Andreae, 1991; Li
et al., 2009). However, biomass has several drawbacks such as
low bulk density and low heating value, high moisture and alkali
metal concentrations, different chemical compositions and feeding
difficulties(Gil et al., 2010b; Gogebakan et al., 2009), Therefore,
suitable further research work is required to identify methods to re-
solve these problems and to improve its combustion characteristics.

This study aimed to assess the fuel characteristics of tobacco
stem with regard to TGA and FB facilities. To provide a better
understanding of the combustion of tobacco stems in FB, experi-
mental results of temperature profiles and stack gas composition
during the combustion process have been presented and discussed.
Furthermore, the phenomenon of bed material agglomeration dur-
ing combustion was investigated and analysed, and a suitable
alternative bed material has been proposed. The results discussed
in this article may provide theoretical support for significantly effi-
cient utilization of tobacco stem in the tobacco manufacturing
industry.

2. Methods

2.1. Materials

2.1.1. Properties of tobacco stem
Tobacco stem is the residue generated during the harvesting of

tobacco leaf; the stem has a rigid structure composed of scleren-
chyma and cell-wall biopolymers such as cellulose, the contents
of which vary depending on the characteristics of soil, climate,
the environment and the varieties of tobacco plants. In addition,
the tobacco stem is susceptible to moisture and degrades with
humidity, making it difficult to store and transport.

In the present study, tobacco stems obtained from Enshi, in
Hubei Province of China, were crushed to obtain stems that were
5–10 cm in length and approximately 1 cm wide. Tobacco stems
are very light, with a packing density in the range of 289–321 kg/
m3 and true density of approximately 1657 kg/m3. Proximate anal-
yses of tobacco stem were conducted in accordance with standards
prescribed by the American Society for Testing and Materials
(ASTM) to obtain details of moisture content, volatile components
and fixed carbon and ash content. Ultimate analyses of dried sam-
ples for carbon, hydrogen, nitrogen and sulphur composition were
carried out with a CHNS/O elementary analyser (Vario Micro cube,
Germany). The low gross calorific values of the dried samples were
measured by bomb calorimeter (Parr 6300, USA). Results of the
analysis of tobacco stem are provided in Table 1, suggesting that
the tobacco stem has a high volatile and ash content and low
gross calorific value of 11.3 MJ/kg. The molecular formula of
C2.722H5.66O1.994N0.2721S0.0238 was obtained based on the ultimate
analysis of tobacco stem by dividing the content of C, H, O, N,
and S by their relative atomic mass.
2.1.2. Characteristics of bed materials
In this study, two types of bed materials, silica sand and cinder,

were studied. Many studies have reported that silica sand is more
likely to lead bed agglomeration in FB during biomass combustion
because of its high content of SiO2 (Barrena et al., 2008; Bartels
et al., 2008). For comparison, the cinder was used as an alternative
bed material because of its ability to diminish agglomeration and
accessibility (Brus et al., 2004). Both the silica sand and cinder
were pelletized to 0.1–1 mm and 1–2 mm particles, respectively.
In addition, the fluidization of bed materials was examined in a
cold test mode facility, and the minimum fluidized velocity for sil-
ica sand and cinder was determined as 0.20 and 0.45 m/s,
respectively.

2.2. Experiments on TGA

2.2.1. Apparatus and experimental conditions
First, the samples were sieved to obtain a particle size of less

than 0.2 mm and, then, dehydrated in air at temperatures lower
than 105 �C. The experiment was carried out on a STA-409C Ther-
mal Analyser (NETZSCH Corp., Germany). The thermal analysis was
carried out at atmospheric pressure with an air flow rate of 60 ml/
min at a heating rate of 20 �C/min from room temperature to
800 �C. Approximately 16 mg of sample was used for the experi-
ment. In this test, the sample mass ranging from 10 to 20 mg
was proved to have no significant impact on combustion of tobacco
stem, which was consistent with findings from (Yang et al., 2004).
The weight loss (TG curve) and derivative weight loss (DTG curve)
of the sample were represented as a function of temperature and
time.

