
Vol.:(0123456789)

SN Applied Sciences (2021) 3:97 | https://doi.org/10.1007/s42452-020-04040-y

Research Article

Co‑pyrolysis of lignite and rapeseed cake: a comparative study 
on the thermal decomposition behavior and pyrolysis kinetics

Elif Yaman1   · Aysu Ulusal2 · Başak Burcu Uzun2

Received: 22 September 2020 / Accepted: 21 December 2020 / Published online: 11 January 2021 
© The Author(s) 2021    OPEN

Abstract
In this study, physicochemical properties, co-pyrolysis kinetics and characteristics of lignite and rapeseed cake is inves-
tigated. While lignite has high calorific value, rapeseed cake has high volatile matter content and low moisture content 
that is suitable for the pyrolysis reactions. According to the thermal behavior of lignite and rapeseed cake blends, the 
addition of rapeseed cake into lignite provides to shift to lower initial decomposition temperature of blends compared 
to lignite. While rapeseed cake has a significant role in determining activation energies at the lower conversion degrees, 
lignite plays a vital role in specifying the activation energies at the higher conversion degrees. The char yield considerably 
decreases under the higher rapeseed cake ratio, while both of the bio-oil and gas yields increase. As conclusion, blend-
ing of rapeseed cake with lignite provides a positive synergy with regard to volatile yields and follows through different 
types of chemicals that can be valorized in various applications such as bio-chemicals and bio-fuel.
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Abbreviations
A	� Pre-exponential factor (min−1)
ASTM	� American Society for Testing and Materials
ATR​	� Attenuated total reflection
a.u.	� Arbitrary unit
β	� Constant heating rate
C	� Carbon
CO2	� Carbon dioxide
CR	� Coats-Redfern
CV	� Calorific value (MJ/kg)
DTG	� Derivative thermogravimetry
(dW/dt)max	� Maximum weight loss rates
Ea	� Activation energy (kJ/mol)
FT-IR	� Fourier Transform Infrared Spectrometer
GC–MS	� Gas Chromatography-Mass Spectrometer
H	� Hydrogen
KAS	� Kissinger–Akahira–Sunose
n	� Reaction order
N	� Nitrogen

NIST	� The National Institute of Standards and 
Technology

O	� Oxygen
OFW	� Ozawa–Flynn–Wall
QGVC	� Gross calorific value (kJ/kg)
R	� Universal gas constant (8.314 J/K mol)
S	� Sulphur
T	� Transmission
T	� Temperature (K)
Tf	� Temperature after reaction completed
Ti	� Initial weight loss temperature
Tp	� Peak temperature
TGA​	� Thermogravimetric analysis
wi	� Initial weight of the sample
wf	� The weight after reaction completed
wt	� The weight at time t
x	� Conversion
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1  Introduction

Currently, coal is the most used energy source in power 
generation in the amount of 36% in the world [1]. Coal is a 
type of mineral which is heterogeneous by chemically and 
physically. It includes high amount of carbon and lower 
amount of nitrogen and sulphur. Calorific value and qual-
ity of the coal is depending on its organic matter content 
like various hydrocarbons. According to its calorific value 
coal can be classified as anthracite, semi-anthracite, semi-
bituminous, bituminous, sub-bituminous, lignite and hard 
coal [2]. The reserve of lignite in Turkey is approximately 
8 billion tones which are more than raw petroleum and 
natural gas. Therefore, lignite that is used in thermal power 
stations has vital role among the other fossil fuel types in 
Turkey’s energy demand. On the other hand, combustion 
of coal is caused 43% of CO2 emissions in the world with 
28% of the emission from thermal power stations [3]. For 
this reason, there must be a development about coal-val-
orization to enhance of energy conversion and decrease 
emitting of CO2 [4].

Co-pyrolysis method is an important technique among 
other eco-friendly thermochemical conversion technolo-
gies that is an efficient way to obtain higher value fuel 
from polyolefins and coal. This method is also provides 
recovering of chemicals and less use of fossil fuels [5, 6]. 
Another most important advantage of this method is that 
it helps to reduce the amount of solid waste by evaluating 
the waste biomass as well as coal [7, 8]. Adding biomass 
to coal provides lower moisture to raw material, makes 
easier to grinding and improves the thermal availability. 
CO2 emission is decreased by blending coal with biomass 
because carbon in biomass was originated from atmos-
pheric CO2 via photosynthesis. Therefore, carbon in bio-
mass is CO2 neutral [1, 9]. Synergistic effect of biomass on 
coal during co-pyrolysis has been widely studied. Accord-
ing to previous studies, gas-coal or char-coal interactions 
may be contributed to synergistic effects. The mass loss 
of the biomass and coal due to devolatilization of the raw 
material occurs during pyrolysis [10]. During pyrolysis, the 
reactions of depolymerization, vaporization and cross-link-
ing of the coal-biomass blend yield the gaseous product, 
tar and char. Reaction rates and temperatures can be con-
siderably different for biomass and coal pyrolysis [11, 12]. 
Also, there is still different opinion about thermal devola-
tilization of the blend exist as independently or not while 
blending of biomass with coal. In addition to this, volatile 
products from biomass in lower temperature whether 
influence or not the thermal degradation rate of coal can-
not be conclusively concluded [13]. This information can 
be clarified by performing both the kinetic analysis and 
analyzing the pyrolysis products together.

