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A B S T R A C T

The thermal decomposition of the microalgae Spirulina platensis, synthetic wastes, and their blends under an
oxidative atmosphere and their kinetic parameters were investigated using a thermogravimetric analyzer. Three
stages were observed during the combustion of the blended fuels, and two distinct peaks occurred in the second
stage. A kinetic analysis during combustion was studied according to the fitting method proposed by Coats-
Redfern and Horowitz-Metzger. The addition of the microalgae to the synthetic waste led to an increase in the
apparent activation energies in Zone I in the second stage, whereas an increasing proportion of the microalgae in
the blends resulted in decreasing apparent activation energies in Zone II in the second stage.
1. Introduction

Increasing prosperity, living standards, and population mean that
worldwide energy demand will increase by around a third by 2040, and
India, China, and other Asia are predicted to contribute to two-thirds of
the increase [1]. However, fossil-based energy resources are becoming
exhausted, and the carbon dioxide which is released during the com-
bustion process has alarming consequences on the environment. To
guarantee future survival, developing sufficient supplies of
environmentally-friendly and renewable energy is critical [2, 3, 4, 5].
Among renewable energy sources, biomass has emerged as an excellent
contender for energy production due to its abundance and the fact that it
can be sourced from all over the world. Biomass also naturally reduces
carbon dioxide in the environment through photosynthesis.

Feedstocks for bio-energy can be classified into four generations. The
first generation is derived from food crops, the second generation origi-
nates from lignocellulosic biomass, the third generation is produced from
aquatic biomass feedstock, and the fourth generation is generated
through metabolically engineering oxygenic photosynthetic microor-
ganisms for biofuel [6]. Themain obstacles in the widespread adoption of
the first-generation biofuel were due to the dilemma of food versus fuel
and problems associated with the competition between arable land and
ecosystem balancing [2, 7]. However, various studies have advanced the
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belief that microalgae may have the potential to replace conventional
fuel.

A major obstacle in large-scale microalgae utilization for alternative
fuel is the high water content of dilute algae solutions, which results in
high operational costs during dewatering. Research indicates that the
cost of harvesting is 20–30% of the total cost [8, 9] and the high capital
consumption that results from the small size of the cells that dissolve in
water, leading to large volumes that must be processed during harvesting
and dewatering [8, 10]. If direct combustion is selected as a technique for
thermochemical conversion, then it is only feasible with biomass mate-
rial that has a moisture content of less than 50% [11]. Many researchers
have tried to address this inherent drawback [12, 13, 14, 15, 16, 17].
Although water removal from algae biomass is yet to achieve an
economically reasonable cost, studying the high-quality and valuable
fuels generated from microalgae species is still beneficial.

Spirulina platensis (SP) is a cyanobacterium and a blue-green algae
species that grow in brackish or freshwater, as well as in marine envi-
ronments, located around the tropical zone and equatorial and formed
the filaments in the culture medium [18, 19, 20]. In aquaculture, SP is
utilized as a feed additive to improve the growth of several fish species
[21]. These microalgae have a relatively large size, and can, therefore, be
easily and inexpensively collected by filtration from a medium [22].
Using an appropriate lighting method, the biomass of SP can be increased
by over 76.72% of its natural growth levels [23]. In Indonesia, this algae
ember 2020
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Table 1. The fundamentals properties of SP and SW.

Sample Proximate analysis (wt,%) Ultimate analysis (wt,%) Colorific value (MJ/kg) Chemical composition (wt, %)

Madb VMdb FCdb Adb Cdb Hdb Odb Ndb Sdb Proteindaf Lipiddaf Carbohydratedaf

SP 8.66 77.96 11.90 10.14 51.81 7.11 32.90 3.95 1.27 20.97 65.64 27.17 7.20

SW 0.75 85.91 6.07 8.02 80.77 9.22 1.68 0.24 0.09 31.92 - - -

adb: air-dried basis, db: dry basis, daf: dry and ash-free basis.

Figure 1. The curves of SP combustion at different heating rates: a. TG curves,
b. DTG curves.

Figure 2. The curves of SW combustion at different heating rates: a. TG curves,
b. DTG curves.
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species is abundant and widespread and is particularly common in fish
hatcheries. Several studies have explored the thermal characteristics of
SP in relation to its potential use as a biomass fuel feedstock based on
pyrolysis [19, 24] and have studied its combustion characteristics [25].
However, the co-combustion of SP and synthetic waste (SW) has not been
investigated in detail.

City developments in Indonesia have led to urban lifestyle changes,
and the use of synthetic-based materials in daily life has significantly
increased, resulting in substantial SW growth. This waste is non-
biodegradable and does not decompose naturally and as such is a sig-
nificant environmental pollutant. In recent times, 10,660,505 kg/day of
SW, particularly plastic, has been generated in Indonesia [26]. The fast
growth of SW is a pressing problem as it accumulates in cities and pol-
lutes the ocean. Landfilling, which is currently the main method for
disposing of SW, is unsuitable in the long-term as a buildup of SW could
interfere with soil fertility and pollute the land, soil, and water. From the
literature point of view, the thermal conversion of wastes is the most
widely chosen due to its ability to reduce waste volume and its effec-
tiveness in recovering energy.

The utilization of SW for energy generation in Indonesia has not
garnered significant attention. Data related to the fundamental proper-
ties of the feedstocks, as well as their suitability for processing with
existing technology, are rarely found in the literature. Because of this,
attempts to use SW in energy generation has been met with obstacles. In
2

addition to waste energy, Indonesia, which has a water area around two-
third of the overall space, has great potential for producing microalgae-
based fuels. However, there has been little discussion of the microalgal
potential for fuel generation in Indonesia. There is a need to investigate
the potential of co-thermal conversion between waste and microalgae in
light of the importance of providing alternative energy to replace fast-
depleting fossil fuels.

