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Abstract
In this study, a combustion study of tire pyrolytic carbon black (CBp), gas coal (GC), and their blends was carried out by

thermogravimetric analysis with four heating rates under air atmosphere. And the structure characteristics of CBp and GC

were studied using particle size distribution, scanning electron microscope, X-ray diffraction, Raman spectra followed by

peak deconvolution and data analysis. The results demonstrated that the structural differences between CBp and GC

directly affected their thermal behavior trends. GC with low graphitization degree had more combustibility reactivity than

that of CBp, while the mean reaction rate and maximum reaction rate of CBp were larger than GC due to its bigger specific

surface area and higher porosity. For blends, the combustibility reactivity could be improved by blending with GC, and

there was obviously synergetic effect for the co-combustion of CBp and GC. The combustion reaction mechanisms and

kinetic parameters were carried out using three non-isothermal kinetic models: random nucleation nuclei growth model

(RNGM), volume reaction model, and unreacted core model. The kinetic analysis demonstrated that the RNGM model had

a better performance than other models for describing the thermal behavior of the selected samples. In addition, the

synergetic effect between CBp and GC was observed from the kinetics data calculated by RNGM. The activation energies

of CBp and GC calculated by RNGM model were 119.6 kJ mol-1 and 126.4 kJ mol-1, respectively, whereas the lowest

activation energy for their blends was 104.3 kJ mol-1 when CBp ratio was 40%.
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Introduction

Along with the continuing fast growth in Chinese economy

and the successive increase in people’s living standard, the

automobile industry enters into a fast-growing era. Rapidly

developing industry has brought great convenience to

people’s life, but at the same time, it also brings an increase

in waste tires’ number [1]. According to an incomplete

statistic, approximately 400 million tires are discarded

around China annual by 2016, and this figure is estimated

to increase by 8–10% every year [2]. The waste tires not

only cause the waste of land resources, but also have a

series of negative effects such as fire and more, and more

‘‘Black Pollution’’ [3–5] formed by waste tires is gradually

threatening the human living environment.

At present, the recycling of waste tires has broken the

ice in China. There are three main forms of recycling waste

tires. The first form of recycling waste tire is renovation

and reuse. However, there is a large gap between China and

developed countries in refurbishment rate of tires due to

slow retreading technology, defective management system,

bad recycling channels, low user trust, and so on. The

average proportion of refurbished tires in the world is 10:1,

while it is only 26:1.5 in China [6]. The second form of

recycling waste tire is making crumb rubber. According to

the statistical data of China Rubber Industry Association,

China’s powder application is more than 50,000 t, but there

is still 50% rubber powder without market compared with

the 100,000–120,000 t annual output of rubber powder in

China [7]. The third form recovers waste tires by non-

stripping micro-negative pressure pyrolysis [8]. In this

way, waste tires are divided into about 45% fuel oil, 35%
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carbon black, 10% combustible gas and 10% wire [9]. The

waste steel wire, as a high-quality wire scrap, is the high-

quality raw material for steelmaking. The combustible gas

can be directly used in the pyrolysis reactor as the heat

source by efficient recovery technology [10]. The calorific

value of chemical oil is about 9700 thousand calories,

which can supply boilers and industrial furnaces as fuel oil.

However, the untreated pyrolytic carbon black can only be

used as low industrial filler due to its high ash content and

poor surface activity [11].

In order to effectively recover the heat in waste tires,

Michelin and Arcelor [12] have carried on the long-term

deep research on injecting scrap tire into the electric fur-

nace for steelmaking, and the industrial experiments were

successful. The Nippon Steel Smoke Plant [13] in Japan is

a successor to use waste tires instead of pulverized coal as a

carbon source and heat source for scrap-melting furnaces.

The Norfol company [14] in America is working on a

process to spray waste tires into electric arc furnaces to

provide chemical energy to molten steel. However, the

injection of waste tires into the blast furnace has not been

widely promoted and applied in China due to the poor

grinding ability. Pyrolysis carbon black has good grinding

ability and high calorific value, and it is possible to use

pyrolysis carbon black with bituminous coal to provide the

heat for industrial production, which can utilize the char-

acteristics of unique combustibility of bituminous coal and

also use the characteristics of high fix carbon content and

high calorific value of carbon black. In China, technolog-

ical advances and industry growth have become possible

with the unreasonable consumption of the coal resources.

Although China is rich in coal reserves, a large amount of

long-term consumption will lead to lack of resources.

