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Abstract. In this research, a series of experiments on combustion of Huadian
oil shale semi-coke and rice straw as well as their mixture were conducted at
different heating rates (10, 20, 50 and 80 °C/min) under atmospheric
pressure, using a Perkin Elmer thermogravimetric analyzer. Combustion
characteristics were investigated at different proportions of materials (L1,
L2, L3, L4 and L5) and at different heating rates. The results revealed that
the point of ignition and burnout shifted to lower temperature with increasing
rice straw proportion in the mixture. In the combustion process, the inter-
action between the mixture components mainly occurred in the temperature
range of 400 to 600 °C. It was found that in this stage the reaction of bimodal
components of semi-coke and rice straw took place. Besides, using the
Gaussian multi-peak fitting method it was established that the derivative
mass loss (DTG) curves displayed an overlapping peak, which consisted of
three sub-peaks corresponding to the components of the blend. Moreover,
based on the three sub-peaks, kinetic parameters and feature values were
found employing the peak-to-peak method. The results showed that the
reaction order of various sub-peaks for samples L1, L2, L3 and L4 was 1.17
to 2.27. The activation energies of sub-peaks were determined to be 21.89—
99.79 KJ/mol throughout the analysis of the combustion mechanism. It was
concluded that the model can be applied to determining combustion charac-
teristics.

Keywords: oil shale, semi-coke, rice straw, kinetics, Gaussian multi-peak
fitting method, peak-to-peak method.
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1. Introduction

There are several accepted definitions of oil shale. According to one of them
oil shale is a“kind of energy resource which is widely distributed around the
world.” Oil shale semi-coke, obtained in abundance from oil shale retorting,
is a useable waste product [1, 2]. Semi-coke has been considered to have a
detrimental impact on the environment due to the trace metals and PAHs
(polycyclic aromatic hydrocarbons) present [3, 4]. Nowadays, the bottle-
neck in the development of the oil shale industry is how to deal with these
solid residues efficiently. This issue has been extensively addressed by
several researchers. Martins et al. [5] proposed that semi-coke can be mostly
burnt in fluidized bed boilers. Wang et al. [6, 7] thought that semi-coke can
be utilized when it was moderately mixed with oil shale. Sun et al. [8]
investigated the combustion characteristics of a mixture of bituminous coal
and semi-coke. Wang et al. [9] found that combustion characteristics can be
improved when cornstalk was mixed with oil shale semi-coke. Not only the
utilization of semi-coke can be improved to a certain extent, but also its
impact on the environment is reduced.

At present, biomass as a renewable energy source has become an
increasingly attractive fuel to limit the generation of pollutants. Among other
solid fuels, it is the fourth largest energy resource [10]. Biomass can either
be burned directly, or converted into other energy products such as oil.
Furthermore, biomass can be utilized together with coal. De et al. [11] found
that the firing of biomass with coal was an effective way to decrease CO,
emission from a power plant. Yang et al. [12] discovered that alkali metals,
such as KOH, NaCl, NaOH and KClI, can be sharply reduced to protect the
environment from pollution during co-combustion of biomass and coal.
Munir et al. [13] investigated features of the co-firing of biomass and coal
and found that this might reduce air pollution, such as NOx emissions, and
improve combustion efficiency.

In recent years, some thermal methods have been extensively used to
study the combustion kinetics of solid fuels. These methods are mainly used
to analyze the combustion process on the basis of mass loss (TG) and
derivative mass loss (DTG) curves. However, they do not take into account
the overlapping peak. In this work, the overlapping peak reflects the reaction
of bimodal components of semi-coke and rice straw, whose peaks overlap in
the combustion process and cannot be distinguished separately on the com-
bustion curves. The study of the overlapping peak, in whose region the reac-
tion of some blend components occurs, is useful to understand the combus-
tion mechanism. The investigation of the overlapping peak is conducted to
fill in the gaps of previous studies, which neglected or oversimplified its
processing. In this work, there is an overlapping peak resulting from the
merger of sub-peaks in the major stage of combustion (400-600 °C). Based
on DTG curves, three sub-peaks can be separated from the overlapping peak,
using the Gaussian multi-peak fitting method, which is widely applied in
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such cases. In order to study the combustion kinetics of components behind
the three sub-peaks, a peak-to-peak method is used. Several researches have
been carried out in different fields to investigate combustion kinetics. For
example, Soboleva et al. [14] and Romanenko et al. [15, 16] proposed
mathematical methods of separation to be employed in analytical chemistry.
When analyzing combustion kinetics, Wang et al. [17, 18] and Huang et al.
[19] were of the opinion that during pyrolysis biomass was separated into
three components. Li et al. [20, 21] and Ma et al. [22] believed that the
multi-peak fitting method was suitable for separation of the overlapping
peak of DTG curves, which can be used to analyze the combustion kinetics
of biomass.