Among the various thermochemical conversion methods, direct
combustion is currently the most widely used option. Combustion com-
prises over 97% of the world's bio-energy generation [27]. The popu-
larity of this method for biomass is due to reasons such as fuel flexibility,
high heat transfer, and combustion efficiency [25]; whereas for solid
waste, combustion also offers advantages, such as volume decrease of
90–95% [28, 29], mass reduction of 70%, perfect disinfection, and sig-
nificant energy recovery [29].

Investigations into the combustion of single species of the microalgae
Chlorella vulgaris [30], Scenedesmus almeriensis [31], Nannochloropsis
gaditana [32], and Nannochloropsis oculata [3] have discovered various
patterns during the thermal decomposition process. It has been thought
that variances in the organic and mineral compounds in the typical
species of microalgae lead to differences in thermal degradation. How-
ever, studies on the co-combustion of Scenedesmus almeriensis and
lignocellulosic biomass [31], Chlorella vulgaris and textile dyeing sludge
[33], and Chlorella protothecoides and rice straw [34] have found that a
material's composition does have an effect on its combustion perfor-
mance. To date, the co-combustion of microalgae and solid waste has not



Figure 3. The curves of the various blends ratio of SP and SW at a heating rate
of 40 �C/min: a. TG curves, b. DTG curves.
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been performed, with the exception of Chlorella protothecoides and
municipal solid waste under N2/O2 and CO2/O2 atmospheres [35]. This
investigation revealed that the addition of microalgae improved munic-
ipal solid waste combustion. To the best of our knowledge, the
co-combustion of SP and SW has not been studied. To extend the possible
utilization of microalgae as fuel, with the overarching goal of recovering
energy from SW, an in-depth study on the co-combustion of both mate-
rials was conducted.

This work investigated the behavior of SP and SW, both as individual
materials and as a blend during the combustion process in non-
isothermal conditions using thermogravimetric (TG) analysis. The tem-
perature parameters that describe the decomposition of the material as
the function of temperature were determined from the TG curves and the
Table 2. Characteristic temperatures and maximum mass loss rate of all samples at a

β(oC/min) Samples Zone I

Ti (oC) Tmax (oC) Tf (oC)

10 0SP/100SW 235.921 277.558 365.906

10SP/90SW 233.830 271.602 361.691

20SP/80SW 230.853 276.45 359.076

30SP/70SW 228.176 275.125 358.485

100SP/0SW 168.894 275.847 294.212

20 0SP/100SW 237.857 289.347 370.007

10SP/90SW 235.322 287.431 368.068

20SP/80SW 233.061 285.17 367.122

30SP/70SW 230.259 281.384 366.443

100SP/0SW 172.682 283.479 302.539

40 0SP/100SW 239.703 300.19 375.911

10SP/90SW 237.703 296.771 373.337

20SP/80SW 235.741 293.434 372.031

30SP/70SW 232.394 293.707 370.31

100SP/0SW 185.057 293.813 313.509

Ti: the temperature of initial decomposition at the related zone. Tmax, the temperature
decomposition at the related zone. Mmax: the maximum mass loss rate at the related
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differential thermogravimetric (DTG) curves. Based on these curves, the
kinetic parameters were evaluated using the fitting model proposed by
Coats-Redfern and Horowitz-Metzger.

2. Materials and methods

2.1. Materials preparation

SP was cultivated by the Center for Development of Brackishwater
Aquaculture (Balai Besar Pengembangan Budidaya Air Payau
[BBPBAP]), Jepara, Indonesia. After harvesting, the biomass sediment
was subjected to heat using an oven at 100 �C for 24 h to evaporate the
water. The dry biomass chunks were then crushed and sieved through a
mesh size of 40 (420 μm) to achieve a pulverized dry biomass, and the
powder was stored in a tightly insulated bottle.

Around 19 kinds of synthetic materials composed of SW were
collected. These materials were detergent packs, banners, mineral bot-
tles, Styrofoam, shampoo bottles, mattresses, plastic bags, rice bags,
jeans, water pipes, a plastic rice wrapper, sponges, flip-flops, oil bottles,
jerrycans, a motorcycle body, synthetic leather, a bottle of liquid floor
cleaner, and pieces of thick plastic. The samples were thoroughly cleaned
and sun-dried for two days during the dry season. The samples were
individually grated to powders and sieved to achieve a size of less than 40
mesh (420 μm). Following this, 19 samples with the samemass ratio were
mixed. The mixing process was performed mechanically by pouring each
of the 19 materials with the same mass ratio into a mortar, and grinding
andmixing under low pressure. The blendedmaterials were continuously
mixed by shaking in a tightly sealed bottle to achieve a homogeneous SW
blend. The final result was denoted as the SW.

Prior to testing, the SP and SWwere blended in ratios of 0:100, 10:90,
20:80, 30:70, and 100:0 (wt,%) using a similar method as the SW mixing
process. The ultimate and proximate results of SP and SW are listed in
Table 1. The calorific values of both materials were determined through
the instrumentality of adiabatic bomb calorimeters. 0.5 g of the samples
were experimented with 99.5% pure oxygen for 10 min. The SP's protein
and lipid contents were respectively determined by the Kjeldahl and
Soxhlet methods, and the carbohydrate was calculated by difference as
100%-protein-lipid (by dry weight and ash-free basis) [36, 37].

2.2. Thermogravimetric experiment

A simultaneous thermogravimetric analyzer (METTLER TOLEDO
TGA/DSC1) was used to evaluate the decomposition of the samples
various heating rate.

Zone II

Mmax (%/s) Ti (oC) Tmax (oC) Tf (oC) Mmax (%/s)

-0.0352 365.906 446.784 482.233 -0.0969

-0.0331 361.691 458.291 484.135 -0.1269

-0.0375 359.076 477.135 505.107 -0.1722

-0.0354 358.485 477.694 506.909 -0.1784

-0.0637 294.212 316.792 512.357 -0.0625

-0.0654 370.007 486.141 510.877 -0.3952

-0.0983 368.068 486.672 512.433 -0.3409

-0.0706 367.122 489.141 515.731 -0.3383

-0.0743 366.443 481.256 516.47 -0.2879

-0.1272 302.539 327.666 522.684 -0.1173

-0.0929 375.911 496.809 532.677 -0.7172

-0.1914 373.337 497.431 533.483 -0.6551

-0.1598 372.031 493.761 534.458 -0.6347

-0.2205 370.31 497.323 535.395 -0.5187

-0.2585 313.509 349.114 550.54 -0.2499

of maximummass loss rate at the related zone. Tf: temperature of the completed
zone.