2.2.2. Ignition and burnout index
The ignition temperature Ti reflects the difficulty in the ignition

of fuel, which is related to the difficulty in inducing a combustion
reaction; a lower ignition temperature indicates a favourable reac-
tion activity of the fuel. In the present study, the ignition index Di

and the burnout index Df were used to describe the ignition and
burnout characteristics of tobacco stem (Hurt and Gibbins, 1995):

Di ¼
DTGmax

tpti
ð1Þ

Df ¼
DTGmax

Dt1=2tptf
ð2Þ

where DTGmax (%/min) denotes the maximum combustion rate; tp

(min) is the corresponding time of the maximum combustion rate;
Dt1/2 (min) represents the time range that corresponds to DTG/
DTGmax = 1/2; and ti (min) and tf (min) represent the ignition time
and burnout time, respectively.

2.2.3. Combustion reaction kinetics
The combustion process is assumed to be composed of simple

thermochemical reactions, and the relative combustion kinetics in-
dex was calculated by the Coats–Redfern method, as used by other
researchers (Varhegyi et al., 1997):

ln½FðaÞ� ¼ �ðE=RTÞ þ lnðAR=bEÞ ð3Þ
FðaÞ ¼ �lnð1� aÞ=T2 ðfor n ¼ 1Þ ð4Þ
FðaÞ ¼ ½1� ð1� aÞ1�n�=ð1� nÞT2 ðfor n–1Þ ð5Þ

where, a represents the conversion rate of biomass fuels, which is
defined as a = (x0–x)/(x0–x1), x is the sample weight at time t,
x0 and x1 denote the initial and final weights of the sample,
respectively, b is the heating rate, n is defined as the order of the
reaction, E and A represent the reaction energy and pre-exponential
frequency factor and R is the ideal gas constant (R = 8.314 J/mol/K).



Table 1
Ultimate and proximate analyses of tobacco stem analysis.

Proximate analysis (wt.%) Ultimate analysis (wt.%) LHV(MJ/kg)

Mar Mad Vad Aad FCad Cad Had Oad Nad Sad Qad

20.86 3.51 68.64 21.70 6.14 32.66 5.66 31.91 3.81 0.76 11.30

Note: Mar, Moisture (received basis); Mad, Moisture (air dried basis); Vad, Volatile Matter (air dried basis); Aad, Ash (air dried basis); FCad, Fixed-Carbon (air dried basis); Qad,
Low Heating Value (air dried basis).
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Multiple reaction orders were assumed for the combustion reaction,
and the optimum reaction order was determined when the plot of
ln[F(a)] versus �1/T is a straight line, and then the activation energy
E and pre-exponential frequency factor A can be obtained from the
slope and intercept of the line, respectively.

2.3. Experiments on FB

2.3.1. FB facility
The apparatus used for tobacco stem combustion is schemati-

cally shown in Fig. 1. The system comprises a combustor, an un-
der-bed hot-air ignition system, a wind box, an air distributor
and a fly-ash separating system (composed of a downward
exhausting cyclone and a loop seal), a grated water/air cooling sys-
tem and a flue gas cleaning system. The biomass feeding system is
composed of a bin and a screw feeder, and the feeding rate of the
tobacco stem is determined by the rotational speed of the screw
feeder, which is controlled by a motor. In the tests, the feeder sys-
tem could operate continuously and the feeding rate could be ad-
justed flexibly.

The FB column has an overall height of 10 m and consists of a
dense phase zone of 108 mm and a dilute phase zone of 150 mm
in inner diameter. The entrance for the secondary air is located
1720 mm above the air distributor. A peep port and a sampling
port are located along the column to facilitate observation of the
burning conditions and sample collection, respectively. The tem-
perature distribution along the column was continuously mea-
sured by nine thermocouples of type K (T1–T9). The pressure
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Fig. 1. Schematic diagram of the FB test facility.
drop between the wind-box and burning region was measured
by U-tube water manometers. The significant fluctuation in pres-
sure drop in the bed indicates the increasing likelihood of
defluidization.
2.3.2. Experimental methods
The bed materials were fed into the combustor, before the

experiment, with a static bed height of 200 mm. At the beginning
of the experiment, the combustor was preheated with coal gas.
The ignition temperature of tobacco stem is determined from the
TG analysis above, which is about 250 �C. Therefore, when the tem-
perature of the dense phase zone reached a temperature higher
than this, the gas supply was reduced gradually and the tobacco
stem was fed into the combustor manually. As the temperature
in the dense phase zone reached 600 �C, the coal gas supply was
cut off and the tobacco stem was fed into the combustor continu-
ously at a rate of between 8 and 12 kg/h. The temperatures at dif-
ferent heights of the bed were monitored simultaneously. The
primary air and secondary air flows were controlled by adjusting
the flowmeter controllers. And the temperature distribution along
the bed height and pressure drop between wind-box and boiling
zone were monitored online. A Fourier Transform Infrared (FTIR)
Gas Analyser (GASMET DX400) and a hand-held gas analyser (Kane
KM940) were used to measure the concentrations of O2, CO2, NO,
SO2 and CH4 in the stack gas. The air equivalent ratio (ER) is defined
as follows:

