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Abstract In this work, the co-pyrolysis of coal and algae is explored with special emphasis on decomposition kinetics and

the possibility of the existence of synergistic effects. Modelling and kinetics analysis based approaches were used for the

investigation of the existence of synergistic effects. The co-pyrolysis kinetics was studied using the model-free, Coats–

Redfern integral method. The kinetics were evaluated for 1st and 2nd order reaction models. Results reveal that Scene-

desmus microalgae is characterised by a two stage decomposition process that occurs at temperature ranges of 200–400 �C
and 500–700 �C with activation energy of 145.5 and 127.3 kJ/mol, respectively. Bituminous coal has a two stage, slow

decomposition process that occurs at temperature ranges of 400–700 �C and above 750 �C with an activation energy of

81.8 and 649.3 kJ/mol, respectively. Furthermore, co-pyrolysis of coal and microalgae is characterised by three stages

whose kinetics are dominated by the pyrolysis of the individual materials. For the studied range of coal/algae ratios, the

three pyrolysis stages occur in the approximate temperature ranges of 200–400 �C, 430–650 �C and above 750 �C, with

activation energies in the ranges of 131–138, 72–78 and 864.5–1235 kJ/mol, respectively. Modelling and kinetics study

showed that there is strong evidence of interactions between coal and microalgae that manifest as synergistic effects

especially in the second and third stages of decomposition.
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List of symbols

ß Heating rate

A Pre-exponential factor in the Arrhenius equation

ASTM American society for testing and materials

DTG Derivative thermo gravimetric

Ea Activation energy

H/C Elemental hydrogen to carbon ratio

k Rate constant

n Order of reaction

O/C Elemental oxygen to carbon ratio

R Universal gas constant

t Time

TGA Thermo gravimetric analysis

w Instantaneous mass

wi Initial mass

wf Final mass

X Fraction of solid that has decomposed

Y Instantaneous reactivity

1 Introduction

The use of coal as the main energy source is expected to

decline due to two major reasons. Firstly, coal is a non-

renewable resource and the current world coal reserve is

getting depleted. Secondly, the emissions associated with

the use of coal are believed to be the major contributor to

global warming and hence climate change (Mckendry

2002). Biomass is a renewable resource that can be used as
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an alternative solid fuel. Biomass comes in different types,