Figure 4. The R2 � n curves of the SP at various heating rates: a. Coats-Redfern,
b. Horowitz-Metzger. Figure 5. Linear regression of the final plot of the SP: a. Coats-Redfern, b.

Horowitz-Metzger.
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during the heating process under an oxidative atmosphere with a flow
rate of 100 ml/min to determine whether the atmosphere was appro-
priate for combustion. For every experiment, approximately 10 mg of the
sample was loaded into a ceramic crucible and inserted into a furnace.
The samples experienced non-isothermal heating from room temperature
to 1000 �C at the various heating program of 10, 20 and 40 �C/min. The
thermogravimetric (TG) and differential scanning calorimetry data were
recorded with a computer working in synchronization with the furnace.
The differential thermogravimetry (DTG) data generated from the first
derivative of the TG represented the mass loss rate of the materials in line
with escalating time or temperature. The thermal behavior and charac-
teristic parameters of the relevant samples were determined according to
the TG and DTG data.
2.3. Kinetic method

It was necessary to examine the kinetic parameters in order to achieve
a comprehensive understanding of how SP, SW, and their blends behaved
during the combustion process. The rate of solid reaction that undergoes
thermal attack is commonly expressed as an Arrhenius equation, as fol-
lows:

dα
dt

¼ kðTÞf ðαÞ¼A exp
��E
RT

�
f ðαÞ (1)

In Eq. (1), kðTÞ is the rate constant, f ðαÞ expresses the supposedmodel
of the reaction mechanism, A (s�1) is the frequency factor, E (kJ/mol) is
the apparent activation energy, R(8.314 J/mol K) is the universal gas
constant, T (K) is the absolute reaction temperature, α is the lost mass
fraction, and dα=dt represents the conversion rate.

The extent of conversion (α), which represents the mass loss fractions
of the sample material, is stated as the following equation:
4

α¼ 1� mt � mf

mi � mf
¼ mi � mt

mi � mf
(2)
where mi (mg) is the initial mass of the sample; mt (mg) is the sample's
remaining mass at time t; mf (mg) is the final mass of the sample that
refers to the end of the reaction.

For the non-isothermal experiment, the alteration of temperature in
association with the time extension denotes the heating rate dT=dt ¼ β.
Substituting Eq. (1) with dt ¼ dT=β and defining the nth order reaction
model results in f ðαÞ ¼ ð1� αÞn, and leads to a non-isothermal expres-
sion, as follows:

dα
ð1� αÞn ¼

A
β
e
�E
RT dT (3)

On the basis of Eq. (3), the kinetic parameters were evaluated ac-
cording to the fitting method proposed by Coats-Redfern and Horowitz-
Metzger.

3. Results and discussions

Table 1 revealed the fundamental properties of SP and SW based on
ultimate, proximate, and calorific value analyses. To simplify the analysis
of the results, the thermal test results are presented into two sections, the
first for individual fuel and the second for mixed fuel.

3.1. Individual fuels

The TG-DTG curves of the SP and SW at different heating rates are
represented in Figures 1 and 2, respectively. The SP biomass sample
decomposed in three different stages. The first stage corresponded to
water removal from the biomass, as previously reported in the literature



Table 3. The kinetic parameters of the SP combustion.

Methods β (�C/min) Trendline equation R2 Kinetic parameters

E (kJ/mol) log A (1/min) n

Coats-Redfern 10 y ¼ � 8243:6x þ 1:569 0.999 68.54 5.59 2.28

20 y ¼ � 9050:5x þ 2:835 0.999 75.25 6.49 2.56

40 y ¼ � 8243:6x þ 1:569 0.999 63.14 5.32 1.95

Average 0.999 68.98 5.80 2.26

Horowitz-Metzger 10 y ¼ 0:0372x � 0:631 0.999 93.19 10.25 3.43

20 y ¼ 0:0406x � 0:525 0.999 104.48 10.66 3.84

40 y ¼ 0:0304x � 0:975 0.999 81.22 10.68 2.76

Average 0.999 92.96 10.53 3.34

Figure 6. The R2 � n curves of the SW at various heating rates: a. Zone I of Coats-Redfern, b. Zone I of Horowitz-Metzger, c. Zone II of Coats-Redfern, d. Zone II of
Horowitz-Metzger.
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[3, 38, 39]. This stage began at room temperature and finished at around
170 �C (depending on the heating rate) in that the finishing temperature
shifted to a higher temperature in line with the increasing heating rate. In
this stage, it is thought that the cell structure underwent thermal cleav-
age, which promoted the thermal unfolding of the proteins and partly
released as light volatile [32].

The second stage began at around 170 �C and ended at about 530 �C.
Two sub-basin peaks of DTG curves were noted at this stage. The first
correlated with the degradation and combustion of carbohydrate and a
portion of protein, whereby both components were thermally degraded
in the merged zone, and the second was associated with further
decomposition and combustion of protein together with lipid. This
observation is thought to be due to the fact that the temperature degra-
dation of lipids is higher than proteins and carbohydrates [40]. The
completion of the second stage resulted in char formation.