ER ¼ QTotal

_M � V0 ð6Þ

where QTotal (m3/h) represents the amount of total air flow into the
combustor, _M (kg/h) represents the feeding rate of the fuel, V0(m3)
is the theoretical air consumption for complete combustion of per
1 kg of fuel.

The complete combustion at ER = 1 can be described as follows:

C2:722H5:66O1:994N0:2721S0:0238 þ 3:4359O2 þ 12:925N2

þ 1:095H2Oþ ash

¼ 2:722CO2 þ 3:925H2Oþ 12:925N2 þ 0:2721NO2

þ 0:0238SO2 ð7Þ

It is assumed that the input fuel to the combustor was com-
posed of combustibles, moisture and ash, and the water content
on the left side of the equation was determined by the initial mois-
ture content from proximate analysis. Therefore, this equation pro-
vides a theoretical foundation for the possible gaseous emissions
during combustion.

The fluidized velocity was derived by dividing the primary air
flow by the cross-sectional area of dense phase zone in the com-
bustor. In this experiment, the ER was set at 1.1–1.30, and the flu-
idized velocity was set in the range 0.40–0.57 m/s.

This series of experiments were conducted to observe the bed
temperature profiles under different flow rates of primary air, sec-
ondary air and the agglomeration characteristics of two types of
bed materials in the FB. The experiment was forcibly terminated
when a high temperature or significant fluctuation in pressure
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drop was observed, which indicated the occurrence of bed
agglomeration.

3. Results and discussions

3.1. Thermal behaviour of tobacco stems

The combustion pattern of the tobacco stem sample is shown in
Fig. 2. The weight loss below 185 �C was due to the evaporation of
the moisture content retained in the sample, which accounted for
approximately 5% of the weight loss (Valverde et al., 2000). The
decomposition during combustion mainly occurred in the temper-
ature range 185–410 �C, and two peaks were observed in this
range. Facilitated by the rapid combustion of volatile components,
the peak around 300 �C occurred due to the thermal decomposition
of cell-wall biopolymers such as cellulose, hemicellulose, and so on
(Wang et al., 2005). In addition, the peak around 390 �C occurred
due to the carbonization of lignin and combustion of char residue.
The combustion was maintained at a lower rate because of the de-
cline in the rate of cellulose decomposition (Sung and Seo, 2009).
The third peak around 540 �C originated from the further oxidation
of the char residue.

The ignition and burnout temperatures were determined by
adopting an extrapolation method (Li et al., 2011; Wang et al.,
2009) in TG and DTG curves. The indices describing the character-
istics of ignition and burnout are listed in Table 2.

The combustion characteristics of different fuels varied because
of their various chemical compositions. In general, combustion
reaction consists of two stages (Gil et al., 2010a):

AðfuelÞ ! BðcharÞ þ C1ðgasÞðstage 1Þ

BðcharÞ þ O2 ! C2ðgasÞ þ DðashÞðstage 2Þ

For most biomass fuels, the volatile matters are the main com-
ponents, which accounts for most of the weight loss at lower tem-
peratures, and thus leads to a lower ignition temperature. In
addition, the release patterns of volatile matters in different bio-
mass substances change according to their chemical composition.
In a study by Wang et al. (2009), the ignition temperatures of saw-
dust and wheat straw were 279 and 262 �C, respectively, both of
which are higher than that of tobacco stem. The possible reason
for this variation is differences in contents of cellulose, hemicellu-
lose and lignin. Since, tobacco stem is rich in cellulose, it easily
decomposes at lower temperatures; since the other two samples
are abundant in lignin, they were more stable at lower tempera-
tures. Therefore, more heat is needed to enhance the devolatiliza-
tion process, and the ignition temperature increases as a result.
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Fig. 2. Ignition temperature of tobacco stem in TG&DTG curves.
Activation energy and pre-exponential factors were used to
estimate the difficulty and intensity of combustion reaction for to-
bacco stems and other two typical biomass fuels, under the same
experimental conditions, as shown in Table 3. The combustion of
tobacco stems comprises three different stages of mass loss after
the loss of moisture, whereas no apparent transition stage has been
observed in the other two biomass fuels mentioned above. It is evi-
dent from Table 3 that Activation energy E and Pre-exponential
factor A for tobacco stem are low in the devolatilization stage,
which indicates that it is easy to burn. In addition, the higher val-
ues of Activation energy E and Pre-exponential factor A in the tran-
sition stage indicate that the combustion reaction takes place at a
very slow rate mainly because the combustion of gaseous volatiles
has almost completed and lignin begins to carbonize at this stage.
Tobacco stem has the lowest weight-loss percentage in the devol-
atilization region and the highest weight-loss percentage in the
char residue combustion region, which indicates that the combus-
tion reaction is dominated by burning of char.
3.2. Combustion characteristics of tobacco stem on FB

