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Kinetic Analysis on Non-isothermal Combustion of
Several Urban Biomass Fuels
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Thermogravimetric combustion characteristics of ginkgo leaves (GK), pine
needles (PN), corn straw (CS), aspen leaves (AS), and white poplar leaves
(WP) were studied. Results showed that the combustion of selected
samples consisted of at least two weight loss stages. Besides,
characteristic temperatures lagged towards high temperature zones under
high heating rate, which was considered as the effect of insufficient transfer
of heat. The combustion of volatile compounds and char from PN and CS
was isolated under high heating rate and consequently the exothermic rate
around 300 °C was intensified and the exothermic rate over 400 °C was
decreased, while the maximum heat release rates of GK, AS, and WP
were transferred into high temperature zones with the increasing of heating
rate. The average activation energy of PN and CS was high though their
combustion completed at a lower temperature, which was possibly due to
the low average energy of molecules in samples in low temperature
environment. The aromaticity, degree of condensation, CH2/CHs, and
structure parameters of oxygen-containing functional groups were
calculated according to the peak areas derived from the convolution of
FTIR spectra. These parameters explained the discrepancy in both
reactivity and exothermic behaviors of biomass samples during combustion.
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INTRODUCTION

The increasing industrial depletion of fossil fuels and deterioration of the human
resident environment in China has been attracting attention due to the enormous Chinese
industrial capacity (Hoel 1996). Annually, a huge amount of coal and petroleum are
being consumed at an industrial scale, and consequently a large quantity of particulate
matter and greenhouse gases are being generated. As a result, many major cities have
been frequently suffering from the phenomenon of fog and haze, which is considered to
be closely related to the particulate matter produced by the wide application of coal-based
and petrolic fossil fuels during industrial production and manufacture (Zhang et al. 2015).
In order to maintain the contribution of industrial development on the Chinese economy,
policies have been issued to mediate the contradiction between industrial expansion and
human ecological environment. Therefore, it becomes urgent for Chinese researchers to
explore new energy sources to realize the “green development” of Chinese industry.
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Biomass energy is a widely distributed, carbon neutral, environmentally friendly
energy source, and hence it has received increasing attention from all over the world
(Caputo et al. 2005; Zeng et al. 2007; Abbasi and Abbasi 2010; Qin et al. 2017). China,
as an agricultural country with vast yield and territory, generates a huge amount of by-
products from agricultural production and green plants. Although the chronic oxidation
and spontaneous combustion of these biomasses will both increase the emission of CO-
and the possibility of conflagration in wild areas, these by-products are still not well
collected and utilized in China at present. On the contrary, if above biomasses can be
well collected and classified as an energy source for industrial application, not only the
discharge of greenhouse gases will be partly decreased but also the possibility for natural
disasters will be reduced. Thus, the development of by-products from agriculture and
plants as a sustainable energy resource is conducive to reduce the dependence of industry
on fossil fuels (Zhou and Wu 2005; Ying and Jiang 2007).

Many studies have evaluated the application possibility of biomass in different
industrial links. Combustion behavior of agricultural residues such as miscanthus, poplar
wood, and rice husk was studied by Mustafa et al. (2013) with thermogravimetric
analysis. The results indicated that the reactivity of biomass can be attributed to the
formation of volatile compounds, while the energy releases from biomass fuels during
combustion is related to the proportion of fixed carbon. Emre et al. (2012) analyzed the
co-combustion behavior of biomass fuels and oil shale blends and found that the addition
of biomass lowers the ignition temperature and facilitates the combustion property of oil
shale in blends. The addition of biomass will increase the proportion of volatile in blends
and stabilize the ignition and combustion of blends; consequently, a superior combustion
of blends is achieved with 10% or 20% addition of biomass into oil shale. Mustafa et al.
(2017) investigated the combustion characteristics of main components of lignocellulose,
cellulose, hemicellulose and lignin in biomass (hazelnut shell) and noticed that the
average activation energy of these compounds in biomass varies between 83.8 and 191.7
kJ-molt for both OFW and KAS methods. Kandasamy et al. (2017) studied the
combustion of poplar wood, hazelnut shell, and wheat bran and revealed that the
reactivity of biomass is related to the content of light volatile, while the quantity of heat
releases during the combustion is determined by the content of fixed carbon in biomass.