The third stage, characterized by a slight loss of mass, was thought to
be due to further decomposition and oxidation of the carbonaceous
materials in the char [41]. Additionally, both TG and DTG curves of
Figure 1 also indicated the appearances of the last thermal degradation
process of the samples at a temperature higher than 800 �C. By giving
more attention to the TG curve Figure 1a, it would be found that around
74% of the material had been degraded thermally from the initial process
until the temperature of 800 �C. Synchronizing this TG result with
proximate data, it can be understood that most of the organic matter in
5

the biomass, which is represented as VM and FC, has decomposed in this
temperature range, but the carbon component is not entirely decomposed
and burned. The main reason for this judgment was due to the fact that
VM was more reactive than FC material. Therefore, it was strongly
believed that the sharp decline of the TG curve above 800 �C was
correlated with the further combustion of the rest of carbonaceous ma-
terials in the char and the decomposition of the mineral matter at a high
temperature. The similar phenomena had been reported previously by
Lopez-Gonzalez et al. [42] for the combustion process of Nannochloropsis
gaditana and Sukarni et al. [3, 43] for the Nannochloropsis oculata
microalgae. Deep scrutinizing had been presented in the latter reference,
and the result indicated that the decomposition at a temperature higher
than 800 �C was correlated with the dissociation alkali carbonate, mainly
Na2CO3. Through the complex reaction mechanism within the ash at a
high temperature, the dissociated Na2CO3 reacted with CaO and SiO2 and
creating a new compound of Ca6Na2O15Si4 [43]. The in-depth investi-
gation of this SP sample's combustion at high temperatures should be
performed in future work.

In SW combustion, Figure 2 suggests that there were three stages of
thermal degradation in the combustion process. The first stage started
from room temperature to around 200 �C and was associated with the
releasing of light volatile and very low moisture content.

The second stage began at about 200 �C and completed at a range of
480–530 �C (depending on the heating rate). This stage correlated with



Figure 7. Linear regression of the final plot of the SW: a. Zone I of Coats-Redfern, b. Zone I of Horowitz-Metzger, c. Zone II of Coats-Redfern, d. Zone II of Hor-
owitz-Metzger.
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the main release and combustion of organic volatile components [44]. A
thorough scrutiny of the second stage showed that there were two main
sub-basins in the DTG curves. The first sub-basin, which peaked at
around 300 �C, was associated with the thermal degradation of poly-
vinylchloride (PVC) and the second, which peaked at about 500 �C,
corresponded to the massive degradation of various components of the
SW, such as polystyrene (PS), polyethylene (PE), polycarbonate (PC),
polyamide (PA), polypropylene (PP), polyethylene terephthalate (PET),
and the second step of PVC decomposition [45].
Figure 8. The R2 � n curves of the blended fuels at a heating rate of 40 �C/min: a. Zo
d. Zone II of Horowitz-Metzger.

6

The third stage of SW decomposition was characterized by a slight
mass loss at around 500 �C until the process completed at 1000 �C. This
stage was also indicated by the emergence of a small basin that peaked at
around 675 �C. Tang et al. [46] found that the combustion of tire rubber,
leather, and PVC in 80% N2/20%O2 had respective peaks of 780, 740,
and 700 �C. Ren and Zhang [44] observed that waste plastic combustion
had a first peak at 395 �C and a second peak at 665 �C. In line with
previous research findings, we observed the formation of a small basin
that peaked at around 675 �C and was associated with a slight
ne I of Coats-Redfern, b. Zone I of Horowitz-Metzger, c. Zone II of Coats-Redfern,



Figure 9. Linear regression of the final plot of the blended fuels at a heating rate of 40 �C/min: a. Zone I of Coats-Redfern, b. Zone I of Horowitz-Metzger, c. Zone II of
Coats-Redfern, d. Zone II of Horowitz-Metzger.
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degradation and further combustion of char and fixed carbon originating
from the PVC ingredients in the SW. This result was in agreement with
Lin et al. [47].
3.2. Blended fuels

The TG and DTG curves of the blend are depicted in Figure 3. Both the
TG and DTG curves revealed that three stages also emerged for the
blended samples.

In the first stage, the pronounced basin of the DTG curves (Figure 3b)
gradually developed in line with the increasing proportion of SP in the
blended fuel. As shown in Table 1, the moisture content in the SP was
higher than in the SW; therefore, increasing the SP sample in the mixture
significantly influenced the moisture level in the blended fuel.

It can be observed from the TG curves (Figure 3a) that increasing the
SP content in the blended fuels led to the temperature of devolatilization
to decrease. In harmony with the TG curves, it was also observed in the
second stage of the DTG curves (Figure 3b) that the addition of SP
facilitated a decrease in temperature in the initial decomposition process.
This lesser initial decomposition temperature indicated that the addition
of SP promoted the thermal degradation of the material. The microalgae,
which were composed of the three main components of carbohydrates,
proteins, and lipids [48], decomposed at a temperature range of 200–600
�C, which varied depending on the heating rate [39]. Grammelis et al.
[45] reported an initial decomposition temperature of various plastic
materials of 254–354 �C. Textile material was found to thermally
decompose at 249 �C [49]. In the present work, it was found that an
individual sample of SP began to decompose at a temperature of around
170 �C. This result confirmed that the SW material was more thermally
stable than microalgal biomass and that SP biomass addition decreased
its thermal stability.

The TG curves revealed that the mass loss of the blended fuels was
higher than pure SW at a temperature of below 480 �C. At a temperature
above 480 �C, an increasing SP content led to reduced mass loss and
produced more leftover materials in line with higher SP in the mixture.
These results were in agreement with the proximate results, in which the
ash content of the SP was higher than the SW, but disagreed with results
7

obtained by Tang et al. [35], which was likely due to differences in the
fundamental characteristics of the algae and MSW used by Tang et al.
compared to the SP and SW used in this study, as seen in the ultimate and
proximate analysis.

From the DTG curves, two distinct sub-basins were observed in the
second stage. In the first sub-basin, the mass loss rate increased gradually
in line with the increasing SP in the mixture. It is thought that the ma-
terials in the microalgae had a more thermally unstable structure that led
to easier degradation at a given temperature and promoted more mass
release in the volatile form. The carbohydrates and proteins in the algal
biomass also played a significant role in this zone. Conversely, in the
second sub-basin, it was observed that the massive degradation of the
materials decreased gradually in relation to the increasing content of SP
in the mixture. The peaks of DTG curves at around 497 �C became less
apparent, owing to the increase of low reactive combustible ingredients
in the algae. This indicated that materials that remained after the first
sub-basin, which were mainly lipids [39, 50], decomposed at a lower rate
than the SW materials.
3.3. Kinetic evaluation

The fundamental objective of the kinetic evaluation is to determine
the minimum amount of energy that must be obtained by an atomic
system for it to take place in the reaction [51]. This parameter repre-
sented the difficulty of the chemical reaction completion and called as
activation energy.