In this study, the influence of various operating conditions
including feeding rate, primary and second air flow rate, air split
ratio on the combustion efficiency and bed temperature were
investigated. Data from seven different runs were recorded for dis-
cussion, and the relative operating parameters and results are
summarized in Table 4. The combustion efficiency at different runs
can be calculated according to the CO and CO2 emission in stack
gas and unburned carbon in fly ash. When burning tobacco stem
in the FB, the unburned carbon collected in fly ash and bed material
was quite limited; therefore, the combustion efficiency (g) is
mainly determined by the concentration of CO and CO2 in stack
gas as follows:

g ¼ CO2½%�
CO½%� þ CO2½%�

ð8Þ
3.2.1. Effect of primary air on the temperature distribution in the
combustor

The bed temperature profile is shown in Fig. 3 under various
flow rates of primary air when the feeding rate and the flow rate
of secondary air were fixed at 8 kg/h and 17 m3/h, respectively.
As shown in Fig. 3, the temperature increased along the bed height
and attained a maximum value in the range of 870–900 �C at the
location of the feeding point and secondary air, and then de-
creased. According to the TGA analysis described above, large
amounts of gaseous volatiles evolved from the tobacco stem at
temperatures between 200 and 350 �C, and most of the heat was
generated by the combustion of these gaseous volatiles. Thus, the
observed temperature peak was attributed to the rapid release
and combustion of volatiles at the feeding point. Similar results
have been reported in the literature (Chirone et al., 2008; Tarelho
et al., 2011). As the flow rate of primary air increased from
14 m3/h to 16 m3/h, the highest temperature in the dense-phase
zone dropped drastically and the dilute-phase temperature in-
creased and then decreased gradually. This phenomenon could
be explained as follows: the overall heat input into the combustor
is constant because of the fixed feeding rate. The increase of pri-
mary air enhances the mixing and disturbance of air and supplies
adequate oxygen. The heat generated by the combustion of vola-
tiles is brought up to the upper region of the combustor, and the
combustion intensity zone is extended to the dilute phase zone
gradually, resulting in a uniform temperature distribution there.
However, in this experiment, there exists obvious temperature gra-
dient along the combustor. One possible reason is that low primary



Table 2
Ignition and burnout index of tobacco stem.

Combustion parameters Ignition index Burnout index

DTGmax (%/min) tp (min) ti (min) tf (min) Dt1/2 (min) Ti (�C) Di (�10�3) Df (�10�4) Tf (�C)

7.46 13.4 10.5 19.5 2.85 250 53.021 100.17 430

Note: DTGmax, maximum combustion rate; tp, corresponding time of the maximum combustion rate; ti, ignition time; tf, burnout time; Dt1/2, time range of DTG/DTGmax = 1/2;
Ti, ignition temperature; Tf, burnout temperature; Di, ignition index; Df, burnout index.

Table 3
Combustion reaction kinetics results for different biomass samples.

Samples Temperature range (�C) Weight loss (%) n E (kJ/mol) A (S�1) R

Wheat straw 220–335 74.18 1 79.06 5.39E+13 0.9663
335–501 13.01 3 124.27 3.22E+5 0.9898

Cotton straw 226–364 63.75 1 109.62 3.94E+7 0.9931
364–446 25.46 3 257.04 7.25E+17 0.9761

Tobacco stem 220–350 33.00 1 91.60 1.09E+8 0.9953
350–450 11.29 3 394.43 5.74E+26 0.9940
450–620 30.92 2 291.14 1.35E+19 0.9631

Note: n, reaction order; E, reaction activation energy; A, pre-exponential frequency factor; R, correlation coefficient.