So far, there is no report about the co-combustion of oil shale semi-coke
and rice straw. In this work, Gaussian multi-peak fitting and peak-to-peak
methods are applied to studying the combustion of the blend of oil shale
semi-coke and rice straw. The sub-peaks, which are separated from the over-
lapping peak, are analyzed using the peak-to-peak method. The procedures
presented and methods used in this work could be applicable to a much
wider range of similar kinetic problems. The investigation of the co-com-
bustion mechanism of oil shale semi-coke and rice straw is valuable from a
viewpoint of future applications of the process.

2. Thermogravimetric experimental
2.1. Materials

In this research, oil shale semi-coke (SC) was obtained from Huadian oil
shale retort factory located in Jilin Province, China. Rice straw (RS) was
also from Jilin Province. Samples with different blending ratios were labeled
as L1, L2, L3, L4, and L5. The particles were ground and sieved to the size
of 0—0.2 mm according to the ASTM standards. The blending ratio (SC/RS)
is given in Table 1. The data on proximate and ultimate analyses of SC and
RS blends are presented in Table 2.

Table. 1. Sample labels and the blending ratio

Sample label L1 L2 L3 L4 L5
Blending ratio, SC/RS 10:0 9:1 8:2 7:3 0:10

Table. 2. Proximate and ultimate analyses of oil shale semi-coke and rice straw
blends

Component Proximate, % Qne.ars Ultimate, %

M | Vaa | Aa FCy kike Caa | Haa | Oag | Nag | Saa
SC 0.89]10.44 | 82.62 | 6.09 3868.29 | 11.29 [0.35| 4.21 | 0.11 [0.53
RS 7.05 | 66.81 | 9.56 16.58 |14468.90| 36.55 | 5.49 |40.01 | 0.78 |0.56
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2.2. Experimental facilities and method

Combustion experiments were conducted by a Perkin Elmer Pyris 1 Thermal
Analyzer under atmospheric pressure. The average mass of the sample was
about 6 mg, the air flow was kept constant at 80 L/min. Experimental
samples were placed in a sample pan and the corresponding experiments
were performed at different heating rates (10, 20, 50 and 80 °C/min) within
the temperature range of 40-900 °C. All experiments were repeated at least
twice to ensure the repeatability and accuracy of test data.

2.3. Results and discussion

The mass loss (TG) and derivative mass loss (DTG) curves obtained from
thermogravimetric experiments carried out at different heating rates (10, 20,
50 and 80 °C/min) are shown in Figures 1-4, respectively. Figures 1 and 2
show TG/DTG data of sample L3 at different heating rates (10, 20, 50 and
80 °C/min). It may be observed that higher heating rates are accompanied by
higher reaction temperatures and higher reaction rates. The peak temperature
shifts to the higher temperature with increasing heating rate. The higher the
heating rate is, the higher the temperature of burnout is. The lateral shifts in
TG/DTG curves are shown in Figures 1 and 2. This result is due to the
acceleration of variations in the rate of heat transfer with increasing heating
rate and the decrease of exposure time at a particular temperature at higher
heating rates [23, 24], which leads to the increase of temperature. It was also
found that the maximum rate of burning increased at higher heating rates.
With decreasing heating rate, however, the burning of particles was delayed,
which means the need to improve the burnout of sample L3. This may be
explained by that the temperature gradient inside and outside the particles is
lower at the lower heating rate, which somewhat increases the release of the
volatile matter [25].

A typical variation of TG/DTG data with temperature at a heating rate of
20 °C/min is given in Figures 3—4. It can clearly be seen from these figures
that with increasing proportion of rice straw in the blend the mass loss region
on TG curves increases and the width and temperature of the peak on DTG
curves of sample increase. This may be attributed to the improvement of
combustion when oil shale semi-coke is mixed with rice straw.