The overall aim of this research was to investigate the combustion behavior of by-
products from common urban plants and acquire the reaction mechanism of various
components at different stages of combustion, which is critical for the further application
of these biomass fuels in industrial or civil scale. Hence, non-isothermal
thermogravimetric combustion experiments on by-products from five common urban
plants under low heating rates were conducted in this research in order to separate the
independent combustion peaks from conversion rate curves and Kinetic studies were also
carried out with Flynn-Wall-Ozawa (FWOQO) method. As a result, the combustion
sequence of components in biomass samples was determined, while the activation energy
values of samples at different conversion rates were also calculated. Meanwhile, Fourier
transform infrared spectroscopy (FTIR) was also introduced to analyze the functional
group structures of selected samples and explain the difference in reactivity of these
biomasses during combustion. Eventually, the feasibility and reaction condition of
various biomasses for industrial application can be analyzed based on above results.
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EXPERMENTAL

Materials and Preparation

Biomass samples of ginkgo leaves (GK), pine needles (PN), corn straw (CS),
aspen leaves (AS), and white poplar leaves (WP) were collected in autumn from urban
areas of Anshan city, which is located in the northeastern part of China. The original
morphology of selected biomass samples are shown in Fig. 1. All biomass samples were
dried at a temperature of 100 + 5 °C for 8 h, then crushed and sieved to a particle sized
below 0.074mm.

Fig. 1. Original morphology of biomass samples: (a) GK; (b) PN; (c) CS; (d) AS; and (e) WP

The proximate and ultimate analyses of biomass samples were conducted
respectively according to the requirements of GB/T 30732-2014 and the results are listed
in Table 1. Though the fixed carbon in PN and CS are higher compared to other biomass,
the oxygen content in PN and CS is also observed to be higher. Consequently, the heat
released during the combustion of PN and CS is relatively lower than other biomasses.

Table 1. Proximate and Ultimate Analysis of Samples

Sample Proximate Analysis (wt. %) Ultimate Analysis (wt. %) HHV
FCq V4 Ad o Hd Od Nd Sd (MJ/kg)

GK 17.84 71.33 10.83 | 45.02 | 469 | 3742 | 1.85 0.21 15.24

PN 18.15 75.92 5.93 50.80 | 7.01 | 35.89 | 3.10 0.25 20.82

CsS 21.44 76.42 2.14 42.71 | 487 | 3529 | 1.12 0.28 15.11

AS 13.70 67.22 19.08 | 59.35 | 9.76 | 30.35 | 2.17 0.97 28.68

WP 12.71 70.73 16.56 | 59.41 | 841 | 32.78 | 1.95 1.48 26.31

Notes: A, ash; V, volatile matter; FC, fixed carbon; d, dry basis; HHV, high calorific value.
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Methods

Thermogravimetric (TG) characteristics of biomass samples were determined by
using a HCT-4 thermogravimetric analyzer (Henven Scientific Instrument Factory,
Beijing, China) in air atmosphere. Approximately 5 mg sample was loaded into a
corundum crucible (® 3 mm x 4.5 mm) and then heated to 600 °C at various heating rates
(5, 10 and 20 °C/min).

A small quantity of sample was applied to reduce the temperature gradient
between surface and center of sample, while a flow rate of 100 mL/min was also testified
to be sufficient for the venting of gas products and supporting of sample combustion. In
order to eliminate the influence of gas flow and buoyancy generated by thermal
expansion, tests without sample were done to collect the baseline data for
thermogravimetric experiments. Besides, each experiment was conducted at least three
times to ensure an ideal reproducibility of all experiments.

The fraction conversion («) of biomass sample during combustion can be
derived with Eq. 1,
Wo—Wy
T Wo-Weo (1)
where Wy represents the initial mass of sample, W; represents the sample mass at t time
and W.. represents the residual mass of the sample after reaction.

RESULTS AND DISCUSSION

Thermogravimetric Analysis

The conversion rate and reaction rate curves of all biomass samples are shown in
Fig. 2. All reaction rate curves consisted of at least two independent stages during the
combustion process.