Kinetic analysis of pyrolysis reactions can be evaluated 
by applying thermogravimetric analysis [14]. Thermo-
gravimetric analysis is also gave the thermal degradation 
behavior of solid raw material such as coal, biomass and 
their blends [15]. Therefore, it also gives information about 
the synergy between coal and biomass during thermal 
decomposition [16]. Some researchers prove that remark-
able variations in the calculated kinetic parameters have 
been determined obtained by the methods with single 
heating rate. In order to ensure accuracy and repeatability 
between calculated kinetic parameters, methods using dif-
ferent heating rates should be conducted. Different heat-
ing rates are using to calculate and supply confidential 
assumptions of kinetic parameters in iso-conversional 
methods. Because of the methods are propped up to iso-
conversional premise, the modal-free methods offer that 
the degree of conversion is constant and the reaction rate 
is depended on the reaction temperature [17]. Thermo-
gravimetric analysis specifies the mass loss during thermal 
degradation reactions of pyrolysis but it could not des-
ignate the composition of pyrolysis products [18]. So, in 
order to determine the composition of pyrolysis products, 
analytical pyrolysis experiments should be carried out.

In the current study, rapeseed cake was selected as 
feedstock besides lignite (as an important local coal 
reserve in Turkey) in order to specify not only the thermal 
and kinetic behaviors, but also to investigate the composi-
tion of pyrolysis products in fixed-bed pyrolysis. In Turkey, 
approximately 110,000 tons of rapeseed is produced per 
year [19]. Rapeseed which is an important energy plant is 
one of the most cultivated oil-plant over the world [20]. 
Since rapeseed is used as an energy plant in the industrial 
scale, a large amount of rapeseed cake is also obtained as 
waste. After the characteristics and kinetics of the pyrolysis 
was specified, rapeseed cake, lignite and their blends were 
pyrolyzed to obtain liquid products which were character-
ized by GC-MS.

2 � Materials and method

2.1 � Preparation and characterization of rapeseed 
cake and lignite

The rapeseed cake sample used in this study originated 
from the North West region of Turkey. Lignite samples 
were obtained from Seyitömer, Turkey. Air-dried samples 
were grounded by Armfield FT-7A cutting mill and sieved. 
Samples were characterized with proximate and ultimate 
analysis according to ASTM standards (E 897-82, 1102-84) 
[21, 22] and elemental analyzer (LECO, CHNS/628). Calorific 
values of the samples were calculating using Du-Long’s 
formula [23].
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The possible chemical functional groups present in rape-
seed cake and lignite were investigated with using Per-
kin Elmer Spectrum 100 FT-IR in wave number range of 
4000–400 cm−1 with Attenuated Total Reflection (ATR) 
module.

2.2 � Thermogravimetric analysis of rapeseed cake 
and lignite

Thermogravimetric analysis (TGA) experiments were 
carried out in a SETERAM LabsysEvo Thermogravimetric 
analyzer. TGA instrument was used to quantify and record 
the weight loss data vs. increasing temperature. Approxi-
mately 10 mg of sample (rapeseed cake:lignite, 100:0, 
75:25, 50:50, 25:75, 0:100) were inserted into alumina 
crucible, directly. All experiments were carried out under 
inert nitrogen (20 mL min−1) atmosphere for a range of 
temperature 25–900 °C with the heating rates of 10, 30 
and 50 °C min−1. The continuous flow of nitrogen ensures 
an inert atmosphere on the sample.

2.3 � Kinetic analysis

The thermal decomposition of a raw material in a non-
isothermal conditions can be described as [24]:

There are several model-fitting and model-free methods 
in literature that operated to determine of kinetic param-
eters [25–28]. Some of model-fitting and model-free 
methods are given in Table 1. In model-fitting methods 
reaction model, f(x), should be proposed. Because of the 
biomass and coal degradation have numerously different 
reaction, some researchers proposed that simplifications 
while applying the model may not describe the complex 
reactions. Therefore, model-free methods were proposed 
on the degree of the conversion assumed to be constant 
and the reaction rate only depends on the reaction tem-
perature. Model-free methods do not require any previ-
ous knowledge of the reaction mechanism or reaction 
scheme [29]. In this study, three different iso-conversional 

(1)QGVC = 338, 2C + 1442, 8
(

H −
O

8

)

+ 94, 2S (kJ∕kg)

(2)aA (solid) → bB (solid) + cC (gas)

methods: Kissinger-Akahira-Sunose (KAS), Ozawa-Flynn-
Wall (OFW) and Coats-Redfern (CR) were carried out on 
TGA data of rapeseed cake, lignite and their blends. KAS 
and OFW methods are model-free methods while CR is a 
model-fitting method. Iso-conversional methods provide 
to calculate kinetic parameters without reaction mecha-
nism knowledge. In the iso-conversional methods: (1) 
Temperature affects the reaction rate for a constant con-
version, x, (2) the reaction kinetics does not dependent on 
the heating rate. In addition to this, pyrolysis reactions are 
assumed to be in one-step process [17, 30].