Therefore, it is necessary to explore new carbon-containing

fuels instead of coal. Thermogravimetric analyzer, flu-

idized bed reactor, mass spectrometry analyses, and tube

reactor are the frequently used techniques for the investi-

gation of combustion of biomass and coal [15–18], waste

plastics and coal [19–22], and blast furnace flue dust and

coal [23]. To date, complete kinetic research on carbon

black and coal have not been found.

In this paper, the combustion characteristics and kinetic

behaviors of GC, CBp, and their blends were investigated

by a non-isothermal thermogravimetric analysis method

under air atmosphere. In order to explain the different

thermal behavior trends of these samples, various factors

including particle size analyzer, scanning electronic

microscopy, XRD, and Raman spectra were studied to

reflect structure characteristic. Then three nth-order repre-

sentative gas–solid models: random nucleation nuclei

growth model (RNGM) [24, 25], volume reaction model

(VM) [26], and unreacted core model (URCM) [27, 28],

were employed to calculate kinetic parameters that could

explain the combustion process of CBp, GC, and their

blends. It is hoped that this paper will be conducive to

understand the combustion process of tire pyrolytic carbon

black and provide a basic to use tire pyrolytic carbon black

for blast furnace or thermo-power station.

Experimental

Raw materials

In this study, Chinese gas coal (GC) and pyrolytic carbon

black (CBp) were selected for this investigation. China is

rich in the GC resources, but GC is injected into the blast

furnace only after it has been upgraded or mixed with

anthracite due to its low carbon content and calorific value.

The CBp is provided from a waste-tire-processing plant in

China. Because of the backward equipment and technol-

ogy, the CBp produced by this plant can only be used as

industrial filler. All raw materials were dried at 105 �C, and
the particle size of the materials is\ 74 lm. Proximate

analysis and ultimate analysis results of GC and CBp are

given in Table 1.

Experiment procedure

Thermogravimetric analysis

The combustion experiments were carried out in a TG

(Setaram Labsys-Evo) under air atmospheric. About 5 mg

of the samples was burned at four heating rates of 2.5, 5,

10, and 20 �C min-1 from room temperature to 900 �C,
respectively. The small amount of sample, air flow, and

slow heating rates were selected, after some preliminary

tests, in order to ensure the heat transfer limitations can be

ignored.

Microstructure test

The particle size distribution of the GC and CBp was

determined by LMS-30 scattering laser diffraction particle

size analyzer. The microscopic morphology of the samples

was carried out using a Quanta 250 environmental scan-

ning electron in a secondary electron emission mode.

Table 1 Proximate and ultimate analysis of GC and CBp

Sample Proximate analysis/% Ultimate analysis/%

FCd
a Ad Vd Cd Hd Od

a Nd Sd

GC 60.3 10.4 29.4 78.9 4.9 4.8 0.7 0.3

CBp 77.7 14.5 7.8 78.3 1.6 2.6 0.3 2.7

194 Q. Wang et al.

123



Raman spectroscopy

The Raman spectra of the samples were obtained with a

JY-HR800 spectrometer. Experiments were examined at

room temperature using wavelength 532 nm (10 s, 20 mw)

provided by HE–NE laser, and any annealing effects were

considered negligible. In order to avoid accidental errors,

the spectra were obtained from several particles of each

sample and recorded in the range 800–2000 cm. The

acquisition time of each spectroscopy was 60 s, and the

spectra were subject to peak fitting using curve-fitting

software (Peak Fitting Module).

X-ray diffraction

The crystal structure of the samples was obtained using X-

ray diffraction (XRD) analysis. X-ray diffraction carried a

MAC Science X-ray powder diffractometer

(M21XVHF22) with a Cu Ka radiation source

(k ¼ 1:54051 Å). Diffraction intensities were recorded in

the 2h range of 10�–90� in a step-scan mode.