In this work, with increasing proportion of rice straw in the blend, com-
bustion curves are divided into different regions. So, it is established that the
TG/DTG curves of combustion have four distinct regions. First, the release of
the volatile matter of rice straw took place in the first stage (200400 °C).
Then, the combustion of the easy-to-pyrolyze volatile matter of oil shale semi-
coke occurred in the second stage (400-500 °C). Furthermore, the combustion
of the fixed carbon of rice straw and the difficult-to-pyrolyze volatile matter in
the oil shale semi-coke happened in the third stage (500—600 °C). Finally, the
combustion of the fixed carbon in the oil shale semi-coke and other difficult-
to-decompose materials took place in the fourth stage (600-900 °C).
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Above all, combustion features of oil shale semi-coke can be improved,
the combustion becomes more stable after mixing semi-coke with rice straw.
The combustion parameters for samples L1-L5, such as ignition tempera-
ture, maximum burning rate, peak temperature and burnout temperature, are
summarized in Table 3. The ignition temperature 7; is found using the
method of TG/DTG extrapolation [6, 26]. In Table 3, (dw/dt)imax is the
maximum burning rate and T ae is the peak temperature. The burnout
temperature 7}, is defined as the temperature on the DTG curve at which the
combustion or exothermic reactions are completed [27, 28]. The corres-
ponding sketch map of 7; and 7}, for sample L3 at a heating rate of 20 °C/min
is shown in Figure 5.
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Fig. 1. TG curves of sample L3 at various heating rates.
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Fig. 2. DTG curves of sample L3 at various heating rates.
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Fig. 3. TG curves of combustion of SC/RS mixtures at a heating rate of 20 °C/min.
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Fig. 4. DTG curves of combustion of SC/RS mixtures at a heating rate of 20 °C/min.

Table. 3. Combustion parameters for different samples

Sample Heating Tl Th: ijax: (dW/dt)Imaxa szajw (dW/dt)Zmax: Tgmax, (dW/dU3max3
rate, °C °C °C %/min °C %/min °C %/min
°C/min

L1 20 420.31697.1]528.2 1.51 667.9 0.88 702.3 0.14
L2 20 290.5]1695.3|312.6 1.30 503.5 1.69 661.6 0.75
10 275.71660.91292.2 1.24 450.8 0.98 633.1 0.45
L3 20 282.5(1688.41309.7 2.54 504.0 1.84 652.9 0.69
50 305.4(730.9(328.5 6.20 579.3 4.00 678.9 1.69
80 320.1(775.5|342.1 9.04 638.9 5.44 803.3 0.26
L4 20 276.6670.8|314.3 3.06 532.4 1.90 646.9 0.65
L5 20 240.41566.5|312.7 11.56 492.2 3.65 608.4 0.25

T; - ignition temperature; T/ — burnout temperature; (dw/dt) e — the maximum burning rate
instagei,i=1, 2, 3; T, — the peak temperature in stage i,1= 1, 2, 3.
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Fig. 5. Sketch map of 7; and 7}, for sample L3 at a heating rate of 20 °C/min.

3. Theory
3.1. Selection of combustion reaction region

Wang et al. [13] studied the combustion process of oil shale semi-coke and
cornstalk based on TG/DTG curves. Their experimental results showed that
the second (400-500 °C) and third (500-600 °C) stages were merged in one
stage in the combustion process. It was also established that reactions
occurring in this stage were more complex than those taking place in the
others. However, the stage was not thoroughly analyzed by Wang et al.

In this research, the same phenomenon is discovered from DTG curves.
So, the second (400-500 °C) and third (500-600 °C) stages of the reaction
are merged in the 400-600 °C stage. It may be concluded that the interaction
between blend components in the co-firing process occurred predominantly
in the 400-600 °C range. Also, in this stage, some additional peaks or peak
shoulders appeared. The reason is that several sub-peaks overlap at this
stage. Hence, it is necessary to separate and study the overlapping peak from
this stage.

3.2. Gaussian multi-peak fitting method and separation of the
overlapping peak

The Gaussian multi-peak fitting method, which increases the signal resolu-
tion by a numerical calculation and mathematical algorithm based on an
appropriate function as a peak fitting function, is widely applied in various
types of model analysis. The method is especially useful to separate and
analyze the overlapping peak [21, 22]. Therefore, in the present work, the
overlapping peak is first separated into a series of sub-peaks by using this
method. Then, the Gaussian multi-peak fitting method is employed to
calculate kinetic parameters, which can be expressed as follows [29]:
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where y, is the baseline, 4, is the area of different sub-peaks, w, is the
FWHM (full width at half maximum) of different sub-peaks and x, is the
position of different sub-peaks, n > 1.