Weight loss in the first stage ranged from 200 to 400 °C and was identified to be
pyrolysis of cellulose and hemicellulose, while the second stage above 400 °C was
classified as the decomposition of lignin and combustion of char generated in the first
stage (Liu et al. 2018). Moreover, the maximum reaction rate of samples increased with
the increasing of heating rate, while the corresponding temperature of maximum reaction
rate was also observed to be moving towards higher temperature zones.

The variation just described can be explained based on the fact that samples were
able to be heated to higher temperatures in a shorter time under higher heating rates, and
consequently the transient reaction rate increased with the increasing of heating rate.
However, the pyrolysis of volatile and combustion of residual char was delayed due to
the insufficient transfer of heat under high heat rates.

The maximum values of the second peak on GK, AS, and WP reaction curves
were observed to be lower than other biomass, which was considered to be related to the
lower fixed carbon content in these samples and namely less residual char was produced
after pyrolysis. The reaction curve of CS was noted to be composed of three independent
peaks. The former two peaks were considered as the pyrolysis of cellulose and
hemicellulose, while the later peak was regarded as the combustion of char (Song and Hu
2003).
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Fig. 2. Experimental fractional conversion and reaction rate curves of biomass: (a) GK; (b) PN;
(c) CS; (d) AS; and (e) WP

The combustion characteristic parameters of biomass thermogravimetric
experiments are exhibited in Table 2. It can be inferred that the initial and ultimate
temperature as well as the maximum reaction rate temperature all increased with
increasing of heating rate, which indicated that both the pyrolysis and combustion was
lagged towards higher temperature zones. These changes was possibly owing to the
inadequate transfer of heat in sample bed under high heating rate, while lower heat rate
allows samples to have relatively longer time to react during heating process and namely
a better thermal homogeneity during reaction (Hu et al. 2008).
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Table 2. Thermogravimetric Combustion Parameters of Biomass Samples

Heating Volatile Combustion Fixed Carbon Combustion
Sam ple Rate Tai Timax DTGimax Tie a Wi Tamax DTG2max Tae q W2

(Cmin?) | (°C) | (°C) | (mg/min) | (°C) ©_|mg) | (*C) | (mg/min) | (°C) ° | (mg)

5 220.0 | 288.9 0.0348 407.8 | 0.865 | 4.33 | 447.6 0.0189 464.6 | 0.135 | 0.67

GK 10 226.4 | 289.6 0.0607 425.0 | 0.856 | 4.28 | 458.1 0.0356 478.2 | 0.144 | 0.72
20 248.8 | 305.0 0.1361 436.4 | 0.840 | 4.20 | 463.8 0.0749 479.6 | 0.160 | 0.80

5 184.1 | 307.1 0.0423 348.6 | 0.652 | 3.26 | 409.0 0.0943 416.0 | 0.348 | 1.74

PN 10 218.6 | 309.2 0.0808 359.8 | 0.647 | 3.24 | 417.5 0.1143 438.0 | 0.353 | 1.76
20 246.0 | 323.2 0.1487 373.8 | 0.643 | 3.22 | 417.5 0.1319 461.1 | 0.357 | 1.88

5 238.9 | 280.0 0.0389 387.9 | 0.788 | 3.94 | 423.8 0.0799 432.7 | 0.212 | 1.06

CS 10 265.7 | 292.1 0.0632 397.8 | 0.760 | 3.80 | 437.1 0.0968 450.7 | 0.240 | 1.20
20 291.0 | 298.4 0.1196 401.3 | 0.728 | 3.64 | 448.3 0.1202 473.8 | 0.272 | 1.36

5 221.4 | 280.4 0.0406 397.0 | 0.859 | 4.30 | 456.0 0.0129 478.8 | 0.141 | 0.70

AS 10 230.2 | 288.9 0.0741 415.3 | 0.840 | 4.20 | 4574 0.0264 492.7 | 0.160 | 0.80
20 238.8 | 302.2 0.1402 423.8 | 0.812 | 4.06 | 468.0 0.0482 507.7 | 0.188 | 0.94

5 206.6 | 304.3 0.0397 430.0 | 0.914 | 4.57 | 476.5 0.0091 498.9 | 0.086 | 0.43

WP 10 216.9 | 316.2 0.0632 442.0 | 0.887 | 4.44 | 484.6 0.0140 524.7 | 0.113 | 0.66
20 232.2 | 320.9 0.1193 454.6 | 0.870 | 4.35 | 494.5 0.0285 537.3 | 0.130 | 0.65

Notes: Tii represents the ignition temperature; Timax

and Tamax represent the corresponding

temperature of the first and second peak on reaction rate curve, respectively; DTGimax and
DTG2max represent the reaction rates of the first peak and the second peak in the reaction rate
curve, respectively; Tie represents the temperature at which the first stage was completed; Tze
represents the burnout temperature; a1 and a2 represent the first and second stage conversion
rate, a2 = 1 - a1; W1 and W2 represent the first and second stage mass loss.