Kinetic model

Three well-known non-isothermal kinetic models including

RNGM, VM, and URCM models were adopted in this

study to calculate the kinetic parameters of CBp, GC, and

their blends. The combustion process of GC, CBp, and

their blends are gas–solid non-catalytic heterogeneous

reaction generally described as:

dX

dt
¼ kðPg; TÞf ðXÞ; ð1Þ

where k is apparent reaction rate constant, which is a

function of partial pressure Pg, and reaction temperature T.

f(X) describes a kinetic mechanism function in the com-

bustion process, X is conversion degree which can be

defined as:

X ¼ w0 � wt

w0 � wf

; ð2Þ

where w0(mg) denotes the original mass of the sample, wt

(mg) is the mass at time t and wf is the final mass at the end

of combustion. It is assumed that solid fuel combustion is a

first-order reaction and can be expressed using the Arrhe-

nius equation, which gives:

dX

dt
¼ k0e

�E=RTf ðXÞ; ð3Þ

where k0 is pre-exponential factor, E stands activation

energy, R is the universal gas constant. The RNGM model

takes into account the pore structure and evolution during

the reaction development. And the RNGM model can

express as:

dX

dt
¼ k0e

�E=RTð1� XÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�ð1� XÞ
p

ð4Þ

The VM model supposes that the reaction is evenly

produced on both the outside and inside solid particle

surface. The VM model is given by following equation:

dX

dt
¼ k0e

�E=RT 1� Xð Þ: ð5Þ

The URCM model assumes that the reaction occurs

gradually from particle surface to inside and that there is

always a shrinking core of non-reacted solid during the

reaction. The reaction mechanism function is given by

following equation:

dX

dt
¼ k0e

�E=RT 1� Xð Þ2=3 ð6Þ

For non-isothermal conditions, the experimental tem-

perature T is determined by constant heating rate b and the

reaction time t:

T ¼ T0 þ bt ð7Þ

The RNGM model is given as follows by introducing

Eq. (7) into Eq. (4):

X ¼ 1� exp � � k0ðT � T0Þ
2b

� exp � E

RT

� �� �2
 !

: ð8Þ

Similarly, the VM model is given as follows by intro-

ducing Eq. (7) into Eq. (5):

X ¼ 1� exp �k0
T � T0ð Þ

b
� exp �E

RT

� �� �

: ð9Þ

And URCM model is obtained by integrating Eq. (7) to

give Eq. (6):

X ¼ 1� 1� k0 T � T0ð Þ
3b

� exp �E

RT

� �� �3

: ð10Þ

The kinetic parameters were carried out using nonlinear

least-squares fitting method. In order to further verify the

three models quantitatively, the experimental and calcu-

lated values were compared by the following equation:

DEV Xð Þ %ð Þ ¼ 100�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X

N

i¼1

Xexp;i � Xcalc;i

� �2
.

N

v

u

u

t ð11Þ

DEV (X) (%) is relative error, and its value can represent

the effect of model fitting; Xexp,i is experimental data

obtained from TG; Xcal,i is a value fitted by three models;

N is the number of experiment dada.
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Results and discussion

Thermal combustion of raw materials and their
blends

It is generally accepted that the combustion process of

carbon includes three main stages: (1) first stage: moisture

drying and gas absorption; (2) second stage: devolatiliza-

tion and combustion of fixed carbon up to the largest mass

loss; (3) third stage: combustion is completed and the mass

losses of the samples remained unchanged. It is observed

that there are similar three stages in the TG results of GC,

CBp and their blends at different heating rates depicted in

Fig. 1. All TG curves (TG–DTG) are selected from 200 �C
due to minor mass losses associated with the removal of

moisture in the initial period. According to the curves, the

mass loses mainly occurred at 300–600 �C, and DTG

curves have only one peak rate for all raw materials and

mixtures. In addition, the TG curve of select samples

moves to a high-temperature area with an increase in

heating rate. This is because of the fact that combustion

reactions of CBp, GC, and their blends are all endothermic,

and so more time is needed to transfer heat to low internal

temperature of these samples under high heating rates.

In order to describe the combustion process of the

selected samples in more detail, TG–DTG [29] method is

carried out to calculate combustion parameters of CBp,

GC, and their blends. Ignition temperature Ti, burn out

temperature Tf, mean reaction rate Rmean, maximum reac-

tion rate Rmax, comprehensive combustion index S

S ¼ RmaxRmean

T2
i
Tf

� �

[30] under 10 �C/min heating rate are

shown in Table 2. From combustion parameters, it is

observed that the values of Ti and Tf of GC are lower than

that of CBp and Ti and Tf for blends lie in the range

between the two samples. With increase in CBp content,

Rmean and Rmax for blends first decreases and then increa-

ses. The lowest value of Rmean and Rmax for blend is

0.0974 min obtained at 40% of CBp content. For com-

prehensive combustion index S, similar relation can be

found. From above analysis, it can be found that the blend

has good ignition property as the content of GC increases

in the mixture, while it is deteriorated with the mixture of

two samples for comprehensive combustion characteristics,

especially when blend is GC60%/CBp40%. This phe-

nomenon is caused by different combustion intervals of

CBp and GC. GC has low Ti, and for separate combustion,

it is concentrated in the low-temperature region, while CBp

has high Tf and burns in high-temperature region compared

to GC. However, when CBp and GC are mixed together,

the concentrated combustion range will be extended and

strength will be weak. Similar phenomena are also found in

thermal behavior of coal and paper mill sludge in co-

combustion by Liao and Ma [31].