The various chemical compositions that exist in a multi-component
solid material generate a chemically complex reaction during the ther-
mal decomposition of materials that are simultaneously pyrolyzed and
oxidized [3]. Hence, determining the best reaction kinetics that represent
the actual reactionmechanism is difficult. For this reason, simplifying the
reaction process by lumping the complicated multiple reactions that
occur at a certain temperature range as an nth order reaction is reason-
able [52].

In this work, the kinetic evaluation was performed in the second
stage, in which decomposition and combustion took place. As previously
discussed, there were two sub-basins in this stage. Therefore, the



Table 4. The kinetic parameters of the SW and blended fuels combustion according to the Coats-Redfern.

Samples β (�C/min) Zone Trendline equation R2 Kinetic parameters

E (kJ/mol) log A (1/min) n

0SP/100SW 10 I y ¼ � 8966:9x þ 1:881 0.991 74.55 5.77 0.81

II y ¼ � 17066x þ 11:083 0.994 141.88 10.05 1.22

20 I y ¼ � 13006x þ 9:559 0.971 108.13 9.57 1.99

II y ¼ � 12753x þ 3:603 0.989 106.03 6.97 0.48

40 I y ¼ � 13931x þ 10:837 0.996 115.82 10.45 1.78

II y ¼ � 16274x þ 8:114 0.992 135.30 9.34 0.78

Average I 0.986 99.50 8.60 1.53

II 0.992 127.74 8.79 0.83

10SP/90SW 10 I y ¼ � 10070x þ 4:204 0.982 83.72 6.82 1.23

II y ¼ � 15015x þ 7:714 0.998 124.83 8.53 0.82

20 I y ¼ � 25919x þ 33:2 0.986 215.49 20.13 3.54

II y ¼ � 14652x þ 6:221 0.990 121.81 8.17 0.67

40 I y ¼ � 26187x þ 32:878 0.992 217.72 20.30 3.20

II y ¼ � 16028x þ 7:791 0.988 133.26 9.19 0.84

Average I 0.987 172.31 15.75 2.66

II 0.992 126.63 8.63 0.78

20SP/80SW 10 I y ¼ � 17252x þ 18:007 0.983 143.44 13.05 2.56

II y ¼ � 13341x þ 4:644 0.988 110.92 7.14 0.56

20 I y ¼ � 19000x þ 20:645 0.984 157.97 14.55 2.70

II y ¼ � 15907x þ 8:068 0.979 132.25 9.00 0.99

40 I y ¼ � 18954x þ 20:005 0.990 157.58 14.57 2.49

II y ¼ � 15377x þ 6:928 0.995 127.85 8.80 0.70

Average I 0.986 153.00 14.06 2.58

II 0.987 123.67 8.31 0.75

30SP/70SW 10 I y ¼ � 14396x þ 12:615 0.977 119.69 10.64 2.15

II y ¼ � 13108x þ 4:280 0.989 108.98 6.98 0.49

20 I y ¼ � 14105x þ 11:692 0.980 117.26 10.53 2.04

II y ¼ � 15419x þ 7:546 0.992 128.19 8.77 0.86

40 I y ¼ � 15751x þ 14:34 0.990 130.95 12.03 2.10

II y ¼ � 10139x � 0:377 0.998 84.30 5.44 0.11

Average I 0.982 122.63 11.07 2.10

II 0.993 107.16 7.06 0.49
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temperature characteristics for kinetic evaluation were divided into the
first sub-basin (Zone I) and second sub-basin (Zone II), as depicted in
Table 2.

The temperature ranges, as described in Table 2, were subject to ki-
netic evaluation using Eq. (4). The conversion ðαÞ in the interval of
0.1–0.9 from certain zones that were taken into consideration was
studied in order to guarantee that this kinetic evaluation could be char-
acterized as the kinetics of complicated multiple reactions in the related
zones. Two fitting techniques proposed by Coats-Redfern and Horowitz-
Metzger were applied in this study.

The fitting-models allowed for the determination of the kinetic pa-
rameters by choosing the appropriate reaction model f ðαÞ for the
decomposition of biomass considered during the thermochemical pro-
cess. In the fitting methods, the kinetics evaluation was performed under
a single heating rate, which is disadvantageous because the activation
energy varied with the heating rate due to the effect of mass or energy
transfer [53]. However, applying model fitting to datasets from multiple
heating rates could increase the robustness of the results [54, 55]. Several
research papers have been published using this technique. For example,
Gill et al. [56] performed a kinetic analysis of the co-combustion of a
coal-biomass blend using a single heating rate of 15 �C/min. Pickard et al.
[54] conducted a kinetic evaluation using two heating rates of 10 and 40
K/min. Yorulmaz and Atimtay [57] carried out a kinetic calculation using
three heating rates of 10, 20 and 30 �C/min. In this work, the kinetic
parameters were evaluated in three heating programs of 10, 20 and 40
�C/min.
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Using the Coats-Redfern method, the integration of Eq. (3) resulted in
an exponential integral. By applying the Taylor series method and
following the linearization, the final equation form was produced:

ln gðαÞ¼ � E
RT

þ ln
AR
βE

(4)

where:
if n ¼ 1 then gðαÞ ¼ � ðlnð1 � αÞÞ=T2

if n 6¼ 1 then gðαÞ ¼ ð1 � ð1� αÞð1�nÞÞ=ðð1 � nÞT2Þ
The Horowitz-Metzger method was also applied to Eq. (3) and

generated a linear equation as follows:

ln gðαÞ¼
�
ln
�
ART2

max

βE

�
� E
RTmax

�
þ Eϕ
RT2

max

(5)

where:
if n ¼ 1 then gðαÞ ¼ � lnð1 � αÞ
if n 6¼ 1 then gðαÞ ¼ ð1�ð1� αÞð1�nÞÞ=ð1�nÞϕ ¼ T � Tmax , which

Tmax is the maximum mass loss rate temperature.
Açikalin [52, 58] proposed a method for determining the proper re-

action order ðnÞ value. On the basis of Eqs. (4) and (5), plotting ln gðαÞ
versus 1=T and ln gðαÞ versus ϕ at the selected n range, respectively,
yielded a straight line with a correlation coefficient of R2. The most
appropriate n value in correlation with the best linear plot was indicated
by the highest value of the correlation coefficient (R2) [59, 60]. With this



Table 5. The kinetic parameters of the SW and blended fuels combustion according to the Horowitz-Metzger method.