Based on the above equations, qualitative analysis of samples L1, L2, L3
and L4 is conducted at a heating rate of 20 °C/min in the major stage,
400600 °C. According to this major stage of the combustion reaction, the
relationship of do/dT vs T is plotted. Next, the position of the overlapping
peak is determined. Finally, the overlapping peak is separated into three sub-
peaks from the curves of do/dT vs T, using the Gaussian multi-peak fitting
method. The results are shown in Figures 6-9.

A X=X,
+3exp[—2 5 } ..... exp{
o, % @; o, 1/

3.3. Kinetics parameters of various sub-peaks

In general, the combustion of sample is regarded as a non-isothermal and
non-homogeneous process. The process is analyzed using thermogravimetric
(TG-DTG) data and a kinetic equation, The kinetic equation is always
employed to simulate this process. Co-combustion, however, represents a
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Fig. 6. Separation of the overlapping peak of sample L1 obtained at 20 °C/min.
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Fig. 8. Separation of the overlapping peak of sample L3 obtained at 20 °C/min.

multi-step decomposition process which is difficult to solve by a formal
kinetic equation. The existing mechanism function cannot cover the entire
multi-step process. Based on the formal kinetic equation, the peak-to-peak
method is employed to analyze kinetic parameters of various sub-peaks
appearing during co-combustion. The method uses feature values to
accurately describe this multi-step process. The derivation step is described
according to [22, 30].
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Fig. 9. Separation of the overlapping peak of sample L4 obtained at 20 °C/min.

The formal kinetic equation is expressed as follows:

to ool o

where a is the extent of conversion; f is the heating rate, °C/min; A is the
frequency factor, 1/s; E is the activation energy, kJ/mol; R is the gas
constant, 8.314x10°kJ/(mol/K); T is the absolute temperature, K; and f{a) is
a function.

According to the solid-state combustion process, a combustion reaction
may be presented as a function:

f@=01-ay. 3)

Substituting Equation (3) for Equation (2), the expression can be
modified as follows:

Z? ﬁeXp( RET)(I )" “)

For a non-isothermal kinetic experiment, Equation (4) can be calculated
by the following partial derivative:

dT = fdt #0
) ol oo [ - 5

B

Xpi—
g ( RT)RTZ( —a)' - exp(—%)n(l—a) dT’
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Based on the Gaussian multi-peak fitting method, the relationship of
da/dT vs T corresponding to feature values can be obtained:

da _(da) daY _ da _
dT, ~\dT ) SLdTpJ T, =0 ©

where T, is the temperature of peak and (da/dT),,, is the maximum value.
When T is equal to 7,,, Equation (7) can be defined as follows:

E =nRT,’ (%‘)(1—%)—1, (7)

where n is the reaction order and a, is the conversion corresponding to the
temperature of peak.
Obviously, Equation (6) is determined according to the definition of half

peak height:
l(dﬁ) _(La) Ao E
2\ar), “\ar ).~ p°*P\ " RT,

AT
T:Tp,]—; :Tp +AT’i<< 1,
where T; designates the temperature of half peak, AT is the difference
between T, and T}, o; is the conversion corresponding to the temperature of
half peak, and (da/dT), is the value of a vertical axis corresponding to the
temperature of peak.

Next, Equations (2) and (7) can be simplified into:

exp(—]fT] =exp{—1§(l—ATTﬂ. )

Furthermore, integrating Equations (2), (7) and (9), the result can be
displayed as follows:

-1
_ do TN l-¢;
n—{AT(dT)p(l a,) +ln(l_a H In0.5

p
E =nRT,> (d“) (1-a,)".
P

)(1 -a,)"
(3

(10)
dT

Table 4 presents the feature values and kinetic parameters of samples
based on differential weight loss curves. On the ground of these feature
values and kinetic parameters, the combustion mechanism is studied using
the peak-to-peak method of analysis. The results show that derivative weight
loss curves could be described as an overlapping peak of several sub-peaks,
employing a combustion kinetics model. The model is useful for researching
the combustion process of the mixture of oil shale semi-coke and rice straw.
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Table. 4. Feature values and kinetic parameters for samples