Conversion, x, can be specified as:

here wi is the initial weight of the sample, wt is the weight 
at time t, and wf is the weight after reaction completed.

The thermal degradation rate of a raw material is:

here f(x) represents reaction model and k(T) is described 
as the reaction rate constant. Arrhenius equation gives the 
temperature dependence:

here Ea is the activation energy (kJ mol-1), T is the tempera-
ture (K), R is the universal gas constant (8.314 J K−1 mol−1) 
and A is the pre-exponential factor (min−1) [31].

In constant heating rate (β) conditions, temperature is a 
function of time:

Combining Eq. 6 and Eq. 7:

here z = Ea/RT. P(z) has no exact solution. So, numerical 
methods or approximations have to be used to solve Eq. 7. 
The iso-conversional methods names vary by the type of 
approximation method used [17].

2.3.1 � Kissenger‑Akahira‑Sunose (KAS) method

P(z) = z−2e−z approximation is used to solve Eq. 7 in KAS 
method. After rearrangement, the equation is:

(3)x =
wi − wt

wi − wf

(4)
dx

dt
= k(T )f (x)

(5)k(T ) = Ae
−Ea
RT

(6)
dx

dt
= Ae

−Ea
RT f (x)

(7)� =
dT

dt
=

dT

dx

dx

dt

(8)

g(a) =

x

∫
0

dx

f (x)
=

T∫
0

A

�
e
−Ea

∕RT dT =
AEa

�R

∞∫
z
u−2e−udu =

AEa

�R
P(z)

Table 1   Model-fitting and model-free methods

Model-fitting methods Model-free methods

Differential Friedman
Freeman–Carroll Kissinger
Coats–Redfern Ozawa-Flynn–Wall

Kissinger–Akahira–Sonuse
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In the plot of ln(β/T2) versus 1/T, slope gives –Ea/R. By cal-
culation in a conversion range 0 < x<1, activation energy 
for the varying conversion values can be determined [32].

2.3.2 � The Ozawa–Flynn–Wall (OFW) method

Doyle’s approximation [31] is used in (OFW) method which 
can be attributed as; log(P(z)) ~ − 2.315 + 0.457z

By using Doyle’s approximation in Eq. 8:

In the plot of log β vs 1/T, slope gives –Ea/R. By calculation 
in a conversion range 0 < x<1, activation energy for the 
varying conversion values can be determined [33].

2.3.3 � Coats–Redfern (CR) method

CR method is one of the model-fitting methods which is 
derived from Arrhenius equation. Pre-exponential factor, 
reaction order and activation energy can be determined by 
applying CR method.

In Eq. 6, the function f(x) is used to identify first order reac-
tion in solid-state:

An asymptotic approximation using for the resolution of 
Eq. (11) [34],

In the plot of ln
[

1−(1−x)1−n

T 2(1−n)

]

 versus 1/T, slope gives slope 

-Ea/R and an intercept of ln [AR/βEa].

2.4 � Pyrolysis experiments

The pyrolysis of the feed stocks was carried out in a 
fixed-bed reactor in nitrogen atmosphere with the flow 

(9)ln

(

�

T 2

)

= ln
AEa

Rg(x)
−

Ea

RT

(10)log [�] = log

[

AEa

Rg(x)

]

− 2.315 − 0.457
Ea

RT

(11)f (x) = (1 − x)n

(12)ln

[

1 − (1 − x)1−n

T 2(1 − n)

]

= ln

[

AR

�Ea

]

−
Ea

RT
(n ≠ 1)

(13)ln

[

−
ln(1 − x)

T 2

]

= ln

[

AR

�Ea

]

−
Ea

RT
(n = 1)

ln

[

1 − (1 − x)1−n

T 2(1 − n)

]

versus 1∕T (n ≠ 1)

ln

[

−
ln(1 − x)

T 2

]

versus 1∕T (n = 1)

rate of 100 cm3 min−1. Lignite and rape seed cake sam-
ples were blended homogeneously with the mass ratio 
of 100:0, 75:25, 50:50, 25:50 and 0:100. Raw materials and 
blends were placed into the reactor. The 316 stainless 
steel, 70 mm ID, 400 cm3 volume reactor was externally 
heated by an electric furnace in which the temperature 
is measured by a thermocouple inside the bed. Pyrolysis 
experiments were conducted with a heating rate of 10 °C 
min−1 from 25 °C to 500 °C (Fig. 1) [35]. The gaseous prod-
uct was measured using a soap film during the pyrolysis 
experiments. A glass liner in 0 °C trap was used to col-
lect liquid products that recovered in dichloromethane 
for characterization. The liquid product which contains 
aqueous and oil phase were separated and weighed. 
Char yield was calculated by weighing overall losses 
of the reactor while gas yield was specified via overall 
material balance.

2.5 � Characterization of pyrolysis oil

GC/MS analyses for liquid samples were conducted with 
a Gas Chromatography and Mass Selective detector (Shi-
madzu, QP 2010). A thin film (30 m × 0.25 mm × 0.25 μm 
film thickness), TRB-5MS (Teknokroma) capillary column 
was used as separation column. Helium of 1 mL min−1 
was flowed as carrier gas. The temperature program was 
40 °C for 5 min followed by 4 °C min−1 heating rate of 
260 °C. NIST library was used to identification of peaks 
from pyrolysis products.