Table 4
Conditions of tobacco stem combustion.

Runs Feeding rate (kg/h) ER QPrimary (Nm3/h) QSecondary (Nm3/h) Qprimary/Qsecondary O2 (%) CO (%) CO2 (%) g

1 4.5 1.05 14 0 1 5.1 1.59 14.1 0.8987
2 8 1.09 14 10 1:0.71 7.4 1.08 11.9 0.9168
3 8 1.18 14 12 1:0.86 4.9 2.32 14.2 0.8596
4 9 1.29 16 16 1:1 6.5 2.11 12.8 0.8584
5 10 1.12 14 17 1:1.21 7.6 0.88 12.0 0.9317
6 10 1.20 14 19 1:1.36 5.8 0.85 13.4 0.9404
7 12 1.06 19 16 1:0.84 5.3 1.36 12.5 0.9019

Note: Qprimary, the flow rate of primary air; Qsecondary, the flow rate of secondary air; g, combustion efficiency.
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Fig. 3. The effect of primary air on the bed temperature profiles.
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air flow leads to the inadequate mixing and disturbance of air and
fuel. If the combustor is operated at a higher primary air flow, the
combustion section will stretch to the top of the combustor and
reduce the emission of unburned combustibles. However, the res-
idence time of particles will decrease when excessive primary air is
added, resulting in an increase of combustibles in flue gas and the
loss of combustion efficiency (Fang et al., 2004). Therefore, there
exists an optimum value for the primary air flow.

3.2.2. Effect of secondary air flow rate on the temperature distribution
in the combustor

The secondary air plays an important role in promoting the
combustion efficiency and reducing the emission of toxic
pollutants. Basically, the secondary air supplements the oxygen
supply required to burn the volatiles released from the dense-
phase zone and enhances the mixing and movement of materials
by improving the intensity of turbulence. In addition, the involve-
ment of secondary air adjusts and maintains the bed temperature,
ensuring that the combustor operates in a steady state.

Fig. 4a and b illustrates the bed temperatures under different air
split ratios with the tobacco stem feeding rates at 9 kg/h and 10 kg/
h, respectively. With the increasing secondary air ratio, the maxi-
mum bed temperature in the dense phase zone also increases,
but the temperature of the combustor along the dilute-phase zone
decreases as a result. In addition, it can be observed from Table 4
that, as the secondary air ratio increased, the CO concentration in
stack gas tends to decrease. This is because the volatiles escape
rapidly from the dense-phase zone after heating, and the excessive
oxygen provided by the secondary air could make these volatiles
burn completely; with more heat generated, less CO is emitted.

From the discussions above, it is evident that the effects of sec-
ondary air to the combustion lies in two aspects. First, the second-
ary air increases the oxygen concentration in the dilute-phase
zone, which is beneficial to the overall combustion efficiency and
reducing the emission of pollutants. Second, excessive secondary
air decreases the temperature in the dilute-phase zone, preventing
the volatiles from burning out and, thus, more CO, CH4 and other
organic pollutants such as polycyclic aromatic hydrocarbons
(PAHs) are emitted in the flue gas. Considering these effects, in
order to keep the combustor operating at a normal temperature,
the air split ratio between primary air and secondary air must be
reasonably set. Under experimental conditions, the bed tempera-
ture is considerably high and less CO is emitted when the split ratio
of primary air to secondary air is set at 1:1.36.
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Fig. 4. The effect of air split ratio on the bed temperature profile under different feeding rates. (a) Bed temperature distribution under feeding rate of 9 kg/h; (b) bed
temperature distribution under feeding rate of 10 kg/h.
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3.3. Bed material agglomeration

3.3.1. Bed material agglomeration phenomenon
Biomass ashes are usually dominated by silicon, calcium and

potassium, which are the main components that cause bed
agglomeration and ash sintering (Bartels et al., 2008). From the
data obtained during XRF analysis in Table 5, it can be seen that
the K2O and CaO contents are quite high. These contents may sig-
nificantly contribute to the deposition and bed agglomeration
problems in the combustion of biomass.