for example, woody plants, aquatic plants (algae) and

human waste (Mckendry 2002). However, biomass has a

low energy density and therefore at present it is more

economical to use it simultaneously with coal. Pyrolysis is

a process that has been used since the start of the industrial

revolution for the large scale destructive distillation of coal

to produce valuable char products. It can also be applied to

other feedstock such as oil shale and other carbonaceous

materials (Karrick 1934). Biomass is a promising alterna-

tive commercial fuel source but has a major drawback due

to its low energy density. This has inspired a number of

studies on the simultaneous use of coal and biomass such

as co-pyrolysis (Meesri and Moghtaderi 2002; Kirtania and

Bhattacharya 2013; Azizi et al. 2017; Baloyi and Dugmore

2019). In most of the studies, researchers seek to under-

stand the pyrolysis kinetics and interactions between coal

and biomass during co-pyrolysis. There are three possible

scenarios that can occur during co-pyrolysis of coal and

biomass which can be attributed to the existence or non-

existence of interactions between the two materials. The

process parameters can manifest as values that are equal,

less or more than a proportional sum of the individual

materials. The latter is commonly referred to as synergistic

effect (Quan and Gao 2016). Pyrolysis is a complex solid

decomposition process that is composed of simultaneous

and consecutive fluid–solid reactions. Allowing two dif-

ferent materials (coal and biomass) to decompose simul-

taneously can result in a more complex scenario where the

reactions attributed by the individual materials affect one

another. However, the causes of interactions and therefore,

synergistic effects are not yet clearly understood by

researchers. Quan and Gao (2016) proposed three possible

mechanisms that are based on (i) the enhancement of the

hydrogen transfer reaction due to the high hydrogen to

carbon (H/C) ratio of biomass which generates more

hydrogen and other light compounds that then alter the

thermal behaviour of coal, (ii) pyrolysis catalysis due to the

considerably large amount of alkali and alkaline earth

metallic species in biomass, and (iii) the improvement of

heat transfer properties for coal due to the heat from the

low temperature biomass exothermic decomposition reac-

tions. A number of researchers have attempted to study co-

pyrolysis kinetics and how the individual reactions from

coal and biomass interact and affect each other. The find-

ings of these studies have generated controversy because a

considerable number of researchers have reported syner-

gistic effects whilst others observed that the interactions

have an additive effect proportional to the coal/biomass

ratio. For example, Wu et al. (2019) studied the co-pyrol-

ysis of a low rank coal and algal biomass. The work

focussed specifically on the kinetic characteristics of the

volatile products. Synergistic effects were reported for the

formation of CO2. The presence of algal biomass lowered

the activation energy for reactions that result in the for-

mation of CO2. Bhagavatula et al. (2016) studied syner-

gistic effects in the co-pyrolysis of lignite and sub-

bituminous coals with different kinds of biomass. It was

observed that the activation energy distributions for the co-

pyrolysis followed a different pattern from the expected

theoretical ones. However, a number of researchers have

presented results that suggest that there are no synergistic

effects in the co-pyrolysis of coal and biomass. The effects

observed in their works were a proportional summation of

the individual effects (Kastanaki et al. 2002; Meesri and

Moghtaderi 2002; Vuthaluru 2003; Kirtania and Bhat-

tacharya 2013; Baloyi and Dugmore 2019). Interestingly,

in their works, Aziz et al. (2017) and Chen et al. (2012)

observed inhibitive effects.

This work seeks to explore the co-pyrolysis of coal and

algal biomass. Firstly, an understanding of the pyrolysis

behaviour of the individual substances is sought, thereby

creating a foundation for decomposition models. Secondly,

the co-pyrolysis behaviour is explored using experimental

and modelling results. Comparison of the two sets of

results allows for the investigation of the existence of coal/

algae interactions that result in synergistic effects. Thirdly,

a pyrolysis kinetics analysis of the experimental results is

used to further the understanding of the co-pyrolysis

behaviour and further corroborate the conclusions obtained

when investigating coal/algae interactions. Similar work

that has been presented so far differs either in methodology

or results obtained (Kastanaki et al. 2002; Meesri and

Moghtaderi 2002; Vuthaluru 2003; Kirtania and Bhat-

tacharya 2013).

The strategy employed in this work involves using

suitable software to deconvolute experimental mass-loss

data of coal and algae into mass-loss curves of their major

constituents. The models are then used to generate mass-

loss curves for different coal-algae blends. The generated

mass-loss curves for blends are checked against the

experimental data for any differences that may be used as

evidence of synergistic effects attributed to coal/algae

interactions. The application of computers and their soft-

ware in modelling and simulation has already been

demonstrated by a number of researchers in their different

fields of study (Csukás et al. 2013; Nyoni et al. 2017; Wu

and Li 2014). Secondly, a kinetic study on the co-pyrolysis

of coal and algae is carried out. There are two common

approaches to pyrolysis kinetics analysis; (1) model fitting

and (2) model free methods (Mabunda and Meyer 2015).

The difference between the approaches is that model fitting

techniques require an assumption of the order of reaction

before the evaluation of kinetic parameters such as the

activation energy, rate constant and half-life. Whereas,

model free methods known as iso-conversional methods
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can predict the kinetic parameters without knowledge of

the order of reaction. The Coats–Redfern method is a

common model fitting technique that can be used to eval-

uate kinetic parameters from a single mass loss curve if a

reaction order is guessed accurately (Coats and Redfern

1964; Ebrahimi-Kahrizsangi and Abbasi 2007; Ramukutty

and Ramachandran 2014). For this reason, the Coats–

Redfern model fitting technique will be used for this study.

2 Experimental

2.1 Materials

Bituminous coal was obtained from a local coal merchant

in Port Elizabeth, South Africa. Algae was cultured by use

of photo-bioreactors at Innoventon, Downstream Chemi-

cals Technology Station, Nelson Mandela University

(NMU), Port Elizabeth, South Africa. Blends of coal and

microalgae were prepared by mixing a known amount of

coal with algae (Scenedesmus sp.) slurry of known solids

concentration. The resultant paste was centrifuged and then

dried in an oven overnight at 60 �C. Proximate analyses of

coal, algae and coal-algae samples was performed using a

Macro TGA (ELTRA Thermostep) that was programmed

to follow the procedure outlined in the ASTM standard

method D7582 (ASTM 2011). Ultimate analysis of coal

and algae was performed using an elemental analyser

(Elementar, vario EL cube). The calorific value was

determined by using a bomb calorimeter (Leco AC 600).