Fig. 1   Schematic diagram of the fixed-bed reactor (modified from 
[35])
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3 � Results and discussion

3.1 � Physicochemical properties of rapeseed cake 
and lignite

A comparative estimation of the ultimate and proxi-
mate results of rapeseed cake with common energetic 
biomass is given in Tables 2 and 3. Rapeseed cake has 
a mid-calorific value as compared with other biomass. 
Therefore rapeseed cake can be utilized as an energetic 

biomass to be used as a renewable energy resource. 
Proximate analysis comparison of rapeseed cake with 
other energetic biomasses can be seen in Table 3. Rape-
seed cake has a higher volatile matter content, ~ 73.09% 
which can be regarded suitable for pyrolysis, gasifica-
tion or combustion processes. Ultimate and proximate 
analyses results of Seyitömer lignite and other coal sam-
ples are given in Tables 4 and 5. The characteristics of 
Seyitömer lignite were similar with other type of coals. 
According to the results, lignite is a carbon and oxygen 
rich coal containing 4.62% hydrogen, 1.19% nitrogen 

Table 2   Ultimate analysis and 
calorific values of rapeseed 
cake and other energetic 
biomasses

*Calculated by difference

Biomass C (%) H (%) N (%) O (%)* CV (Mj/kg) References

Rapeseed cake 45.04 6.29 5.26 44.41 16.30 Present study
Rapeseed cake – – – – 23.40 [20]
Rapeseed 41.10 6.00 5.10 47.80 19.40 [9]
Miscantus 49.40 5.50 0.64 44.0 – [37]
Sweet sorghum 45.71 5.80 0.33 48.16 18.57 [38]
Switch grass 44.90 5.98 1.58 47.50 – [39]

Table 3   Proximate analysis 
of rapeseed cake and other 
energy biomasses

*Calculated by difference

Biomass Volatile matter 
(%)

Fixed carbon 
(%)*

Ash (%) Moisture (%) References

Rapeseed cake 73.09 17.07 6.24 3.60 Present study
Rapeseed cake 79.44 8.34 4.56 – [20]
Rapeseed 70.00 15.80 5.80 8.40 [9]
Miscantus 74.94 18.07 2.68 4.10 [40]
Sweet sorghum 76.33 15.98 3.53 4.17 [38]
Switch grass 84.20 11.90 3.90 8.40 [41]

Table 4   Ultimate analysis and 
calorific values of Seyitömer 
lignite and other coal samples

*Calculated by difference

Biomass C (%) H (%) N (%) S (%) O (%)* CV (Mj/kg) References

Seyitömer Lignite 67.20 4.62 1.19 0.90 26.09 24.88 Present study
Huolinhe lignite 57.92 4.78 0.83 0.43 36.04 21.67 [42]
Lignite 67.74 7.71 2.14 0.91 21.50 – [43]
Bituminous coal 84.41 5.46 0.65 3.84 5.64 – [43]

Table 5   Proximate analysis of 
Seyitömer lignite and other 
coal samples

*Calculated by difference

Biomass Volatile mat-
ter (%)

Fixed carbon 
(%)*

Ash (%) Moisture (%) References

Seyitömer Lignite 49.95 22.88 18.31 8.86 Present study
Huolinhe lignite 34.54 37.84 27.62 – [42]
Lignite 37.99 – 16.67 17.92 [43]
Bituminous coal 32.20 – 13.01 0.69 [43]
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and 0.90% sulphur. The volatile matter content of Sey-
itömer lignite was higher than the other coal sample that 
is important to pyrolysis process. As expected, the rape-
seed cake sample contains much higher proportions of 
volatiles than the lignite sample (Tables 3 and 5). The ash 
content was 18.31% for Seyitömer lignite and it between 
13.01 and 27.62% for other coal samples. The low ash 
content is important to pyrolysis process because higher 
ash content may provoke aggregation and cause inef-
ficient heat transfer rates [26].

FT-IR spectra results of rapeseed cake and lignite were 
given Fig. 2 and Table 6. υ(O–H) vibrations belonging to 
hydroxyl groups caused the band at 3400–3350 cm−1. 

The band above 3500 cm−1 is ascribable to non-bonded 
–OH groups for phenols, alcohols and carboxylic acid. The 
band in the higher wavelength district (3000–3500 cm−1) 
is related to a large amount of -OH groups from carbo-
hydrates and those of lignin and showed to the symmet-
ric and asymmetric stretching vibrations correlated with 
H2O molecules [44, 45]. The O–H vibration band is seen in 
both rapeseed cake and lignite (Table 6). There is another 
intense band at around 1000 cm−1 attributable to C-O-R 
or C-O–H link in alcohols or esters. The band at 2925 cm−1 
and 1400 cm−1 is ascribable to the stretching vibration 
of C–H groups and bending vibrations of –CH2 and –CH3 
groups in aliphatic chains, respectively. This aliphatic chain 

Fig. 2   FT-IR spectrum of rape-
seed cake and lignite

400900140019002400290034003900

%
T

(a
.u

)