The silica sand underwent agglomeration under normal com-
bustion temperature in approximately 1 h operation time when
the pressure drop fluctuated markedly. Photographs of the agglom-
eration material are shown in Fig. S5a–c. It can be observed that,
when using silica sand as bed material, the combustion of tobacco
stem leads to serious agglomeration, and a large amount of
agglomeration material was adhered to the inner wall of the com-
bustor, which reduced the diameter of the column significantly.
The agglomerates discharged from the bed appeared to be solid
and difficult to be broken into smaller parts.

On the contrary, when using cinder as a bed material under nor-
mal operation temperatures, no apparent agglomeration was ob-
served and the bed temperature and pressure drop did not vary
erratically during the combustion process. After the experiments
were completed, no sticky agglomeration material was found on
the inner wall of the combustor; however, a small amount of depo-
sition slices, with thickness of 1–2 mm, was found, as shown in
Fig. S5c. The bed material discharged from the bottom of the com-
bustor was observed to evaluate the extent of agglomeration. The
cinder discharged from the combustor was sieved and the result
showed that the weight percentages of particles with different size
ranges of 3, 2–3 and 1–2 and <1 mm were 0.7%, 1.7%, 41.5% and
56.1%, respectively. Thus, the cinder did not agglomerate during
tobacco stem combustion.
Table 5
Chemical compositions of tobacco stems, bed materials and agglomerates wt.%.

Components Na2O MgO Al2O3 SiO2 P2

Tobacco stem 0.38 5.88 5.00 16.04 4.
Raw silica sand NA NA 2.20 97.71 N
Silica sand agglomerates 2.28 5.09 1.37 4.95 3.
Raw cinder 0.83 0.72 18.97 73.34 0.
Cinder slices 1.29 0.1 2.78 79.34 1.

Note: NA represents the undetected chemical components.
3.3.2. Agglomeration characteristics
As shown in Table 5, the components of tobacco stem ash, raw

bed materials and agglomeration materials were analysed by X-ray
fluorescence (XRF, EAGLE III).

It was observed that the contents of Si, K, Ca and Cl in ash com-
ponents of tobacco stem were very high, which contributed to bed
agglomeration in FB. In addition, significant changes on the compo-
nents of bed materials occurred after the experiments were com-
pleted. After continuous operation, alkali metals and alkali earth
metals such as potassium and calcium accumulated notably in
the silica sand, although these elements are scarcely present in
raw silica sand. However, the contents of silicon and alumina de-
creased significantly, suggesting that the agglomeration is mainly
caused by the accumulation of alkali metal compounds in the ash
of tobacco stem during the combustion. The potassium compounds
can be converted to compounds with low melting point such as
K2S2O7 (325 �C) and KCl (770 �C) (Elisabet et al., 2005; Olofsson
et al., 2002) as temperature increases, and these compounds bond
the bed material particles together because of their strong adhe-
siveness. Furthermore, potassium elements can migrate from the
ash and combine with SiO2 in silica sand to form eutectic com-
pounds with low melting point, such as K2O�2SiO2 and K2Si4O9

(Elisabet et al., 2005; Olofsson et al., 2002). As the amount of eutec-
tic compounds continue to grow, the bed material becomes stickier
and the particles need more momentum to overcome the sticky
resistance caused by the sticky bed material in the bed. Although
the components of alkali metals have also aggregated in cinder,
the movement is much smoother than that on a bed of silica sand.
Also, the contents of iron increase notably when cinder is used,
which indicates that the deposition slices obtained in the combus-
tor do not comprise compounds with low melting point and is
unlikely to cause agglomeration during prolonged processing.

The surface morphology of both initial bed materials and
agglomerates obtained after combustion was studied by scanning
O5 K2O CaO TiO2 Fe2O3 SO3 Cl

05 21.20 31.36 0.04 0.08 7.96 8.34
A NA NA NA NA NA NA
4 22.08 36.61 0.20 0.26 12.33 10.85
57 0.71 0.36 0.57 1.85 1.30 0.77
19 1.12 0.81 0.38 7.73 1.80 6.73



Table 6
EDX analysis results of agglomerates wt.%.