It is observed that after mixing of CBp and GC, com-

bustion process of blends becomes more complicated. In

order to determine whether there is a synergistic effect in

the process of co-combustion, the average conversion value

of GC conversion and CBp conversion in the combustion

process is compared with the experimental data. It is

generally accepted that the effect is positive when the

calculated value is lower than experiment data, while there

is a negative effect when the calculated value is higher than

the experiment data. It is considered that there is no syn-

ergistic effect in the co-combustion process when calcu-

lated value is same with experiment data. Consequently,

the difference between calculated and experiment data

directly reflects the synergistic effect in co-combustion.

Supposing there is no interaction between GC and CBp,

massed average of single sample represents the overall

mass loss of the blends that is expressed by Eq. (12):

Xcalculate ¼ a� XGC þ b� XCBp ð12Þ

Figure 2 shows the comparisons between calculated and

experiment data. From the curves, it is obviously seen that

experiment curve is similar to calculated curve, but there

are also deviations at different stages. In the range of

400–500 �C, experiment data are obviously lower than

calculated value. Then experiment data become higher than

calculated data in the range 500–550 �C. At the end of the

combustion process, experiment data and calculated data

become close with each other. All above results reflect that

synergistic effect is present. It is well known that

volatilization and combustion of volatile content occur at

the initial stage of combustion. For blends, this process is

limited by mixing of GC and CBp. More temperature is

needed for volatile content to evaporate due to small

amount of volatile matter and high coalification degree of

CBp. When CBp and GC are mixed and burned, different

particles will limit heat transfer, resulting in an increase in

temperature gradient. These limits caused the volatilization

and combustion of volatile content into high temperature

range. With the raising combustion temperature, carbon

residue begins to burn. For the combustion of carbon

residue, solid carbon from GC promotes combustion of

char in CBp. This can be explained as: The ignition tem-

perature of solid carbon from GC is low, and so it is easy to

burn and release a lot of heat that can promote the com-

bustion of char in CBp. According to above analyses, it can

be concluded that the content of CBp limits volatilization

of volatile content in GC and combustion of solid carbon in

GC can obviously promote combustion of char in CBp.

196 Q. Wang et al.

123



Physical and chemical characteristics

The particle size of GC and CBp samples is shown in

Fig. 3. It can be observed that the particle size of GC is

between 2 and 65 lm, while that of CBp is between 2 and

27 lm. The particle size of CBp is smaller than GC. The

specific surface area is obtained by calculating the original

data of the particle size distribution. The specific surface

area of CBp is 1.019 m2 cm-3, and specific surface area of

GC is 0.710 m2 cm-3.

The surface microtopography of GC and CBp was

obtained by scanning electron microscopy (SEM) and is
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Fig. 1 Conversion and conversion rate of GC, CBp, and their blends at four different heating rates
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shown in Fig. 4. From Fig. 4, obvious difference among

the samples can be seen. The GC sample that exists in

particle has smooth surfaces, sharp edges, and irregular

shapes, while the surface microstructure of CBp shows a

‘‘pit-shell’’ structure. The internal structure of CBp is as

dense and smooth as GC, and the surface layer and surface

pore of CBp are formed due to the deposition of ash, the

sediment of carbonaceous, and the change of surface

group. In the pyrolysis process of waste tire, the precipi-

tation of volatiles leads to its porous structure and large

specific surface area. Aranda et al. also reported that solid

phase of carbon black shows a porous structure [32].

