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Abstract

Cladophora biomass, through pyrolysis, has great potential for utilization in bioenergy applications and biochar formation.
Here, we performed a detailed kinetic and thermodynamic evaluation of the slow pyrolysis of Cladophora glomerata. The
pyrolysis was performed in a thermogravimetric analyzer using non-oxidative inert conditions of nitrogen gas at a tem-
perature range of 25-800 °C under three low heating rates (5, 10, and 20 °C min~"). In the pyrolysis of C. glomerata, three
different stages were observed, showing the complex nature of its biomass. The kinetics were obtained through isoconver-
sional methods, where the average activation energies were in the range of 159.5-169.5 kJ mol~!, 221-239 kJ mol~!, and
157-168 kJ mol~! for stages 1, 2, and 3, respectively, each with a coefficient of determination (R2) above 0.9. The average
values of change in enthalpy (AH) were 155.36 kJ mol~!, 217.83 kJ mol~’, and 150.08 kJ mol~! for stages 1, 2, and 3,
respectively, while the average values of change in Gibb’s free energy (AG) were 169.81 kJ mol~!, 179.90 kJ mol~!, and
273.42 kJ mol ™! for stages 1, 2, and 3, respectively. Thermodynamic analysis of the slow pyrolysis of C. glomerata shows
that it is an endothermic, non-spontaneous process that proceeds in the direction of producing bioenergy.

Keywords Freshwater macroalgae - Pyrolysis kinetics - Isoconversional methods - Cladophora glomerata - Bioenergy
potential - Thermodynamic parameters

1 Introduction

Biomass is an alternative source of energy to fossil fuels.
The global demand for clean energy has increased in the
last 2 years due to natural disasters related to global warm-
ing. Although developing countries still depend primar-
ily on fossil fuels, they are also moving toward renewable
energy sources. Thermochemical conversion technologies,

P< Syed Lal Badshah
shahbiochemist@ gmail.com

< Arshad Igbal
arshad.igbal @icp.edu.pk

Department of Botany, Islamia College University Peshawar,
Peshawar 25120, Pakistan

Department of Chemistry, Islamia College University
Peshawar, Peshawar 25120, Pakistan

Department of Chemical Engineering and Food Engineering,
Federal University of Santa Catarina, Floriandpolis,
Santa Catarina 88040-900, Brazil

Published online: 14 March 2022

including pyrolysis, gasification, hydrothermal carboniza-
tion, and combustion, have been proposed as ways to extract
bioenergy from algal biomass [1—4]. Pyrolysis, in particular,
is considerably better than other thermochemical conversion
technologies. This is attributed to its lower emissions, sim-
pler operation, and a reasonable cost [5]. Pyrolysis occurs
by supplying heat (high temperatures) to algal biomass, thus
converting its organic structure (proteins, carbohydrates, and
lipids) into bioenergy products as biochar (solid fraction),
pyrolytic gases (non-condensable fraction), and condensable
volatiles (bio-oil, liquid fraction) [1, 6]. However, the algae
classes differ from one another due to their varying chemical
composition. Algae may be modified to obtain a better yield
of useful bioenergy by-products such as biochar.

In several pyrolysis techniques applied to algae, sam-
ples are either treated with microwaves or with catalysts to
improve biofuel production. It has been observed that when
Arthrospira platensis (Spirulina platensis) is pyrolyzed in
the presence of a zeolite catalyst, various valuable chemi-
cals such as nitriles, aromatics (benzene, toluene, xylene,
etc.), and cyclic hydrocarbons are produced in high yield
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[7]. When f-zeolite is used as a catalyst in pyrolysis, the
production of light hydrocarbons is high, compared to the
oxygenated forms of organic compounds [8]. The pyroly-
sis of three microalgae, namely, Scenedesmus almeriensis,
Nannochloropsis gaditana, and Chlorella vulgaris, has been
performed and has yielded several products, as observed
through mass spectrometry [9]. Hydrogen gas was produced
at 400 °C, along with other useful gases such as carbon mon-
oxide, carbon dioxide, steam, etc. Hydrogen gas and carbon
monoxide can be used as fuels. In addition to these gases,
a series of light hydrocarbons, alcohols, amines, etc. were
also detected [9].

Thus, each pyrolysis method generated different, yet com-
mercially valuable, chemical products. However, if the goal
is to produce more biofuel, it is better to use algae that have
lower amounts of nitrogen and sulfur to avoid the produc-
tion of NOx and SOx gases. Furthermore, it may be pos-
sible to develop a method through which these two types of
compounds can be transformed into other products, while
the generated biofuel contains only hydrocarbons, hydro-
gen gas, and carbon monoxide. A fast pyrolysis method
has been utilized to determine the energy production val-
ues of the marine macroalgae Enteromorpha prolifera. The
obtained data showed an average heat production capacity of
25.33 MJ kg~! and 30.27 wt% O, [10]. This energy produc-
tion is quite favorable and showed that the Enteromorpha is
suitable for bioenergy production.