Besides, the decomposition of GK, AS, and WP samples led to a conversion rate
between 0.8 and 0.9, while that of PN and CS samples were 0.65 and 0.76 respectively.
Above data revealed that about 90% weight loss of GK, AS, and WP took place in the
form of volatile emission, and more char was generated from PN and CS after pyrolysis.
Furthermore, the initial and ultimate combustion temperatures of chars from GK, AS, and
WP biomass were relatively higher comparing to that from PN and CS samples, which
manifested that the combustion of residue from PN and CS samples occurred more
fiercely and namely a superior reactivity of chars from these two biomasses. The reaction
of PN sample initiated and also completed at lower temperatures in comparison to other

biomass samples, which demonstrated its superior reactivity during oxidative combustion.
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Fig. 3. The biomass the heat release curve of the sample: (a) GK; (b) PN; (c) CS; (d) AS; and (e)
WP

Meanwhile, the temperature range in which the decomposition of PN and CS
proceeded was significantly shortened with the increase of heating rate. Consequently,
the restrictive link in decomposition process of PN and CS can be deduced as the transfer
of heat. Similarly, the decomposition of other three biomasses and combustion of their
chars were not significantly influenced by the variation of heating rate, which means that
the combustion of these biomasses can only be facilitated by the optimization of kinetic
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conditions. According to the data in Table 2, although the decomposition of WP started at
a relatively lower temperature and achieved a maximum reaction rate over 0.12 mg/min,
its ultimate combustion temperature was the highest of all. The phenomenon just
described was observed from the char combustion peak on the reaction rate curve of WP,
which indicated the inferior reactivity of char derived from WP.

Differential Thermal Analysis

Differential thermal analysis (DTA) was adopted to quantitatively compare the
heat absorption and release behavior during the combustion of different biomass samples.
The DTA curves and the differential of DTA (DDTA) of selected biomass samples are
shown in Fig. 3. Though the difference in initial reaction temperature of biomass samples
was significant, the maximum exothermic rate temperatures of selected samples were
mainly concentrated at the ranges from 320 to 350 °C and 400 to 500°C due to the stage
combustion of sample. It also is apparent that the corresponding temperatures of
maximum exothermic rate temperatures also transferred towards high temperature zones
with the increasing of heating rate, which was probably due to the delay combustion of
sample under higher heating rates. The exothermic rate of WP, PN, and CS at the second
weight loss stage was a direct reflection of the high combustion efficiency of char and
also closely related to the burnout temperature of biomass samples. Meanwhile, the
combustion sequence of components in samples was determined by comparing the
variation on DDTA curves. As exhibited in Fig. 3, the DDTA curves of GK, AS, and WP
consisted of three peaks, while just two independent peaks was observed on DDTA
curves of PN and CS. The first peak around 300 °C was supposed to be categorized as the
exothermic oxidation of hemicellulose, while the following two peaks at the temperatures
of 400 °C and 450 °C were identified as the combustion of cellulose and lignin (Wang et
al. 2014). With the increasing of heating rate, the combustion of hemicellulose in GK, AS,
and WP samples occurred at a higher temperature and the exothermic rate became higher
but the combustion of hemicellulose in the following stage was dramatically retarded
with the increasing of heating rate. This phenomenon was possibly related to the
temperature gradient produced by the inadequate transfer of heat, which postponed the
reaction of cellulose as well as lignin into high temperature zones. Consequently, the
release of heat over 450 °C was remarkably increased. Nevertheless, due to the advantage
in reactivity of functional groups, an opposite trend was observed during the combustion
of PN and CS. The combustion of hemicellulose was intensified with the increasing of
heating rate, while the reaction rate of cellulose was reduced by the intermittent of heat.