2.2 Thermo-gravimetric analysis

Thermo-gravimetric analysis (TGA) was performed using a

thermo-gravimetric analyser (TA Instruments, Discovery

TGA-5500). Each sample underwent a temperature ramp

from an initial instrument temperature to a set final tem-

perature of 800 �C at a heating rate of 10 �C/min under

inert conditions. Inert conditions were achieved by pushing

nitrogen at a flowrate of approximately 80 mL/min. The

coal-algae blends explored in this study contained 10%,

20% and 40% algal biomass (sample IDs CA10, CA20 and

CA40 respectively).

2.3 Modelling for kinetic and synergistic study

Mass-loss data generated by TGA was decoded into

derivative thermo gravimetric mass-loss (DTG) curves

using TA Instruments, Universal Analysis 2000 software.

DTG curves express the relationship between the instan-

taneous reactivity (y-axis) and temperature (x-axis).

Instantaneous reactivity, in this study, is defined as the rate

of mass loss for a given heating rate (Eq. (1)).

Instantaneous reactivity can be used as an indicator of how

fast a solid decomposes. In order to model the DTG curves

as accurate as possible, deconvolution of spectral data was

employed. Since most DTG curves for coal and biomass

have visible peaks that can be confirmed with data from

literature, it is possible to use suitable software to decon-

volute the individual peaks into elements that are described

by a suitable mathematical function, in this case, the

Gaussian distribution. Depending on the accuracy of the

deconvolution process, the deconvoluted curves can rep-

resent individual compounds that contribute to the overall

DTG plot. Deconvolution of the experimental DTG plots

into a series of Gaussian distributions was performed by

making use of OriginProTM. OriginProTM, created by

OriginLab Corporation, is a powerful data analysis pro-

gram that has capabilities of plotting and deconvoluting

several kinds of spectral data.

Y ¼ Wi �Wf

tf � ti½ �b ð1Þ

where Wi and Wf are the sample mass fractions (%) at an

instantaneous time period (tf- ti) and b is the heating rate

(�C/min).

2.4 Kinetic study

For the reasons already mentioned, the Coats–Redfern inte-

gral method was used to fit first and second order kinetics into

the experimental and model data. Heterogeneous decompo-

sition of a fuel sample to form gaseous products and char can

be expressed as a function of conversion as follows:

dX

dt
¼ kf Xð Þ ð2Þ

where, k is the rate constant; X is the fraction of solid that

has decomposed at time t.

Mathematical manipulation according to the Coats–

Redfern method gives Eqs. (3) and (4) for first and second

order kinetics respectively (Coats and Redfern 1964).

In
�In 1 � Xð Þ

T2

� �
¼ In

AR

bEa

1 � 2RT

E

� �
� Ea

RT
ð3Þ

In
1 � Xð Þ�1�1

T2

" #
¼ In

AR

bEa

1 � 2RT

E

� �
� Ea

RT
ð4Þ

where T is the absolute temperature (K); A is the pre-ex-

ponent factor in the Arrhenius equation; R is the universal

gas constant (0.0083 kJ/(mol �C)) and Ea is the activation

energy (kJ/mol).

X ¼ Wi �W

Wi �Wf

ð5Þ

where W is the instantaneous mass fraction.
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The first term on the right hand side of Eqs. (3) and (4)

can be regarded as a constant because the value of 2RT
Ea

is

negligible (Ebrahimi-Kahrizsangi and Abbasi 2007;

Ramukutty and Ramachandran 2014). Therefore, a plot of

the term on the left hand side against the reciprocal of the

temperature should give a straight line. The pyrolysis

kinetic parameters, that is, the activation energy and the

pre-exponential factor (A) can then be evaluated from the

slope and y-intercept of the resultant plot, respectively.