Wave number (cm-1)

Rapeseed cake

Lignite

Table 6   Results of FT-IR spectra 
for rapeseed cake and lignite

Band position (cm−1) Assignment Rapeseed cake Lignite

3600–3400 υ (O–H) + +
3040–3000 υ (C–H) aromatic ring + +
2980–2930 υas (C–H) + +
2870–2850 υs (C–H) + +
1720–1770 υ (C=O) + −
1625–1590 υ (C=C) − +
1600, 1580, 1450 Aromatic ring + +
1460 δas (CH3, CH2, scissor) + −
1375 δs (C–H) +
1275–1200 υas (=C–O–C) + +
1150–1070 υas (C–O–C)/OH secondary, OH primary + +
900–700 Substituents of aromatic ring + +
740–720 γ (C–H) − +
730–675 γ (C=H) − +
720–725 Rocking band − +
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is the basis structure of the common lignocellulosic bio-
mass [46]. Carboxylic acid and carbonyl groups of esters 
in rapeseed cake are assignable with the peak around 
1700 cm−1. The distinctive peak at around 1530 cm−1 is 
likely due to aromatic ring. Aliphatic and unsaturated 
aromatic compounds in the rapeseed cake structure can 
be indicated with the band at 1600 cm−1 [45]. The band 
about 1075 cm−1 is related to υ(C–O) vibration in the pri-
mary C–OH. Out of plane –C–H bending vibrations were 
observed at nearly 733 and 697 cm−1 in lignite sample.

3.2 � Thermogravimetric analysis

The thermogravimetric analysis curves of the individual 
materials (rapeseed cake and Seyitömer lignite) and their 
blends were shown in Fig. 3. It can be shown that the 
weight loss of the samples increased with raising temper-
ature. The lower final weight loss of lignite compared to 
rapeseed cake was identified with the higher ash content 
and fixed carbon in lignite which was not degraded in this 
temperature. When the pyrolysis of lignite was finished, it 
yields a higher residue (66.63 wt %), while rapeseed cake 
gave 36.54 wt % of residue under the same experimental 
conditions. While DTG curves of the samples were pre-
sented in Fig. 4, characteristic thermal degradation param-
eters were summarized in Table 7. The above parameters in 
the Table are initial weight loss temperature (Ti), tempera-
ture after reaction completed (Tf), the maximum weight 
loss rates (dW/dt)max and the peak temperatures (Tp).

Addition of the rapeseed cake into lignite resulted in Ti 
decreasing by 9–30 °C and Tf reducing by about 9–29 °C. 
This indicated that the addition of rapeseed cake into 

lignite results in shifting to lower Ti of the blends com-
pared to that of lignite. From Fig. 4 and Table 3, a compare 
between the pyrolysis behavior of lignite and rapeseed 
cake can also be made. Rapeseed cake has a restricted 
degradation temperature gap than lignite. DTG curves 
emphasize the actual complexity in analyzing rapeseed 
cake-lignite blends; there was a single peak for devolatili-
zation of lignite. Not surprisingly, DTG curve of rapeseed 
cake shows a completely wide peak with a shoulder; this 
thermal degradation profile mostly seen in biomass that is 
heterogeneous solid. Because, the component of biomass 
decomposed at different temperatures with different reac-
tion rates. Like Idris et al. [30] and Yangali et al. [47], there 
was an increase in the peak height based on the mass loss 
rate as the weight percent of biomass raised for the first 
peak at lower temperature and a higher mass loss rate for 
the second peak as the coal fraction increases (Fig. 4).

3.3 � Kinetic analysis

In current work, relation between activation energy and 
conversion was specified by applying KAS and OFW which 
are iso-conversional methods. The determined activation 
energies according to KAS and OFW methods are given at 
Table 8. The mean activation energies calculated from KAS 
method were 67.43, 98.71, 172.21, 206.73 and 96.22 kJ/
mol for the blending ratio of 100:0, 75:25, 50:50, 25:75 and 
0:100, respectively. In addition to this, the mean activation 
energies calculated from OFW method were 73.87, 103.47, 
173.63, 192.50 and 102.44 kJ/mol for the blending ratio of 
100:0, 75:25, 50:50, 25:75 and 0:100, respectively. Due to 
the deviation of activation energies are varying between 

Fig. 3   TG curves of of rapeseed 
cake:lignite blends
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0.8 and 8.7%, it can be said that the results obtained from 
KAS method in accordance with OFW method. This agree-
ment confirms the confidingness of calculations and con-
firmed the predictive power of KAS and OFW methods 

[17]. The activation energy of rapeseed cake at x = 0.2 was 
higher being 58.09 and 63.47 kJ/mol, which was more than 
four times higher than lignite (11.30 and 14.77 kJ/mol). 
Increasing the blending ratio lead to an increase of activa-
tion energy in 75:25, 50:50 and 25:75 blending ratios. For 
example, when the blending ratio increased from 25:75 
to 50:50, the activation energies of rapeseed cake-lignite 
blends increased from 33.03  kJ/mol to 109.26  kJ/mol 
(from KAS method). As shown in Table 3 and 5, the volatile 
matter content of rapeseed cake was 79.09%, which was 
higher than the volatile matter content of lignite (49.95%). 
The surface of the lignite may be covered with carbona-
ceous materials from the volatiles of rapeseed cake formed 
resulting in increased activation energies [1]. At the higher 
conversion degrees, lignite played a vital role in specify-
ing the activation energies of blends. Generally, increased 
rapeseed cake ratio provides a decrease in activation 