Kinetic Analysis

In order to clarify the non-isothermal combustion mechanism of biomass samples,
the FWO reaction model was introduced for the kinetic calculations in this research. As
known, the relationship among reaction rate, reaction rate constant and conversion rate
can be described as a linear function, which is shown in Eg. 2.

d

= = k(D)f (a) @
where a represents the conversion rate of sample during combustion, t represents the
heating time required for conversion rate to reach a, T represents the temperature at
which conversion rate reaches «, and f(a) represents the reaction mechanism function.

The rate constant k(T) is typically expressed according to the Arrhenius formula
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as shown in Eq. 3.
k(T) = Aexp(—7) 3)

where A represents the pre-exponential factor, E represents the activation energy, and R
represents the gas reaction constant, which is 8.314x103kJ/(mol-K).

The Kkinetic equation expressed in Eq. 4 can be derived by substituting Eq. 3 into
Eq. 2.

da

S=dexp(—=)f(@ (4)
The heating rate of a non-isothemal reaction can be calculated by Eq. 5.

d
p== (5)

A non-isothermal kinetic equation as Eq. 6 can be obtained by substituting Eq. 5
into Eq. 4.

da A

e =2exp(— ) f(@ (6)

The activation energy of a non-isothermal thermogravimetric reaction can be
calculated with FWO equation based on equal conversion rate method, which is
described Eq. 7.

0.0048AE
RG(a)

For a certain a, the linear relationship between Ing and 1/T can determined by
fitting the data under several heating rates, while the value of activation energy can be
calculated by the slope of the fitting plots. The experimental data and fitting plots are
exhibited in Fig. 4.

It should be noted that the variation in activation energy of all biomass samples
showed a multiple-parabola law with the increasing of conversion rate, while an evident
consistency between the corresponding temperature of maximum activation energy and
maximum reaction rate was also observed in the comparison between the data in Table 3
and Fig. 2. This phenomenon was possibly due to the exhaust of activated molecules in
fuel and also the barricade on the surface layer created by mineral residue produced by
the consumption of combustible matters. Consequently, the reaction rate of sample
dramatically decreased with the further increasing of conversion rate. As a result, the
activation energy of sample for succeeding reactions increased with the extending of
combustion after the maximum reaction rate. All combustion reactions of biomass
samples consisted of at least two stages of weight loss, which was responsible for the
repetitive variation of activation energy.

Meanwhile, though the combustion of PN and CS sample completed at a early
stage of heating, their average activation energy was relatively higher comparing to some
biomasses. It is considered that the combustion reaction of PN and CS occurred in a
lower temperature range, in which the average energy of molecule in biomass samples
was lower for the insufficient thermal motion of molecules. Therefore, more energy is
required to activate the molecules of sample for combustion in low temperature
environment.

E
Inf =1In — 1.05165 @)
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Table 3. Activation Energy and Correlation Coefficient of Biomass Under Corresponding
Rate