Furthermore, the rate constant k can be calculated by

Eq. (6). In this case, T is taken as the mean experimental

temperature (Ramukutty and Ramachandran 2014)

k ¼ Ae
�Ea
RT ð6Þ

3 Results and discussion

3.1 Proximate and ultimate analyses

The proximate properties of coal, algae and their blends are

shown in Table 1. Compared to coal, it is clear that algal

biomass has a considerably higher volatile matter and

lower carbon content. Therefore, algal biomass is expected

to be the easier material to decompose, this normally

manifests as high pyrolysis instantaneous reactivity. Fur-

thermore, proximate properties of the three coal-algae

blends reveal that blending of coal with algal biomass

results in a composite material that has proximate proper-

ties that can be calculated from their parent materials by

way of weighted averages. The ultimate analysis of coal

and algal biomass presented in Table 2 gives us an insight

on how the co-pyrolysis might take place. Generally, the

low oxygen to carbon (O/C) and high H/C molar ratios of

algal biomass is an indication of large amounts of aliphatic

hydrocarbons and low amounts of polar compounds,

respectively. This implies that the pyrolysis of algal bio-

mass will generally generate considerably large amounts of

light gases and hydrocarbons such as CO, CO2, H2 and

CH4. Therefore, the high H/C ratio can be considered as a

strong indicator of the high likelihood of coal/algae inter-

actions during co-pyrolysis. It has been highlighted that the

enhancement of the hydrogen transfer reaction due to the

high H/C ratio of biomass generates more hydrogen and

other light compounds that interact with coal.

3.2 Pyrolysis behaviour of coal and microalgae

Figure 1 shows mass-loss and DTG curves for coal, algae

and their blends. There are a number insights that can be

gained from Fig. 1. The DTG curves of coal and algae

reveal major differences in their pyrolysis characteristics.

One obvious difference is the high instantaneous reactivity

of algae (5 times) compared to that of coal. This obser-

vation is attributed to the generally high volatile content of

algal biomass. It is also observed that algae decomposition

occurred in the temperature range of 200–700 �C, whilst

that of coal occurred from 300 to beyond 800 �C. Coal

displays a slow decomposition curve with two distinct

decomposition peaks at approximately 440 and 750 �C, a

transition hump appears at approximately 580 �C. Algae

displays two distinct peaks at approximately 280 and

600 �C. The peaks in the decomposition of coal have been

identified by various authors as the decomposition of ali-

phatic and carboxylic groups at lower temperatures and

aromatic groups at higher temperatures (Kirtania and

Bhattacharya 2013; Wang et al. 2015; Baloyi and Dugmore

2019). For algae, the peak at 280 �C corresponds to the

decomposition of proteins. The overlapping peaks at

500–650 �C correspond to the decomposition of polymeric

carbohydrate molecules and lipids (Kirtania and Bhat-

tacharya 2013; Azizi et al. 2017).

As expected, the mass loss curves for the coal-algae

blends lie in between the two curves for coal and algae.

Furthermore, the DTG for coal-algae blends shows three

distinct peaks, the first peak is mostly likely due to the

decomposition of algae because it appears a temperature

that is below the coal pyrolysis temperature of 300 �C. The

other two peaks are as a result of the simultaneous pyrol-

ysis of coal and algae at higher temperatures. However,

Table 1 Proximate analysis of coal, algae and their blends (as

received)

Item Coal CA10 CA20 CA40 Algae

Moisture (%) 2.8 3.7 4.8 6.5 12.1

Volatiles (%) 20.9 25.3 30.5 42.1 75.2

Ash (%) 16.2 16.0 15.1 12.5 5.6

Fixed carbon (%) 60.1 55.0 49.6 38.9 7.1

Table 2 Ultimate and energy properties of coal and algae (dry ash

free basis)

Item Coal Algae

Carbon (%) 63.6 45.6

Hydrogen (%) 3.64 6.50

Nitrogen (%) 1.57 11.1

Sulphur (%) 0.49 0.48

Oxygen (%) 30.7 36.3

O/C molar ratio 0.36 0.60

H/C molar ratio 0.69 1.71

Calorific value (MJ/kg) 27.8 23.4
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closer look into the DTG curves reveals that there might be

some interactions between coal and algae at higher tem-

peratures. This is evidenced by higher temperature peaks

which follow an unexpected profile. Interestingly, coal-al-

gae DTG curves display a sharp peak at approximately

460 �C. This peak does not appear on the algae DTG but

corresponds to a peak that appears on the coal DTG curve,

however the same peak on coal shows a lower instanta-

neous reactivity of approximately 0.042%/�C compared to

0.093%/C on CA10. The peak that was expected to lie in

between the coal and algae peaks (0.042–0.07%/�C) lies

above the two. This observation affirms the existence of

interactions between coal and algal biomass components

during pyrolysis.