Sample | Sub-peak | Tp, °C | AT, °C | (do/dT),, 1/°C | a, a; n | E, kJ/mol
1 447.54 | 32.16 0.00260 049 0.76 |1.17 25.75
L1 2 488.18 | 61.75 0.00314 0.50| 0.79 |1.44 43.58
3 521.17 | 72.87 0.00419 0.50 | 0.80 |2.27 99.79
1 44740 | 67.64 0.00251 0.50| 0.79 |1.31 28.39
1.2 2 512.84 | 73.98 0.00351 0.51 0.80 |1.79 65.86
3 568.55 | 36.52 0.00143 049 0.72 |1.39 22.95
1 47999 | 71.54 0.00264 050 | 0.77 | 1.73 43.08
L3 2 534.68 | 54.51 0.00262 0511 0.79 |1.25 36.26
3 564.25 | 34.81 0.00173 052 073 | 1.54 32.35
1 463.94 | 72.88 0.00213 051 0.78 | 143 28.08
L4 2 531.69 | 65.18 0.00216 0.50| 0.76 |1.53 35.60
3 568.76 | 30.71 0.00151 050| 074 |1.23 21.89

4. Comprehensive evaluation

The kinetic parameters of coal/biomass blends have been worked out by
some researchers. Wang et al. [31] and Sahu et al. [32] proposed that
activation energies are in the range of from 92 to 114 kJ/mol. However, they
only offered activation energies and constant reaction orders for overlapped
peaks appearing in different temperature regions during the whole combus-
tion process, not for the sub-peaks separated from the overlapping peak. In
this work, each sub-peak corresponds to each component in a particular
combustion reaction stage. This means that the whole combustion reaction
process consists of the reactions of various sub-peaks. Based on the
Gaussian multi-peak fitting and peak-to-peak methods, activation energies
and reaction orders of sub-peaks are found. Therefore, compared with the
results obtained by Wang et al. [31] and Sahu et al. [32], in this work, the
value of activation energies offered from various sub-peaks needs to have a
superposition in calculations. The kinetic parameters of semi-coke/biomass
blends obtained in this study are more reliable.

In order to analyze the error of calculation, a comprehensive evaluation
was made to guarantee the reliability of results. SS is defined as a sum of
squares of differences between experimental and fitted data to reflect the
accuracy of Gaussian multi-peak fitting and peak-to-peak methods. The
smaller the value of SS 1is, the higher the accuracy of calculation is.
Meanwhile, the equation of SS meets the minimum value expressed as
follows [33]:

SS:Za)i[yi_fi(Ziap)]z’ (1

where w; is the weighted factor, n is the number of iterations and y is the
evaluation function.
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Based on Equation (11), the values of SS and R are shown in Table 5. For
blends L1, L2, L3 and L4, Gaussian multi-peak fitting and peak-to-peak
methods displayed the highest correlation coefficients, with values around
0.99900. Besides, SS can be left unchanged within 1.0E-7. This result
appears to be more reliable in view of requirements of calculation.

Table. 5. Correlation coefficient for the Gaussian multi-peak fitting method

Sample R x(Reduce Chi*2) SS
L1 0.99964 5.86701E-1 3.20925E-7
L2 0.99987 1.67524E-1 1.18942E-7
L3 0.99968 1.74471E-1 1.00495E-7
L4 0.99889 2.28994E-1 1.2755E-7

5. Conclusions

Results of an experimental study on the combustion of Huadian oil shale
semi-coke with rice straw are presented. The following conclusions are
drawn:

1. The co-combustion of oil shale semi-coke and rice straw is a
complicated multistage process and contains many elementary reactions.
The combustion reaction parameters, such as ignition temperature,
burning temperature, maximum burning rate and peak temperature, are
obtained in various stages. The burnout temperature is found to decrease
and maximum burning rate increase with increasing rice straw
proportion in the blend.

2. A thermogravimetric analysis shows that in the co-combustion of oil
shale semi-coke and rice straw the positive interaction between the blend
components occurs in the major stage, at 400-600 °C. This stage is
merged from the second (400-500 °C) and third (500—600 °C) stages,
where the reactions of bimodal components of semi-coke and rice straw
overlap. This means that the reaction process of blend components
consists of the reactions of various sub-peaks. Based on Gaussian multi-
peak fitting and peak-to-peak methods, the reaction orders of various
sub-peaks corresponding to samples L1, L2, L3 and L4 are found to be
from 1.17 to 2.27. Similarly, activation energies of various sub—peaks
are determined to be 21.89-99.79 kJ/mol throughout the analysis of the
combustion mechanism. The activation energy value of various sub-
peaks tends to balance with increasing rice straw proportion in the blend,
which improves the stability of co-combustion.

3. A comprehensive evaluation of various sub-peaks from the DTG curve
for the combustion of oil shale semi-coke with rice straw is made. The
fitting correlation coefficient is above 0.998 and SS at the level of E-7.
This demonstrates that the results are reliable and can be applied to
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analyzing the combustion mechanism of sub-peaks, using the Gaussian
multi-peak fitting method.
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