Samples β (�C/min) Zone Trendline equation R2 Kinetic parameters

E (kJ/mol) log A (1/min) n

0SP/100SW 10 I y ¼ 0:0321� 1:765 0.992 80.93 9.70 1.05

II y ¼ 0:0413þ 0:711 0.994 178.15 11.35 1.43

20 I y ¼ 0:0453� 0:883 0.974 119.04 10.57 2.27

II y ¼ 0:0287þ 0:191 0.990 137.62 11.36 0.65

40 I y ¼ 0:0489� 0:712 0.996 133.50 11.01 2.12

II y ¼ 0:0346þ 0:315 0.992 170.62 11.86 0.96

Average I 0.987 111.16 10.42 1.81

II 0.992 162.13 11.52 1.01

10SP/90SW 10 I y ¼ 0:0363� 1:661 0.985 89.56 9.78 1.47

II y ¼ 0:0361þ 0:532 0.997 160.23 11.24 1.02

20 I y ¼ 0:098� 0:190 0.988 255.83 11.20 4.35

II y ¼ 0:0323þ 0:330 0.991 155.05 11.47 0.84

40 I y ¼ 0:0941� 0:232 0.993 253.82 11.49 3.84

II y ¼ 0:0338þ 0:403 0.989 166.91 11.85 1

Average I 0.989 199.73 10.82 3.22

II 0.992 160.73 11.52 0.95

20SP/80SW 10 I y ¼ 0:0643� 0:698 0.985 161.45 10.46 3

II y ¼ 0:0304þ 0:213 0.989 142.02 11.07 0.72

20 I y ¼ 0:0688� 0:662 0.986 178.05 10.83 3.17

II y ¼ 0:0345þ 0:596 0.981 166.37 11.62 1.14

40 I y ¼ 0:0677� 0:700 0.991 177.77 11.13 2.92

II y ¼ 0:033þ 0:287 0.994 161.49 11.78 0.88

Average I 0.987 172.42 10.80 3.03

II 0.988 156.62 11.49 0.91

30SP/70SW 10 I y ¼ 0:0525� 0:999 0.980 131.01 10.24 2.47

II y ¼ 0:0299þ 0:176 0.990 139.91 11.05 0.65

20 I y ¼ 0:0502� 1:078 0.982 128.13 10.50 2.35

II y ¼ 0:0345þ 0:496 0.992 162.94 11.56 1.04

40 I y ¼ 0:0555� 0:711 0.990 148.29 11.05 2.46

II y ¼ 0:0233� 0:116 0.998 114.93 11.46 0.34

Average I 0.984 135.81 10.59 2.42

II 0.993 139.26 11.35 0.67

Figure 10. The relationship between kinetic parameters of (E and A) and the SP composition in the blended fuel at various heating rates: a. Zone I of Coats-Redfern, b.
Zone I of Horowitz-Metzger, c. Zone II of Coats-Redfern, d. Zone II of Horowitz-Metzger.
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Figure 11. The kinetic compensation effect of SP and SW co-combustion at a various blending ratio: a. 0SP/100SW, b. 10SP/90SW, c. 20SP/80SW, d. 30SP/70SW.

Table 6. The linear regression parameters of the kinetics compensation effect.

Samples Zone Coats-Redfern Horowitz-Metzger

Trendline equation R2 Trendline equation R2

0SP/100SW I ln A ¼ 0:261E� 6:179 1.000 ln A ¼ 0:057E þ 17:741 0.995

II ln A ¼ 0:194E� 4:549 0.998 ln A ¼ 0:010E þ 24:886 0.107

10SP/90SW I ln A ¼ 0:232E� 3:696 1.000 ln A ¼ 0:022E þ 20:579 0.971

II ln A ¼ 0:200E� 5:502 0.991 ln A ¼ 0:080E þ 13:726 0.447

20SP/80SW I ln A ¼ 0:241E� 4:450 0.999 ln A ¼ 0:072E þ 12:415 0.793

II ln A ¼ 0:208E� 6:574 0.991 ln A ¼ 0:061E þ 16:902 0.844

30SP/70SW I ln A ¼ 0:262E� 6:665 0.990 ln A ¼ 0:078E þ 13:803 0.801

II ln A ¼ 0:173E� 2:256 0.987 ln A ¼ 0:004E þ 25:589 0.025
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purpose in mind, the R2 � n curve was drawn, and the most appropriate n
value was determined from the highest R2. The most appropriate n value
was then applied to calculate ln gðαÞ at the selected α. The final plot of
ln gðαÞ versus 1=T (for Coats-Redfern method) and ln gðαÞ versus ϕ (for
the Horowitz–Metzger method) could be drawn in regard to the T at a
corresponding α. The respective apparent activation energy and fre-
quency factor were determined from the slope and interception of the
final plot from the related zone.

In the case of SP, Zones I and II of the second stage were sepa-
rated by unpronounced humps, as described by DTG curves in
Figure 1b. Kinetic analysis of the SP was performed in the second
stage as a single step reaction of the nth order, without considering
Zones I and II as the separating step. This judgment was supported by
the fact that only a single slope change was encountered on each TG
curve (Figure 1a).