3.3 DTG models

The DTG models generated by use of OriginProTM are

shown in Fig. 2. The model plots show high correlation

coefficient which implies a good agreement with the

experimental data (R2[ 0.99). However, the model plot

for coal fails to show the second decomposition stage

which appears as a distinct peak on the experimental data.

This failure can be attributed to the nature and limitations

of the Gaussian function used for deconvolution. There are

three types of plots that appear on Cartesian plane in Fig. 2,

namely, the plot from experimental TGA data, the fitted

model and the Gaussian elements that make up the fitted

model. Similarly to other works, the Gaussian elements are

used to represent DTG curves for the decomposition of

individual components that constitute the bulk of the

material as shown in Fig. 2 (Kastanaki et al. 2002; Bach

and Chen 2017; Wang et al. 2017; Chen et al. 2018). For

instance, Chen et al. (2018) used deconvoluted curves to

represent experimental DTG curves as individual elements

that describe the decomposition of proteins, carbohydrates

and lipids that constitute algae. In this study, the

0

10

20

30

40

50

60

70

80

90

100

100 200 300 400 500 600 700 800

W
ei

gh
t (

%
)

Temperature (°C)

0

0.1

0.2

0.3

0.4

0.5

100 200 300 400 500 600 700 800

In
st

an
ta

ne
ou

s 
re

ac
tiv

ity
 (

%
/°

C
)

Temperature (°C)

Coal
CA10
CA20
CA40
Algae

Fig. 1 Mass-loss and DTG curves for coal, algae and their blends

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

100 200 300 400 500 600 700 800 900

In
st

an
ta

ne
ou

s 
re

ac
tiv

ity
 (

%
/°

C
)

Temperature (°C)

Coal

Experimental

Model (Correl. = 0.99)

Element 1

Element 2

Element 3

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

100 200 300 400 500 600 700 800 900

In
st

an
ta

ne
ou

s 
re

ac
tiv

ity
 (

%
/°

C
)

Temperature (°C)

Algae

Experimental

Model (Correl. = 0.99)

Element 1

Element 2

Element 3

Fig. 2 Experimental and model DTG plots for coal and algae (with

deconvoluted plots for constituent compounds) at 10 �C/min

Co-pyrolysis of South African bituminous coal and Scenedesmus microalgae: Kinetics and… 811

123



deconvolution was performed in such a way that the ele-

ments generated correspond to the major compounds that

constitute coal and algal biomass. For algae, the com-

pounds are proteins, carbohydrates and lipids that decom-

pose at approximately 280, 320 and 580 �C respectively

(Bach and Chen 2017; Wang et al. 2017; Chen et al. 2018).

However, coal displays a complex decomposition process

but there is a general agreement amongst researchers that

the compounds that decompose are mainly aliphatic, car-

boxylic and aromatic groups (Kastanaki et al. 2002; Kir-

tania and Bhattacharya 2013; Wang et al. 2015; Baloyi and

Dugmore 2019). From the TG and DTG curves (Fig. 1) it

can be deduced that the coal sample’s crystalline structure

undergoes softening into the plastic phase before the major

devolatilisation stage. This process occurs at temperatures

up to 460 �C and can be exothermic because it involves

rearrangement and new bonds being formed. The DTG

peak that shows at approximately 460 �C corresponds to

the decomposition or cracking of large aliphatic com-

pounds. From 500 to 700 �C, further decomposition of

phenolic and other oxygen containing compounds occurs

slowly (no sharp peaks in this temperature range). Lastly,

the remaining semi-char is heated to temperatures above

700 �C resulting in poly-condensation reactions involving

aromatic compounds. The volatile by-products of poly-

condensation are driven off and this is manifested by a

further mass loss (peak at approximately 750 �C). (Kas-

tanaki et al. 2002; Wang et al. 2015).