Figure 5 shows the Raman spectra of CBp and GC in the

range of 800–2000 cm. A deconvolution method [33] is

adopted to obtain the structure parameters including peak

position, full width at half maximum (FWHM), intensity (I),

and integrated area (A). In the deconvolution method, the

Raman spectra is divided into 10 Gaussian peaks including

four groups/bands (G, D, GR ? VL ? VR, and S) with the

rest of the bands (GL, SL, SR, and R) as the curve-fitting

residuals. The aromatic ring breathing will contribute to the

G band of the Raman spectrum and D band of the Raman

spectrum is mainly caused by the aromatics containing six

or more fused benzene rings. Therefore, the value of AD/AG

can reflect the degree of aromatic ring growth. Therefore,

the ratio of big rings to small fused rings can be reflected by

the values AD=ðAGR
þ AVL

þ AVR
Þ. The rest of bands (S,GL,

SL, SR, and R) virtually represent cross-linking density and

substitutional groups, carbonyl C=O structure, ether, ben-

zene related, benzene accompanied structures, respectively

[34]. Table 3 presents the structure parameters of CBp and

GC obtained from the Raman spectra. The ratio AD/AG of

CBp in Table 3 is distinctly smaller than that of GC, indi-

cating that more aromatic ring growth in CBp than that in

GC and the carbon crystalline structure in CBp is more

ordered than that in GC. The larger ratio AD=ðAGR
þ AVL

þ
AVR

Þ of CBp suggests that there are less amorphous carbon

structures in CBp than that in GC. Less benzene related in

CBp can be seen form the smaller ratio ASL=AG, and the

smaller ratio AS/AG of CBp can reflect that the cross-linking

density and the degree of substitution of carbon in CBp are

reduced [35].

X-ray diffraction is an important method to determine

the structure of carbonaceous materials, and the structure
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Table 2 Representative combustion parameters of GC, CBp, and

their blends at 10 �C min-1 heating rates

Sample Ti/�C Tf/�C Rmean/

min

Rmax/

min

s 9 1011

GC 374.2 548.2 0.0363 0.1321 6.25

GC80%/CBp20% 379.4 561.6 0.0304 0.1123 4.22

GC60%/CBp40% 386.5 565.0 0.0301 0.0974 3.47

GC40%/CBp60% 390.1 570.8 0.0329 0.1027 3.89

GC20%/CBp80% 398.2 573.9 0.0354 0.1196 4.65

CBp 415.5 579.4 0.0408 0.1335 5.45
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characteristic such as aromatic structure size, atom distri-

bution, bond length, and array can be received [31]. Three

carbon peaks usually exist in the XRD curve of coal,

indexed as (002), (100), and c. The (002) band at around

26� generally indicates the stack spacing of aromatic ring

layers, and c band at around 16�–23� reflects the packing

distance of saturated structures such as condensed saturated

rings or aliphatic side chains, while (100) band at around

44� is associated with the hexagonal structures. X-ray

diffraction profile of CBp and GC samples is shown in

Fig. 6. It can be seen from the figure that there are some

characteristic peaks of minerals near the carbon-based

peaks, main minerals present are quartz. Because of much

ash in CBp, the characteristic peak intensity of quartz in

CBp is higher than that in GC. There are obvious two peaks

in the XRD spectrums of CBp and GC, namely the (002)

band and (100) band. The degree of (002) band are the

same, while the shape of the peak of CBp is steeper than

that of GC, which indicated that the order degree of aro-

matic carbon layer in CBp is more than that of GC, and less

aliphatic side chains in CBp. The (100) band at 42� was not
clearly observed probably in GC curve due to its high

Fig. 4 SEM photographs of the

samples: a GC and b CBp
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Table 3 Structure parameters of Raman spectrum of CBp and GC

Samples AD/AG AD=ðAGR
þ AVL

þ AVR
Þ ASL=AG AS/AG

CBp 1.08 1.21 0.59 0.28

GC 1.43 1.03 0.90 0.39
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levels of background. The absence of (100) band indicates

that GC have small La values and low levels of growth in

the basal planes of graphite structures. The interlayer

spacing between aromatic sheets (d002), average crystallite

stacking height (Lc), diameter (La), the average number of

layers (N) in crystalline, the corresponding aromaticity

(fa(X-ray)) is calculated according to Scherrer equation

[36–38]. The calculated results of crystalline structure

parameters of CBp and GC are given in Table 4. Table 4

shows that the interlayer spacing (d002) of the crystallite in

CBp and GC are 3.59 and 3.63, and these values are higher

than those for pure graphite (3.354 Å), indicating a rela-

tively open structure in CBp and GC [39]. The Lc of the

layer structures in CBp is higher than that in GC, and the

d002 of the crystallite structure in CBp is lower than that in

GC, and it can reflect that aromatic carbon lamellas of CBp

are stacked higher than that of GC. From the larger Nave in

crystalline and the higher fa(X-ray) of CBp, it can infer that

aromatic nucleus in CBp are more orderly arrayed. Because

CBp is prepared in the condition of slow pyrolysis and its

aromatic side chains have enough time to be broken and

removed, the graphite degree of CBp is higher than GC.