Fig. 4   DTG curves of rapeseed 
cake:lignite blends
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Table 7   Properties of active pyrolysis zone

Rapeseed 
cake: lignite 
ratio

Pyrolysis 
range 
(°C)

Peak tem-
perature 
(oC)

dW/dt (% 
min−1)

Residue (wt%)

Ti Tf Tp

100:0 146 605 315 −3.76 36.54
75:25 156 748 317 −3.31 42.37
50:50 175 757 315 −1.63 55.29
25:75 177 768 427 −1.15 61.37
0:100 186 777 437 −1.23 66.63

Table 8   Activation energies 
(kJ/mol) for different 
conversion values using KAS 
and OFW models

Conversion Rapeseed cake: Lignite ratio

100:0 75:25 50:50 25:75 0:100

KAS OFW KAS OFW KAS OFW KAS OFW KAS OFW

0.2 58.09 63.47 78.00 82.51 109.26 108.52 33.03 39.75 11.30 14.77
0.3 66.98 72.40 114.71 117.95 219.38 217.76 70.88 89.74 54.37 61.53
0.4 92.34 96.91 97.79 102.27 241.02 238.81 230.47 113.91 107.46 112.90
0.5 135.57 138.39 98.49 103.25 274.65 271.25 135.98 140.00 157.28 160.81
0.6 72.35 78.71 112.22 116.62 176.12 178.35 135.89 140.37 127.69 133.08
0.7 36.73 45.58 88.92 94.85 121.51 127.21 203.25 204.94 112.31 119.02
0.8 19.95 21.65 100.87 106.84 63.55 73.50 637.64 618.73 107.16 114.99
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energy of rapeseed cake:lignite blends. The decrease in 
activation energy with increasing rapeseed cake ratio can 
be explained by the fact that the components released by 
the volatilization of biomass facilitate the volatilization of 
coal, as explained in Sect. 3.3.1.

KAS and OFW methods are more confidential so, activa-
tion energies calculated from these models were used in 
Coats–Redfern equations for determination of pre-expo-
nential factor. Determined pre-exponential factor values 
are given in Tables 9 and 10. The pre-exponential factor 
values calculated from these two methods are close to 
each other, confirming the reliability of the methods.

According to KAS and OFW models, activation ener-
gies versus x values for different blending ratio were 
given in Fig. 5. Figure 5 proved that Ea is subjected to 
x which means rapeseed cake and lignite co- and indi-
vidual pyrolysis have complex reactions. For both val-
ues determined from KAS and OFW models Ea increases 
while conversion increases from 0.2 to 0.5. The variation 
in ea values due to the differences in reaction mecha-
nism occurs with progressing conversion. Since Ea is 
minimum energy necessity to start a reaction Higher Ea 
values means slower reaction rates [28].

Table 9   Pre-exponential 
factors (min−1) and n for 
different heating rates (°C/
min) using CR method with 
activation energies obtained 
from KAS model

Rapeseed cake: 
lignite ratio

Heating rate

10 30 50

A n A n A n

100:0 1.3 × 103 0.01 3.7 × 107 2.3 5.7 × 109 5.3
75:25 2.0 × 104 1.0 2.0 × 107 2.7 3.6 × 1011 4.7
50:50 7.8 × 103 1.0 9.5 × 107 4.7 1.7 × 108 4.8
25:75 4.2 × 103 1.0 1.2 × 106 2.3 3.3 × 105 1.5
0:100 2.7 × 102 0.9 1.5 × 103 1 2.2 × 105 2.3

Table 10   Pre-exponential 
factors (min−1) and n for 
different heating rates (°C/
min) using CR method with 
activation energies obtained 
from OFW model

Rapeseed cake: 
lignite ratio

Heating rate

10 30 50

A n A n A n

100:0 1.5 × 103 0.01 4.1 × 107 2.3 6.4 × 109 5.3
75:25 2.1 × 104 1.0 2.1 × 107 2.7 3.8 × 1011 4.7
50:50 7.8 × 103 1.0 9.6 × 107 4.7 1.7 × 108 4.8
25:75 3.9 × 103 1.0 1.1 × 106 2.3 3.0 × 105 1.5
0:100 4.8 × 102 0.9 1.6 × 103 1 2.2 × 105 2.3