3.4 Evaluation of synergistic effects

For the evaluation of synergistic effects, the component

curves from coal and algal biomass DTG models were

added proportionately so as to generate the calculated and

expected DTG plots for coal-algae blends at different

ratios. Figure 3 shows a comparison of DTG curves for

coal-algae blends obtained from experimental data and the

calculated models. It is clear for all three scenarios that the

calculated models fit well with the first stage decomposi-

tion but fails to describe the second and third stages.

Generally, the calculated models do not fit well with the

overall experimental data. The failure for the calculated

model to fit with experimental data suggests that the

experimental DTG curves are not a proportionate summa-

tion of the elements. This implies that there are interactions

between algae and coal during co-pyrolysis. This obser-

vation is consistent with the works of various researchers

(Shui et al. 2011; Chen et al. 2012; Bhagavatula et al. 2016;

Wu et al. 2019). The interactions between algae and coal

may result in positive (synergistic) or negative (inhibitive)

effects on the individual pyrolysis of the materials. The

first stage decomposition (200–350 �C), which most likely

corresponds to the pyrolysis of proteins and carbohydrates

in algae, shows lower reactivity than the calculated ones

for all the three algae/coal ratios. This implies that the

presence of coal has an inhibitive effect on the decompo-

sition reactivity of proteins and carbohydrates in algae.

This observation can be attributed to a change in the heat

and mass transfer properties that tend to slightly increase

the resistance to various transport phenomena. The second

and third decomposition stages (400–600 �C, and[ 700 �
C, respectively), which largely correspond to the

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

100 200 300 400 500 600 700 800 900

In
st

an
ta

ne
ou

s 
re

ac
tiv

ity
 (

%
/°

C
)

Temperature (°C)

CA10
Experimental

Calculated

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

100 200 300 400 500 600 700 800 900

In
st

an
ta

ne
ou

s 
re

ac
tiv

ity
 (

%
/°

C
)

Temperature (°C) 

CA20
Experimental
Calculated

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

100 200 300 400 500 600 700 800 900

In
st

an
ta

ne
ou

s 
re

ac
tiv

ity
 (

%
/°

C
)

Temperature (°C) 

CA40
Experimental

Calculated

Fig. 3 DTG plots of different coal-algae blends at 10 �C/min

812 B. Nyoni et al.

123



simultaneous decomposition of polymeric carbohydrates

and lipids in algal biomass and the poly-condensation of

the bulk of the aromatic compounds in coal, commences at

lower temperatures for CA10 and CA20, than expected and

shows higher reactivity. However, this is not the case with

CA40, this observation is evidence that the magnitude of

synergistic effects depend on the blending ratio. The syn-

ergistic effects that have been highlighted can be explained

using Quan and Gao’s (2016) hydrogen transfer reaction

mechanism. Since the coal used in this study is caking coal

(mainly used as feedstock in coke ovens), in the tempera-

ture range 400–500 �C the coal sample is expected to turn

into plastic phase (Tran et al. 2018). The decomposition of

polymeric carbohydrates in algal biomass generates light

volatile compounds like CO, CO2, H2 and CH4. These

gases can interact with coal and alter its plasticity thereby

affecting heat and mass transfer phenomena. Furthermore,

hydrogen radicals generated from the de-amination of

proteins together with metals found in the coal/algae

crystalline structures that act as catalyst, promote the de-

methoxylation of aromatic compounds (Wu et al. 2017). As

a result, synergistic effects manifest as the bulk of the

material tends to decompose faster and at a lower tem-

perature than expected.

3.5 Decomposition kinetics

Linear plots of Eqs. (3) and (4) (not shown) made it pos-

sible to evaluate pyrolysis kinetics parameters from each of

the samples’ experimental and modelled mass loss data.

The results are presented in Table 3. The calculated (gen-

erated from model) kinetic parameters for the pure sub-

stances, coal and algae compare well with the experimental

ones. However, there is considerable error between the

calculated parameters and those obtained via experiments.