Table 2 shows that for the 100SP/0SW, the temperature ranges
extended from the initial decomposition temperature (Ti) in Zone I to the
completed decomposition temperature (Tf) in Zone II, and this was used
for kinetics analysis. By selecting any n values, the plot of ln gðαÞ versus
1=T (Coats-Redfern) and ln gðαÞ versus ϕ (Horowitz-Metzger) was per-
formed and resulted in various R2 values. The plots of R2� n at heating
rates of 10, 20 and 40 �C/min are depicted in Figure 4a (Coats-Redfern)
and 4b (Horowitz-Metzger) and were used to determine the most
10
appropriate n. Using these n values, the final plots of ln gðαÞ versus 1=T
(Coats-Redfern) and ln gðαÞ versus ϕ (Horowitz-Metzger) were drawn,
and are shown in Figures 5a and 5b. Using the linear regression of these
final plots, the apparent activation energy and frequency factor were
evaluated from the slopes and intercepts, respectively. The kinetic pa-
rameters for the SP are depicted in Table 3.

In relation to the kinetic parameters of SP shown in Table 3, it was
observed that the two kinetic methods showed a similar trend in
apparent activation energy in regard to heating rate changes. The highest
apparent activation energy occurred at 20 �C/min, the middle at 10 �C/
min, and the smallest at 40 �C/min, with both Coats-Redfern and
Horowitz-Metzger, have been given similar tendencies. It was found that
the heating rate had a significant impact on apparent activation energy.
The kinetic analysis also revealed that the Horowitz-Metzger method
presented higher apparent activation energy than the Coats-Redfern
method. These results were in agreement with previous findings [52,
58, 61, 62].

For the SW and the blended fuels, Zones I and II of the second stage
were separated by pronounced humps of the DTG curves, as shown in
Figure 3b. The TG curves in Figure 3a also specified that the two slope
changes in the second stage indicated two-step reactions. Hence, every
zone in the second stage was considered a single step reaction of nth
order. The kinetic evaluation was performed separately for Zones I and II.
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On the basis of the characteristic temperatures shown in Table 2,
kinetic evaluations of the SW and blended fuels were performed by a
similar procedure to SP. The R2 � n curves and the final plots of the
SW are depicted in Figures 6 and 7, respectively. The R2� n curves
and final plots for the blended fuels at a heating rate of 40 �C/min
are represented in Figures 8 and 9. The kinetic parameters at various
heating rates are depicted in Table 4 (Coats-Redfern) and 5 (Hor-
owitz-Metzger).

As shown in Tables 4 and 5, in general, adding microalgae to the SW
significantly affected the apparent activation energy. For the individual
SW, the average apparent activation energy in Zone I was 99.50 and
111.16 kJ/mol based on the Coats-Redfern and Horowitz-Metzger
methods, respectively. An additional 10% SP added to the SW lead to
an increased average apparent activation energy of the blended fuel that
was 172.31 kJ/mol (Coats-Redfern) and 199.73 kJ/mol (Horowitz-
Metzger). Increasing the proportion of SP from 10 to 20 and 30 (wt,%) of
the fuel led to a decrease in the average apparent activation energy. In the
20SP/80SW mixture, the average apparent activation energies were
153.00 kJ/mol (Coats-Redfern) and 172.42 kJ/mol (Horowitz-Metzger).
The average apparent activation energy of the 30SP/70SW mixture was
122.63 kJ/mol (Coats-Redfern) and 135.81 kJ/mol (Horowitz-Metzger).
Overall, the average apparent activation energy in Zone I of the SW as an
individual fuel was less compared to the blended fuels in the same zone.
These results were in agreement with the results of Gao et al. [63] using a
lignite coal and Chlorella vulgaris blend and with the result of Peng et al.
[33] using a mixture of textile dyeing sludge and Chlorella vulgaris. Gao
et al. found that microalgae addition from 30 to 70 (wt,%) significantly
increased the activation energy; whereas Peng et al. identified that the
activation energy of individual textile dyeing sludge was lower than that
of a mixture, with the exception of a ratio of 40–60 (wt,%) microalgae.
The results in this study revealed that a 10 (wt,%) microalgae addition
resulted in the highest average apparent activation energy and that a 20
or 30 (wt%) addition resulted in lower average apparent activation en-
ergy than 10%. The order of the apparent activation energies in Zone I
from the highest to the lowest were 10SP/90SW > 20SP/80SW >

30SP/70SW > 0SP/100SW, with both methods of Coats-Redfern and
Horowitz-Metzger showing a similar trend. However, the results of this
study, as well as those of Peng et al. [33], revealed that the activation
energies did not increase linearly with increased microalgae content in
the mixture, contrary to the results of Gao et al. [63]. These differences
are thought to be due to different synergistic effects among the particles
of various mixtures during the combustion process. This phenomenon
should be explored in further depth in future research.

Tables 4 and 5 show that the presence of microalgae in Zone II in the
mixture noticeably decreased in the average apparent activation energy.
The higher the proportion of SP, the lower the average apparent acti-
vation energy. In Zone II, the increasing proportion of the microalgae was
always followed by a decrease in the average apparent activation energy,
contrary to Zone I. It is thought that interactions between the lipid
content in the microalgae provoked the degradation and combustion of
various SW material components.