0

50

100

150

200

250

300

0 0.2 0.4 0.6 0.8 1

E
a

(k
J/

m
o

l)

x

0

50

100

150

200

250

300

0 0.2 0.4 0.6 0.8 1

E
a

(k
J/

m
o

l)

x

100:00

75:25

50:50

25:75

0:100

Fig. 5   Activation energies vs. x values for different blending ratio a KAS model, b OFW model
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Pyrolysis reactions of coal are: (1) bond dissociation of 
aromatic rings such as naphthalene and phenanthrene 
(2) dissociation of free radicals (3) recombination of alpha 
radicals (4) hydrogen abstraction (5) addition of radicals 
to double bonds (6) addition of small radicals like CH3 and 
C2H5 to aromatic rings (7) reactions of carboxyl and phe-
nolic hydroxyl groups [41]. Recombination of alpha radi-
cals reactions are diffusion limited when they take place 
in the condensed coal phase. The carbonaceous materials 
occurring while rapeseed cake is volatiling may be cov-
ered to coal surface and it caused the reaction slow. Slower 
reactions means higher activation energies, so activation 
energy of coal pyrolysis was increased when 0.2 < x< 0.5. 
Addition of small radicals to aromatic rings in coal reac-
tions needs to an initiator which contains hydrogen. Jeong 
et al. [48] and Qiu et al. [49] has also reported that, the 
synergy of biomass and coal was higher between about 
300–650 °C due to strong H2 promotion. Therefore, the 
release of hydrogen and hydroxyl radical from biomass 
can be attributed the catalyst for these reactions. Thus, 
with the beginning of hydrogen formation, the reaction 

rate increases and the activation energy decreases (x > 0.6). 
Possible co-pyrolysis reactions prediction for different con-
version values were given in Table 11 [50].

3.4 � Pyrolysis experiments

3.4.1 � Distribution of product yields

Figure 6 showed the effects of blending ratios of rape-
seed cake and lignite on the yield of products. According 
to Figure, when lignite and rapeseed cake were pyrolyzed 
alone at the temperature of 500 °C, about 32 wt% of raw 
rapeseed cake is converted into bio-oil, however, only 
about 9 wt% of raw lignite is converted into bio-oil due 
to the fact that the rapeseed cake has greater pyrolysis 
reactivity. It is related that the R-O-R bonds of biomass are 
moderately weaker than C=C bonds of coal [51]. In addi-
tion, the solid residue yield considerably decreased under 
the higher rapeseed cake ratio, but both of the bio-oil and 
gas yields increased. In the blends with high amount of 
biomass, the components obtained by the volatilization of 

Table 11   Possible reaction prediction for different conversion values

Conversion Ea (kJ/mol) Possible reactions

0.1–0.2 Low Scission of weak bonds during volatilization of hemicellulose
0.2–0.3 High Beginning of straight chain scission in biomass, dissociation of free radicals and recombination of alpha radicals in 

coal.
0.3–0.4 High Decrease in polymerization degree of cellulose, shortening of chain length and convert to active cellulose.
0.5 High Beginning of active cellulose decomposition
0.6 Low Beginning of cellulose decomposition. Addition of small radicals to aromatic rings of coal.
0.7–0.8 Low Cross-linking of polymer chains and beginning of polycondensation reactions to form carbon-rich structures. 

Reactions of carboxyl and phenolic hydroxyl groups in coal.

Fig. 6   Effect of blending ratios 
on pyrolysis products (Rape-
seed cake:Lignite)
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Fig. 7   GC/MS chromatogram of Rapeseed cake:Lignite blends a 100:0, b 50:50, c 0:100
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Table 12   GC/MS compounds of rapeseed cake:lignite blends (a) 100:0 (b) 50:50 (c) 0:100

Retention time Compound name Molecular formula Chemical group Area  %

(a)
11.990 P-Cresol C7H8O Phenolics 3.19
19.578 Syringol C8H10O3 Phenolics 4.29
23.944 2,3,5-Trimethoxytoluene C10H14O3 Aromatics 6.34
24.876 Isoeugenol C10H12O2 Phenolics 4.43
32.967 5,10-Diethoxy-2,3,7,8-tetrahydro-1 H,6H-dipyrrolo 

pyrazine
C14H22N2O2 Pyrazines 6.68

33.345 Palmitic acid C16H32O2 Acids 10.82
36.635 Oleic acid C18H34O2 Acids 17.69
36.721 Oleic acid C18H34O2 Acids 11.33
40.430 Phthalic acid C8H6O4 Acids 11.10
41.556 1,2-Propanediol, 3-benzyloxy-1,2-diacetyl C14H18O5 Aromatics 13.87
44.588 Longicamphenylone C15H24O Ketones 2.45
46.605 Triphenylbenzene C24H18 Phenolics 1.91
50.671 Stigmastan-3,5-diene C29H48 PAHs 2.37
(b)
12.030 Guaiacol C7H8O2 Phenolics 15.46
21.266 Naphthalene, 2,6-dimethyl- C12H12 PAHs 3.20
23.932 3-Furoic acid, methyl ester C6H6O3 Aliphatics 7.32
27.308 Methoxyeugenol C11H14O3 Phenolics 11.24
33.270 Palmitic acid C16H32O2 Acids 7.79
34.426 Palmitic acid C16H32O2 Acids 10.54
36.572 Oleic acid C18H34O2 Acids 15.42
36.663 Oleic acid C18H34O2 Acids 17.10
(c)
9.215 Phenol C6H6O Phenolics 3.48
11.286 Guaiacol C7H8O2 Phenolics 14.18
14.010 M-Xylenol C8H10O Phenolics 5.33
14.697 3-ethylphenol C8H10O Phenolics 2.07
14.811 P-Cresol C7H8O Phenolics 4.60
17.907 α-Methylnaphthalene C11H10 PAHs 0.68
18.364 p-Ethylguaiacol C9H12O2 Phenolics 4.11
19.503 Lyratol C10H16 Aliphatics 2.72
20.230 Cyclogeraniolane C9H18 Aromatics 4.41
21.191 Naphthalene, 1,7-dimethyl- C12H12 PAHs 1.17
21.283 Isoeugenol C10H12O2 Phenolics 6.09
21.700 Naphthalene, 1,4-dimethyl- C12H12 PAHs 1.17
21.872 Alpha-cedrane C15H26 PAHs 5.14
22.805 4,5-.Alpha,Alpha-Eudesmane C15H28 PAHs 1.43
27.337 Phenol, 2,6-dimethoxy-4- (2-propenyl) C11H14O3 Phenolics 9.97
27.720 n-Heptadecane C17H36 Aliphatics 0.60
28.384 Cyclopropane, 1-methyl-2-pentyl C9H18 Aliphatics 0.84
31.868 Nonadecane C19H40 Aliphatics 0.76
33.797 Eicosane C20H42 Aliphatics 2.09
34.460 Palmitic acid C16H32O2 Acids 10.17
35.651 n-Heneicosane C21H44 Aliphatics 0.83
36.331 5-acetyl-2-dihydro-6-methyl-2-oxo-4-phenyl-