GK PN cs AS wp
a E E E E E
daimo) | X aamoy| B | wimoy | R | amoy | R | gamoy | K
005 | 8653 |0.0965| 116.91 | 0.0999 | 134.93 | 0.9874 | 189.01 | 0.9815 | 3562 |0.9999
010 | 8898 | 09976 | 116.25 | 0.9964 | 134.76 | 0.9934 | 184.07 | 0.9926 | 6113 |0.9994
015 | 127.93 | 0.9927 | 122.89 | 0.9983 | 132.92 | 0.9920 | 181.06 | 0.9999 | 96.59 | 0.9953
020 | 13287 | 0.9972 | 126.03 | 0.9994 | 13445 | 09998 | 174.05 | 0.9997 | 113.39 | 0.9962
0.25 | 13249 | 0.9675 | 116.41 | 0.9922 | 154.66 | 0.9608 | 174.09 | 0.9980 | 12355 | 0.9949
0.30 | 133.99 | 0.0814 | 131.84 | 0.9647 | 166.26 | 0.9920 | 168.15 | 0.9984 | 128.57 | 0.9985
0.35 | 136.38 | 0.9815 | 135.84 | 0.9709 | 168.50 | 1.0000 | 165.34 | 0.9950 | 135.38 | 0.9964
040 | 145.89 | 0.9900 | 137.91 | 0.9672 | 162.27 | 0.9627 | 167.02 | 0.9982 | 139.46 | 0.9990
045 | 15215 | 0.0974 | 146.49 | 0.9995 | 150.90 | 0.9714 | 166.04 | 0.9951 | 145.81 | 1.0000
0.50 | 151.79 | 1.0000 | 143.33 | 1.0000 | 158.86 | 0.9722 | 166.42 | 0.9911 | 147.29 | 1.0000
0.55 | 148.83 | 0.0993 | 143.70 | 0.9995 | 153.51 | 0.9631 | 160.83 | 0.9928 | 144.36 | 0.9999
0.60 | 14594 | 0.0986 | 143.71 | 0.9967 | 139.69 | 0.9619 | 151.12 | 0.9914 | 131.56 | 0.9966
0.65 | 14220 | 0.0966 | 149.33 | 0.0943 | 111.20 | 0.9746 | 134.76 | 0.9928 | 114.89 | 0.9906
0.70 | 141.48 | 0.0895 | 167.62 | 0.0985 | 86.13 | 0.9913 | 118.55 | 0.9946 | 109.65 | 0.9968
0.75 | 14351 | 0.9929 | 242.56 | 0.9975 | 72.16 | 0.9913 | 98.72 | 0.9891 | 109.72 | 0.9994
0.80 | 128.08 | 1.0000 | 337.62 | 0.9977 | 125.75 | 0.9915 | 91.95 | 1.0000 | 112.55 | 1.0000
0.85 | 105.33 | 0.0998 | 338.08 | 0.9725 | 215.18 | 0.9975 | 90.61 | 0.9925 | 101.17 | 0.9992
0.00 | 223.85 | 0.9740 | 275.30 | 0.0950 | 181.60 | 1.0000 | 141.77 | 1.0000 | 95.26 | 0.9909
0.05 | 199.31 | 0.0892 | 220.94 | 0.0991 | 153.20 | 0.9966 | 168.04 | 0.9680 | 138.19 | 0.9974
@’geé' 140.40 | 0.9917 | 174.36 | 0.9916 | 144.52 |0.9842 | 152.19 |0.9932 | 114.95 |0.9974

Functional Group Structure Analysis

The functional group structure of the biomass samples was detected by Fourier-
transform infrared spectroscopy (FTIR) carried out on a Cary 630 FTIR (Agilent
Technologies Inc, Shanghai, China) in the spectral wavelength range of 400 to 4000 cm™.
To ensure an ideal reproducibility of experimental results, each test was repeated at least
three times before a final result was ascertained. The FTIR results of the biomass samples
are shown in Fig. 5, while the characteristic peak values and corresponding functional
groups are listed in Table 4 (Yu 2006).

It can be seen from the FTIR spectra that the peak intensity of aromatic
hydrocarbon around 1590 cm™ on spectra of PN and CS samples was relatively lower
than that of other biomass samples, which indicated that the numbers of benzene rings in
PN and CS samples were inferior. For the decomposition of aromatic hydrocarbon
usually occurs in under high temperatures due to the high stability of conjugated = bond
and hexatomic ring and consequently the reactivity of fuels with high content of aromatic
hydrocarbon is supposed to be lower. Furthermore, -OH is a radical with high reactivity
for the breakage of H-O bond take places at a temperature as low as 200 °C (Min and
Zhang 2005) and the -OH absorbance of PN and CS samples around 3400 cm™ was also
noticed to be strong. Namely, the functional groups in PN and CS samples can be
considered as mainly high reactivity radicals, which explained not only the high reaction
rate of PN and CS samples in the temperature range between 200 and 300 °C but also the
lower burnout temperature of these two biomasses. However, the absorbance of the peaks
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around 1040cm™ on spectra of GK, PN and CS samples was observed to be strong,
namely the mineral ash content in these three biomass was higher than that of AS and WP.
The findings described above show a great accordance with the proximate analysis and
the reaction temperature analysis results of selected samples in Tables 1 and 2. In
addition, the heat released during combustion is closely related to the formation of
functional groups for the generation of heat during the breakage of different chemical
bonds varies dramatically. Therefore, although the carbon content of PN and CS samples
were higher, the carbon atoms in these samples mainly existed in the form of low calorie
radicals like -OH and -CHs. It is possibly the reason for the low HHV of PN and CS
during oxidation combustion.