From the above, it can be seen that the graphite degree of

CBp is higher than GC that consistent with Raman’s

results.

Correlation between combustibility and structure
characteristics

From the comparison of TG curves, it can be noted that

pyrolytic carbon black and coal materials have different

thermal behavior trends. In addition, there is also big gap in

physical and chemical between GC and CBp. It can be

inferred that the thermal behavior trends of CBp and GC

are affected by structural differences between them.

It generally accepted that the basic structural features of

carbon in carbon microstructures are quite similar, while

differences existed mainly in peripheral matters like vola-

tiles matter, aliphatic chains between structural units,

degree of graphitization. From combustion rate data in

Table 2, the value Ti and Tf of GC is lower than that of

CBp, which is related to composition and graphite degree

of carbonaceous materials. As shown in Table 1, GC has

much higher volatile content than CBp, whereas the fixed

carbon content of GC is lower. In addition, GC has higher

content of hydrogen and oxygen than that of CBp, indi-

cating that GC easier to achieve ignition. Furthermore, the

Raman results show that more aromatic ring growth, less

amorphous carbon structures and less benzene related in

CBp than that in GC, and the cross-linking density and the

degree of substitution of carbon in CBp are small. Based on

the results mentioned by XRD, it can be seen that layer

structures in CBp is higher than that in GC, the crystallite

structure in CBp is lower than that in GC, the aromatic

nucleus in CBp are more orderly arrayed. These results

reflect that open structure in GC makes it easy to burn and

have lower value of Tf than that of CBp.

Wu et al. [40] reports that the larger the specific surface

area of the sample, the higher the reaction rate. According

to laser particle size analyzer described in Fig. 3, CBp has

a larger specific surface area due to its smaller particles.

From the SEM analyzer shown in Fig. 4, the pore structure

Table 4 Microcrystalline

parameters of CBp and GC

samples

Sample 2h002/deg 2h100/deg B002/deg d002/Å Lc La fa(X-ray) Nave

CBp 24.72 43.42 4.82 3.59 16.68 8.02 0.78 5.64

GC 24.48 42.54 5.27 3.63 15.25 8.73 0.52 5.20
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Table 5 Calculated kinetic parameters of different samples

Samples RNGM VM URCM

k0/s E/kJ mol-1 R2 k0/s E/kJ mol-1 R2 k0/s E/kJ mol-1 R2

GC 2.14E?08 119.6 0.9997 2.31E?07 131.2 0.9992 5.47E?06 104.1 0.9869

GC80%/CBp20% 1.33E?08 111.5. 0.9998 3.45E?07 127.8 0.9994 3.19E?06 100.6 0.9728

GC60%/CBp 40% 8.64E?07 104.3 0.9999 8.94E?06 119.2 0.9995 1.23E?05 93.7 0.9745

GC 40%/CBp 60% 3.47E?07 109.2 0.9997 6.72E?06 125.4 0.9991 3.43E?05 99.2 0.9862

GC 20%/CBp 80% 1.19E?08 115.2 0.9995 5.67E?06 128.6 0.9993 7.81E?05 103.4 0.9774

CBp 3.24 E?08 126.4 0.9988 6.87E?07 135.2 0.9974 3.45E?06 110.8 0.9548
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of CBp is more developed than that of GC. The larger

specific surface area and pore structure afford a good

condition for carbon in CBp to react with oxygen. There-

fore, the mean reaction rate Rmean and maximum reaction

rate Rmax of CBp are larger than those of GC.

Kinetic analysis

Figure 7 shows the relations of conversion rate and con-

version of GC and CBp calculated by three kinetic models.

From the curves, it can be found that the conversion rate

first increases and then decreases with the increase in

conversion. This can be explained as: at the initial period of

reaction, the surface area and active sites of the samples

can improve the conversion rate. When the reaction process

reaches a certain level, the surface area and active site of

the sample remain constant despite the temperature rising

further. Furthermore, kinetic models not fit well under the

condition of 20 �C min-1 heating rate, revealing that

thermal hysteresis at high heating rate is serious.