3-pyridinecarbonitrile
C9H8N2O2 Pyridines 4.05

37.419 n-Docosane C22H46 Aliphatics 0.84
37.808 Oleic acid C18H34O2 Acids 5.23
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the biomass are also higher. These components obtained 
by the volatilization of biomass also encourage the vola-
tilization of coal. Thus, as the amount of biomass in the 
blend increases, the yield of bio-oil and gas increases 
while the yield of solid product yield decreases [30, 47]. 
During the co-pyrolysis, occurring hydrogen from biomass 
is a vital factor which influence on the synergistic effect. 
In the meantime, inorganic contents of biomass act as a 
catalyst primary devolatilisation and secondary cracking 
reactions that is also decreased the activation energy and 
enhanced the liquid and gas product yields [1]. The solid 
product yield obtained from the pyrolysis reactor is differ-
ent from the solid product amount at 500 °C in the ther-
mograms obtained from the TGA experiments. The reason 
is the applied temperature programs are different. While 
the pyrolysis reactor was heated to 500 °C and kept at this 
temperature in the pyrolysis experiments, the temperature 
was increased to 900 °C without waiting at 500 °C in the 
TGA experiments.

3.4.2 � GC/MS analysis of liquid product

The chromatograms (Fig. 7a–c) showed significant release 
of liquid products which produced under different blend-
ing ratios. The relative concentrations of the identified 
chemicals were obtained by the relative percentage 
of peak area in Table 12. Accordingly, for all bio-oils the 
main components determined were aliphatic, acidic and 
phenolic compounds. It can be concluded that the com-
pounds were detected in rapeseed cake-derived oil con-
tained mainly acidic components, especially oleic acid, 
phthalic acid and palmitic acid. Furthermore, bio-oil-
derived rapeseed cake also consisted of phenolic com-
pounds such as guaiacol and p-cresol which were typical 
derived products from the degradation of lignin polymers. 
Especially, bio-oil which derived from only lignite has more 
aliphatic compounds (17.75%) in opposition to rapeseed 
cake. Acids can be classified as undesired product, because 
it leads to increase of the corrosivity of bio-oil. Phenolic 
and aliphatic compounds are desired products that can 
be used for the production of valuable chemicals such as 
fuels [52, 53]. By conducted co-pyrolysis of lignite with 
rapeseeed cake, the yield of undesired product acids were 
decreased while the yield of desired product phenolic con-
tent was increased.

4 � Conclusion

The present study involves both co-pyrolysis kinetics and 
characteristics of lignite and rapeseed cake. Characteriza-
tion of physicochemical properties of a raw material is an 
important point to specify whether it is suitable for pyroly-
sis. According to the characterization results, lignite was a 
suitable raw material for pyrolysis due to its high carbon 
content and higher heating value. But for the enhanc-
ing the pyrolysis process, lignite has been blended with 
rapeseed cake which has high volatile matter content, 
low ash content, high carbon content and higher heating 
value. Thermogravimetric analysis summarized the co- 
and individual pyrolysis behavior and kinetic parameters 
determination from this data proved that the activation 
energy is the function of conversion. Activation energy 
was also depended on biomass blending ratio. According 
to TG curves, rapeseed cake encouraged pyrolysis of the 
coal at lower temperatures. Rapeseed cake was acted as a 
hydrogen donor during the process and the higher rape-
seed cake ratio provided less solid residue at the end of 
the pyrolysis reactions. By conducted co-pyrolysis of lig-
nite with rapeseeed cake in a fixed bed reactor the yield of 
undesired product acids were decreased while the yield of 
desired product phenolic content was increased.
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39.118 n-Tricosane C23H48 Aliphatics 0.96
40.749 n-Tetracosane C24H50 Aliphatics 0.81
42.322 Pentacosane C25H52 Aliphatics 0.96
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