Ash Aromatic hydrocarbon -CH OH

Absorbance
i
o

500 1000 1500 2000 2500 . 3000 3500 40040
Wavenumber (cm’ )

Fig. 5. FTIR spectra of biomass samples

Table 4. Classification of Absorption Peak in FTIR Spectra

Peaks| Wavenumber (cm) Functional Groups
1 3550-3200 -OH
3030 -CH (aromatic ring)
2 2950(shoulders) -CHs
3 2920,2860 -CHs Cycloalkanes or aliphatic hydrocarbons
4 2858-2847 -CH:
5 2780-2350 -COOH
1610 Carbonyl substituted aromatic hydrocarbons
6 1590-1470 Aromatic hydrocarbon
1460 -CHa,-CHs, Inorganic carbonate
7 1375 -CHs
8 1330-1110 C-O (Phenols, alcohol ethers, lipids)
1040-900 Ash
CH (1,2,4-;2,4,5;1,2,3,4,5 substituted aromatic
860
hydrocarbons)
9 750 CH (1,2 Substituted aromatic hydrocarbons)
700 CH (Single substituted or 1,3 substituted aromatic
hydrocarbons)
10 475 -SH
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For a more detailed understanding of the specific distribution of the functional
groups in the material, all spectra were divided into four regions: aromatic structures (700
to 900 cmt), oxygen-containing structures (1000 to 1800 cm™), aliphatic structures (2800
to 3000 cm™), and hydroxyl structures (3000 to 3600 cm™). PeakFit software (Second
edition, SeaSolve Software Inc, Framingham, MA, America) was applied for the
deconvolution process of all spectra and also the area calculations of derived peaks. The
deconvolution process of WP sample is shown in Fig. 6 as an example, while the
correlation coefficients between the experimental and fitting curves all exceeded 0.98.
Equations from 8 to 14 were used to calculate the functional groups structural parameters
of the biomass samples (He et al. 2017), while the calculation results are exhibited in
Table 5.

The apparent aromaticity fa was used to characterize the aromatic carbon fraction
to determine the aromatic structure parameters. According to Wang et al. (2011), all
carbon atoms are considered as aromatic (Car) carbon or aliphatic (Ca) carbon and fa can
be calculated using Egs. 8 through 10,

Ha _ _Ha A2800-3000 (8)

H Hgi+Har  A2300-30001t4700-900

Ca _ (M E) (@)

c —\m *¢C / Cal ©)
Cal

fa=1- Ta (10)

where Ha/H represents the ratio between aliphatic (Ha) and total hydrogen atoms (H).
The distribution aliphatic hydrogen (Ha) concentrates in the wavenumber range between
2800 and 3000 cm™, while the fluctuation between wavenumber of 700 and 900 cm™
belongs to absorbance of aromatic hydrogen (Har), Ca/C represents the ratio between
aliphatic and total carbon, H/C represents the ratio between hydrogen and carbon atoms
determined from the ultimate analysis, Ha/Ca, with a fixed value of 1.8, represents the
ratio between hydrogen and carbon in aliphatic groups, Asooo-2800 represents the integrated
area between 3000 and 2800 cm, which is used to estimate the total aliphatic content
(CHs, CHg, and CH).

The aromatic C=C band intensity is related to the area under the peaks located at
1600 cm™ (Aus00) and the degree of condensation (DOC) of the aromatic rings can be
determined through Eq. 11:

DOC = A700-900 (11)

Ai1600

According to the ratio between CH. and CHs, namely the area ratio of
A(CH2)/A(CHz3), the aliphatic group length and the branched chain degree were
calculated to determine the aliphatic structural parameters. A greater ratio of
A(CH2)/A(CHa) indicates a longer aliphatic chain of the aromatic ring. In contrast, a
smaller space between the aromatic rings and the relatively dense structure were
indicated. The intensity ratio of CH>/ CHs was determined by Eq. 12,

A(CH2) _ A2915-2940 (12)
A(CH3)  Az950-2975
where Azg15.2040 and Azgso-2075 are attributed to the asymmetric stretching intensity of CH»
and CHjs groups, respectively.
The structural parameter ‘C’ of the oxygen-containing functional group