Component Mg Al Si P S K Ca Fe Cl

Silica sand 4.47 5.79 8.03 2.45 3.74 27.39 39.04 NA 9.09
Cinder 0.2 0.81 49.84 NA 2.05 3.46 0.75 42.89 NA

Note: NA represents the undetected chemical components.
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electronic microscopy (SEM) using Quanta 200 microscope coupled
with dispersive X-ray spectrometer (EDX, The FEI Company, The
Netherlands). The main parameters were set as follows: WD was
12.9 mm, HV was set at 20.0 kV, magnification was ranged from
300 to 2400, and Spot was 3.5. The results are shown in Fig. S6.
It can be observed that the morphology of the bed materials have
changed significantly after combustion. Most of silica sand parti-
cles were coated by a tight structure of fine particles; however,
the cinder slice has a porous structure and some fusion compounds
were observed on the surface of the particles, but very little
amount of fine particles are attached to the surface of the particle.
This indicates that a sticky layer is formed on the outside surface of
the bed material particles with different structure, and the struc-
ture varies among various species of bed materials (Bapat et al.,
1997).

The results of EDX analysis on the bed material particles, shown
in Table 6, indicate that elements such as K, Ca, Mg, and Cl accumu-
lated enormously on the surface of the silica sand particle, and a
strong enrichment of iron and silicon on the surface of the cinder
particle is observed. It is interesting to find that the surface of
the silica agglomerates has the chemical composition similar to
that of the original ash, while the cinder bed material does not. This
result indicates that the mineral elements in the fuel ash exhibit
different patterns of movement during combustion with different
bed materials. One possible reason for the bed agglomeration can
be elaborated as follows: the bed material particles adhere to fine
ash particles during random collisions and attritions with ash par-
ticles; as the adhesion proceeds, a sticky ash-related layer was
formed on the surface of the bed material particles. As the temper-
ature grows, the chemical reaction between the ash layer and bed
material becomes more drastic. The silica can combine with potas-
sium and calcium to form a ternary system K2O–CaO–SiO2 through
alkali–silicon reaction (Scala and Chirone, 2006). The molten com-
pounds in this system also contribute considerably to agglomera-
tion. And such compounds continue to accumulate and become
more viscous when temperature increases, which causes more par-
ticles to stick together and increases the sticky resistance at the
same time. When the sticky resistance outweighs the momentum
supplied by fluidized air, defluidization occurs.

The alumina and iron compounds in cinder can react with alkali
metal to form compounds with high melting point (Acharya, 1997;
Olofsson et al., 2002; Shimizu et al., 2006):
X2Oþ Fe2O3 ! X2Fe2O4 ð9Þ
X2CO3 þ Fe2O3 ! X2Fe2O4 þ CO2 ð10Þ
X2Oþ Al2O3 ! X2Al2O4 ð11Þ
X2CO3 þ Al2O3 ! X2Al2O4 þ CO2 ð12Þ
X2O � nSiO2 þ Fe2O3 ! X2O � Fe2O3 � nSiO2 ð13Þ
X2O � nSiO2 þ Al2O3 ! X2O � Al2O3 � nSiO2 ð14Þ
X2O � nSiO2 þ Al2O3 ! X2O � Al2O3 � ðn� 1ÞSiO2 þ SiO2 ð15Þ
where, X represents the alkali metal elements.
Such high melting compounds can prevent the alkali metal from

converting and migrating to low-melting point compounds, and
thus, inhibit the bed agglomeration to some extent.
To further investigate the effect of high temperature on bed
agglomeration, a test of combustion of cinder and tobacco stem
mixture under the mixing ratio 1:1 was conducted in a Muffle fur-
nace at 900 �C. The deposit obtained after the combustion was
sampled and analysed by X-ray diffraction (XRD, PANalytical B.V.,
X’Pert PRO, The Netherlands). The results indicate that in addition
to silica and CaSO4, the mixture contained some complex crystal-
line compounds such as 3Al2O3�2SiO2, 3Na2O�2Al2O3�4SiO2 and
Na3K3Al6Si6O24, the melting points of which were relatively high,
i.e. the compounds are not easy to agglomerate (Olofsson et al.,
2002). The results, in turn, indicate that the iron and alumina com-
pounds in cinder can combine with alkali metal compounds
through chemical reactions to form compounds with high melting
point as described in Eqs. (11)–(15), thus, can be used to eliminate
the bed agglomeration during combustion.

4. Conclusion

Tobacco stem is easy to ignite and the combustion process can be
set up into four separate steps. The tobacco stem burns steadily in
the FB and a considerable fraction of heat is generated in the dense
zone below the feeder port. Adding a suitable amount of secondary
air improves the combustion efficiency and decreases the emission
of pollutants. Silica sand is not suitable as a bed material in tobacco
stem combustion because of its high content of silica. However, the
alumina and iron content in cinder can significantly eliminate
agglomeration problems during combustion significantly.
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