As shown in Tables 4 and 5, another kinetic parameter that indicated
the chemical reaction rate was frequency factor (A). This parameter
represents a measure of the frequency of collisions of all molecules
during the thermochemical conversion process, without considering
their energy level [64, 65]. The exponential term of the Arrhenius for-
mula in Eq. (1) denotes the fraction of collisions that possessed adequate
kinetic energy to produce a reaction; the rate constant, kðTÞ, reflects the
frequency of successful collisions [65]. Based on the Coats-Redfern
method, it was found that the frequency factor of the blended fuel in
Zone II was lower than Zone I. This phenomenon was caused by the
degradation of carbohydrates and proteins in themicroalgae, followed by
thermal cleavage of the lipids. The lipids subsequently provoked the SW
material to thermally crack and resulted in a higher reaction rate in the
blended materials in Zone II. This result differs from the
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Horowitz-Metzger results, in which the frequency factor between Zones I
and II was almost equal. Considering these results with the preceding
DTG curve in Figure 3b, the Coats-Redfern method is thought to be the
most appropriate model, as in Zone II there was higher reaction rate
(mass loss rate) than in Zone I. Tsamba et al. [66] explained that given
small size sample particles led to effects of intra-particle heat transfer and
diffusion can be ignored, and therefore determination of the kinetic pa-
rameters using the Coats-Redfern method is acceptable. An evaluation of
E, A, and n using various methods was performed by Petrovic and
Zavargo [67]. They found that the Coats-Redfern method resulted in
around a 2% lower activation energy and frequency factor, which indi-
cated that this method produced the fewest errors [57]. They also
discovered considerable errors in the Horowitz-Metzger method for
determining the activation energy and frequency factor, thought to be
due to the improper numerical form of the Horowitz-Metzger formula
[67]. However, they suggested that the robustness of the method and a
lower risk of errors could be achieved by applying multiple heating rates
[67].

The various vital kinetic parameters in this study provide a thorough
evaluation and can be considered practical guidance for industrial ap-
plications. The increasing average apparent activation energy in Zone I
and the decreasing apparent activation energy in Zone II in line with the
rising proportion of the SP provides guidance on the minimum amount of
energy required for initiating the combustion process in industrial fur-
naces. The frequency factor and reaction order values are a guide for
estimating the reaction rate [50]. In addition, a non-integer order of
reaction was found at every investigated zone, which demonstrated that
the thermochemical conversion process of the samples took place in a
complex reaction mechanism [68].

Employing the kinetic parameters presented in Tables 4 and 5 to the
Arrhenius equation (Eq. (1)), subsequently, the rate of samples' reaction
of any blend ratios could be estimated. For practical purposes, this
chemical reaction rate is useful as a reference in determining a suitable
combustion equipment design. Therefore, understanding the chemical
reaction rate would help guide the proper sizing of a combustion
chamber and the precise setting up of the control system to achieve the
highest energy recovery, compliance with safety standards, and eco-
nomic feasibility. A more detailed explanation of the relationship be-
tween kinetic parameters and designing a combustion reactor could refer
to Date [69]. By this route, the SW could meet the most proper handling
in terms of co-utilization with the SP for energy generation.

3.4. Compensation effects

Figure 10 presents the relationship between kinetic parameters
(apparent activation energy and frequency factor) and the SP composi-
tion in the blended fuel at various heating rates. The apparent activation
energy and the frequency factor exhibited the same behavior, whereby a
decrease in apparent activation energy due to changes in the SP
composition at a specified heating rate was always accompanied by a
decrease in the frequency factor and vice versa. This indicated the exis-
tence of a kinetic compensation effect between E and A during the SP and
SW blend combustion.

The phenomenon of the kinetic compensation effect has been previ-
ously discussed [65, 70]. The compensation effect complicates blended
fuel combustion as the apparent activation energy and frequency factor
play opposing roles in the rate of combustion. The decrease in apparent
activation energy is favorable in thermochemical reactions, while a lower
frequency factor leads to a decline in the combustion rate. However, the
compensation effect shows that a decrease in apparent activation energy,
which raises the rate of combustion at a given temperature, is compen-
sated for by a decrease in the frequency factor. Therefore, determining
the reactivity of the combustion with only the activation energy and
frequency factor is inadequate [71]. Further investigation is critical in
establishing the mechanism for this. Thermal studies have revealed that
the reactivity of the thermochemical reaction (temperature sensitivity of
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the reaction rate) is mostly determined by the activation energy [72],
whereas the frequency factor is mostly related to the material structure
[73], and this is dependent on and strongly linked with activation energy
via a compensation effect and is, therefore, a less significant parameter
compared with activation energy [72]. Tsamba et al. [66] reported that
the sensitivity of the Arrhenius constant, kðTÞ, to the temperature is
predominantly determined by the activation energy.

Many studies have found that the relationship between E and A can be
expressed by the following equation [65, 74, 75, 76, 77]:

ln A¼ aE þ b (6)

where a and b are the compensation coefficients.
In reference to Tables 4 and 5, the relationship between apparent

activation energy E and frequency factor A is shown in Figure 11. Table 6
summarizes the results of the linear regression of the plot between
apparent activation energy E and frequency factor A. Using the Coats-
Redfern method, it was observed that very high correlation coefficients
were encountered in Zones I and II. These results confirmed the existence
of the kinetic compensation effect during the combustion of an SP and
SW blend. Different results were found using the Horowitz-Metzger,
where fewer correlation coefficients were noted for 0SP/100SW, 10SP/
90SW, and 30SP/70SW in Zone II. The fewer correlation coefficients may
have resulted from their frequency factors that did not noticeably change
with different heating rates. Kinetic compensation effects have also been
identified in the co-combustion of beetroot and switchgrass with coal
[78], the thermal decomposition of wood and leaf samples in the air
atmosphere [79], the combustion of various biomass [76], and the py-
rolysis and combustion of coal [71].

4. Conclusions

The combustion behavior and kinetic parameters of the microalgae
SP, synthetic wastes, and their blends were studied. Three stages of
thermal degradation were encountered during temperature escalation
from room temperature to 1000 �C. There were two zones of thermal
degradation in the second stage of the blended materials, and this was
also found for the SW. The mass loss rate of Zone I increased in line with
the increasing proportion of microalgae in the mixture. Conversely, a
higher content of microalgae in Zone II led to a decrease in the mass loss
rate. The apparent activation energies in Zone I increased due to the
presence of microalgae in the blended fuels, with the highest rate
observed at 10SP/90SW. In Zone II, the increased content of microalgae
was significantly affected by decreasing apparent activation energy. The
existence of a kinetic compensation effect during the combustion process
of the blended fuel was proven under the Coats-Redfern method for the
overall ratio of the blend used in this work, in both Zones I and II.
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