Wang et al. (2019). “Non-isothermal combustion,” BioResources 14(4), 7702-7718. 7714



PEER-REVIEWED ARTICLE b | oresources.com

represented the change in the ratio from the C=C to the C=0 group to determine the
structural parameters of the oxygen-containing functional and calculated through Eq. 13,

'cl = A1650-1800 (13)

A1650-1800+1 41600
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Fig. 6. Deconvolution process on FTIR spectrum of WP

Table 5. Structure Parameters of Biomass Infrared Spectra

Sample fa DOC A(CH2)/A(CHs) ‘C’
GK 0.941 0.107 2.748 0.416
PN 0.874 0.103 1.605 0.579
CS 0.932 0.079 1.522 0.586
AS 0.849 0.078 3.225 0.535
WP 0.895 0.105 2.604 0.553

As shown in Table 5, the fa value of CS was higher than that of PN, which
indicated that higher proportion of carbon atoms in CS mainly existed in the form of
aromatic hydrocarbon comparing to that of PN. Namely, the radicals in CS required
higher temperatures to complete combustion and hence the burnout temperature of PN
was 17 °C lower than that of CS. The relationship between area ratio of aromatic C-H
and aromatic C=C showed that DOC of CS and AS was lower than other biomass
samples, which meant that the reactivity of aromatic groups in CS and AS samples were
supposed to be higher during reaction and accordingly the reaction rate of char from CS

Wang et al. (2019). “Non-isothermal combustion,” BioResources 14(4), 7702-7718. 7715




PEER-REVIEWED ARTICLE b | oresources.com

was also observed to be faster during combustion. However, the combustion rate of char
from AS was not that significant for the low proportion of aromatic groups in AS.
Besides, the value of A(CH2)/A(CHz3) was calculated by the area ratio of peaks located at
2915-2940 and 2950-2975 cm™, which is considered to be related to the length of
aliphatic chains or the degree of branching aliphatic side-chains (José et al. 1994). The
higher A(CH2)/A(CHz3) values of GK, AS and WP implied that the content of methyl
groups in these biomasses was much lower than that of PN and CS for carbon atoms in
GK, AS and WP are mainly in the form of aromatic hydrocarbon. Meanwhile, the
difference in value of ‘C’ showed that the number of oxygen-containing functional
groups in PN and CS was lower in comparison to other three biomasses and was
responsible for the lower HHV of PN and CS, which exhibited a good accordance with
the ultimate analysis results in Fig. 1 (Chen et al. 2012). The value of ‘C’ of GK was the
lowest though its oxygen content was the highest in all five biomass samples. This was
probably because that the oxygen in GK was mainly in the form of -OH and therefore a
high conversion rate was achieved at the temperature around 400 °C.

CONCLUSIONS

1. The combustion of PN and CS was completed at a lower temperature range compared
to the ultimate combustion temperature of GK, AS, and WP due to their advantage of
high reactivity radicals in functional group structure. Simultaneously, the differences
in chemical combinations of C, H, and O atoms in fuel also has a dominant effect on
the exothermic behavior of biomass during combustion. Hence, more heat can be
obtained during the combustion of AS and WP due to their high content of aromatic
hydrocarbon in function groups.

2. Due to the difference in functional groups structures, variation of heating rate
produced an opposite effect for different biomass samples. The combustion of volatile
and char in GK, AS, and WP transferred to high temperature zones with the
increasing of heating rate. Consequently, the exothermic rate in high temperature
range between 450 and 500 °C was significantly intensified. However, the increasing
of heating rate isolated the combustion of volatile and char in PN and CS, which
increased the exothermic rate of volatile around 300 °C but decreased exothermic rate
of char in high temperature zones above 400 °C

3. The combustion of PN, CS and AS samples is stable under different heating rates for
their functional groups are mainly composed of high reactivity radicals, namely a
superior combustion rate of these biomasses can be achieved at a low heating rate.
Both of the initial and ultimate combustion temperatures of GK and WP were
significantly increased with the increasing of heating rate, which indicated that higher
reaction temperature is required if GK and WP are utilized as fuel in civil or
industrial scales.
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