It is clear that the first stage decomposition of coal and

algae fits well with second order kinetics (high R2 values

displayed in Table 3), activation energies evaluated at 81.8

and 145.5 kJ/mol. Furthermore, the second stage decom-

position of coal fits well with second order kinetics with

activation energy evaluated at 649.3 kJ/mol. However,

second stage decomposition of algae fits well with the first

order kinetics, activation energy evaluated at 127.3 kJ/mol.

Coal-algae blends display a three stage decomposition

process. Generally, the calculated kinetic parameters are

different from the ones obtained by analysis of experi-

mental mass-loss data. This implies that in this case, the

DTG models that are based on proportionate contributions

of coal and algae during co-pyrolysis are erroneous. This is

attributed to the existence of interactions between coal and

algae which results in an altered DTG curve that eventually

gives different kinetic parameters. For the studied coal/

algae ratios, the kinetics of all the three decomposition

stages fits well with second order. The activation energies

evaluated are in the ranges of 131–138, 72–78 and

864.5–1235 kJ/mol for first, second and third stages,

respectively. The magnitudes of the coal-algae decompo-

sition activation energies for each of the stages can be

corresponded with the different stages in the decomposi-

tion of the parent materials. Therefore, from the results it

Table 3 Experimental versus calculated first and second–order fit and kinetic parameters for the pyrolysis of coal, algae and their blends at

10 �C/min

Item Stage 1 Stage 2 Stage 3

Experimental Calculated Experimental Calculated Experimental Calculated

Plot

R2
Ea

(kJ/mol)

Plot

R2
Ea

(kJ/mol)

Plot

R2
Ea

(kJ/mol)

Plot

R2
Ea

(kJ/mol)

Plot

R2
Ea

(kJ/mol)

Plot

R2
Ea

(kJ/mol)

1st order kinetics

Coal 0.93 60.6 0.94 59.5 0.99 283.9 – – – – – –

CA10 0.98 96.5 0.99 96.2 0.93 43.5 0.99 64.7 0.95 857.3 – –

CA20 0.99 81.3 0.99 94.3 0.92 61.6 1.00 77.8 0.98 671.1 – –

CA40 0.98 96.0 0.97 98.2 0.92 58.5 0.99 66.3 0.97 591.7 – –

Algae 0.96 100.0 0.96 100.3 0.99 127.3 0.99 130.5 – – – –

2nd order kinetics

Coal 0.97 81.8 0.97 80.6 1.00 649.3 – – – – – –

CA10 0.99 131.9 0.97 141.7 0.94 77.9 0.99 95.9 0.97 1235 – –

CA20 0.99 130.3 0.99 149.8 0.95 74.2 1.00 102.8 0.99 925.1 – –

CA40 0.99 137.6 1.00 146.0 0.96 72.6 1.00 87.8 0.98 864.5 – –

Algae 0.99 145.5 0.99 147.0 0.94 227.8 0.93 237.5 – – – –
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can be deduced that the first stage coal-algae decomposi-

tion is dominated by the individual decomposition of algae,

the second and third stages correspond to coal decompo-

sition. (Bhagavatula et al. 2016). It is interesting to note

that the magnitude of the activation energy for the first

stage decomposition of coal-algae blends lies between that

of the first and second stage decomposition of algae. This

observation indicates that co-pyrolysis forces the first and

second stage decomposition of algae to occur at the same

time. Furthermore, the second stage decomposition of coal-

algae blends is dominated by the individual pyrolysis of

coal, but with lower activation energy. Synergistic effects

manifest as a decrease in activation energy. This observa-

tion has been explained via the hydrogen transfer reaction

mechanism. The kinetic parameters obtained in this work

are comparable with that obtained by Kirtania and Bat-

tachrya (2013) and Bhagavatula et al. (2016).

4 Conclusion and Outlook

This study investigated the co-pyrolysis behaviour and

kinetics of bituminous coal and microalgae. Modelling and

kinetic study methods were used to detect the existence of

interactions between coal and microalgae during pyrolysis.

The study managed to present the co-pyrolysis kinetics and

further showed that indeed interactions do exist. In light of

the current debate on the existence and mechanisms of

interactions between coal and biomass during co-pyrolysis,

this study is expected to be a positive contribution to the

debate and knowledge resource.
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