In order to determine the effect of the mixing ratio on

the combustion kinetics parameters (pre-exponential factor

and activation energy) of GC and CBp, the RNGM, VM,

URCM models are used. Based on Eqs. (8), (9), and (10),

the kinetic parameters of the selected samples are carried

out using nonlinear fitting method and results are given in

Table 5. Figure 8 show the fitting curves to the nonlinear

fitting method for CBp, GC, and their blends. It is shown

that fitting profiles of CBp, GC, and their blends by URCM

model was far from experimental ones and RNGM model

displays a significant fit (the highest R2 value). It is well

known that RNGM model supposes that particles contain a

number of pores structures whose shape is assumed

cylindrical and surface area varies with the increase in

conversion. The VM model assumes that the particle size

remains constant, and the density changes uniformly as the

particle reacts on the entire surface. The URCM model

assumes that the reaction occurs gradually from particle

surface to inside, and there is always a shrinking core of

non-reacted solid during the reaction [41]. According to the

SEM images, shapes of pore structure in CBp are deformed

and not even, it can be inferred that structure factor have

little effect on reaction and Eq. (8) is approximately equal

to Eq. (9). Therefore, the RNGM and VM models give

similar results in Fig. 8. By analyzing the change of acti-

vation energies of different samples with varied CBp ratio,

it can be concluded that activation energy decreases and

then increases with the increase in CBp ratio. When the

CBp ratio is 40%, the least value of the activation energy

for the blends is 104.3 kJ mol-1. This phenomenon indi-

cates that there is an obviously synergetic effect between

CBp and GC co-combustion. The synergetic effect has

been detailed discussed in Sect. 3.1. It is generally

accepted that the lower the activation energy is, the higher

reaction rate will be. However, from Table 2 it is observed

that the combustion rate first decreases and then increases

with the CBp matter increases, which is opposite to the

variation of activation energy. In truth, activation energy

and pre-exponential factor both contribute to the reaction

rate. The pre-exponential factor indicates the number of

collisions of the activated molecules, and it can be inferred

that the greater pre-exponential factor can bring a higher

the reaction rate under the same activation energy condi-

tion. For example, from Table 2, the activation energy of

CBp is higher than the blends GC20% and CBp80%, but

the reaction rate of CBp is also higher than the sample of

GC20%/CBp80% due to the larger pre-exponential factor

of CBp. This is a compensation effect named by kinetic

studies, a very common study of coal gasification, biofuels,

and other carbonaceous materials [42–44].

Form Fig. 8, it is obviously that there is a good accor-

dance between calculation values and experimental data for

CBp, GC, and their blends. In order to quantify the errors

produced by the kinetic models in predicting the values of

conversion, the deviation (DEV) described in Eq. (11) is

carried out to compare the value of experimental and cal-

culated data. The deviation obtained from three models is

given in Table 6. From Table 6, it can be seen that the

lowest deviation is obtained by using RNGM model for

selected samples. Therefore, it can be inferred that RNGM

model has a better performance than other models for

describing the thermal behavior. According to above

analyses, the results can provide a reference for the further

establishment of mathematical models designing compli-

cated combustion device.

Conclusions

Co-combustion behaviors of tire pyrolytic carbon black

with gas coal were investigated by thermogravimetric

analysis. Results show that the structural differences

between CBp and GC directly affected their thermal

Table 6 Deviation between experimental and calculated data

Samples DEV (X)/%

RNGM VM URCM

GC 1.23 1.31 6.11

GC80%/CBp20% 0.89 0.94 7.07

GC60%/CBp 40% 0.74 0.83 6.83

GC 40%/CBp 60% 1.15 1.22 7.46

GC 20%/CBp 80% 1.33 1.35 7.54

CBp 2.21 2.56 8.21
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behavior trends. The larger specific surface area and pore

structure afford a good condition for carbon in CBp to react

with oxygen. Thus Rmean and Rmax of CBp is larger than

that of GC. However, the results of the XRD and Raman

show that the graphite degree of CBp is higher than GC,

which lead GC have a lower value of Ti and Tf. Simulta-

neously, the kinetic parameters were obtained by three

kinetic models. It can be concluded from kinetic parame-

ters that the synergetic effect is most obvious when CBp

mass ratio is 40%, the activation energies first decrease and

then increase with the increase in CBp content, and it have

the lowest value when CBp ratio is 40%.
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