Due to the high amount of biomass produced by mac-
roalgae, they are an economically favorable source for the
preparation of biochar through pyrolysis. For example,
Salimi et al. [11] produced olive-shaped magnetic biochar
from Cladophora biomass through slow pyrolysis using iron
as a catalyst [11]. The particles of this biochar have a high
surface area of 296.4 m? g~!. Magnetic biochar can be used
as an anode material in lithium-ion batteries. This indicates
a great potential of macroalgae, since the use of electric cars,
which run on lithium ion batteries, is expected to increase in
the near future. The suitable pore size of the magnetic bio-
char of C. glomerata makes it an important material for the
synthesis of asymmetric super-capacitors when combined
with iron oxide [12]. The electrodes of magnetic biochar
have a high capacitance and cycling stability, and therefore,
it can be used as electric storage device [12]. The biochar
obtained from C. glomerata also has a high adsorption
capacity for heavy metal ions such as chromium, zinc, and
copper [13, 14].

There are more than seventy-two thousand and five hun-
dred (72500) species of algae worldwide. C. glomerata is a
filamentous freshwater macroalga with more than one hun-
dred and eighty-three species all over the world [15]. It exists
throughout the world in different freshwater reservoirs. It
has a mucilaginous sheath outside its thick wall. Most of
the pyrolysis studies so far have been conducted with marine
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macroalgae, and very few papers have addressed the pyroly-
sis of freshwater macroalgae. Furthermore, kinetic studies
involving the estimation of thermodynamic parameters for
algal biomass pyrolysis are scarce and observed in only a
few reports [1, 6, 16].

The novelty of this work relies on the study of the pyroly-
sis of C. glomerata, with a focus on the determination of
triplet kinetic and thermodynamic parameters under a multi-
stage kinetics point of view. For this, the pyrolysis behav-
ior of C. glomerata was first acquired from non-isothermal
thermogravimetric measurements. Isoconversional kinetic
analysis was applied to thermogravimetric data with con-
current use of four isoconversional methods (Friedman,
Flynn—Wall-Ozawa, Kissinger—Akahira—Sunose, and Star-
ink) to determine the activation energy. In addition, com-
pensation effect and master plots were used to determine
the pre-exponential factor, and reaction model, respectively.
The thermodynamic parameters (AH, AG, and AS) were
also determined to obtain a detailed understanding of the
pyrolysis of C. glomerata. The kinetic and thermodynamic
findings from the pyrolysis of C. glomerata provide a useful
reference for the design of a pyrolytic processing system.

2 Materials and methods
2.1 Collection of algae

The C. glomerata was collected from the Swat River and its
tributaries in Charsadda city of Khyber Pakhtunkhwa, Paki-
stan. The collected algae were first washed with tap water for
removal of sand and soil debris and then washed thrice with
distilled water. The clean algae were placed to dry in the
shade. After drying, it was transformed into powder through
a home-built grinder. The ground algae were stored in air-
tight jars for further use in different experiments.

2.2 Proximate, ultimate, and HHV analyses

The proximate analysis that include their moisture, ash
content, volatile carbon, and fixed carbon were determined
using the protocol of ASTM D-5142 [17, 18]. For elemental
analysis, the EDX technique was used to get an idea about
the elemental composition of the sample. The high heating
value for C. glomerata biomass was obtained using the val-
ues from proximate analysis as calculated by earlier works
[17-19].

2.3 Thermogravimetric analysis
The thermal pyrolysis of C. glomerata was carried out in a

thermogravimetric analyzer model TGA Q500 (TA Instru-
ments, New Castle, USA), with a temperature accuracy
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of +0.1 °C and mass accuracy of +0.01%. A 5.0-mg dried
ground C. glomerata sample was added to a platinum cruci-
ble and was heated from 25 to 800 °C using three different
heating rates of 5, 10, and 20 °C min~!, all under a pure
nitrogen gas flow of 60 mL min~'. Before each pyrolysis
experiment, the whole oven was purged with nitrogen gas
to ensure an inert condition. The ICTAC Kinetics Commit-
tee recommendations were followed during the experiment
[20]. All experiments were performed in triplicate for TGA
data reliability.

2.4 Theoretical background for determining
the kinetic triplet

The pyrolysis of macroalgae is a complex thermal degrada-
tion where larger biopolymers like polysaccharides, proteins,
nucleic acids, and lipids are converted into volatile organic
compounds that, along with biochar, contain carbon and
minerals.

The conversion rate (da/dr) is defined as a product of a

temperature-dependent reaction constant and a conversion-
dependent reaction model, as given in Eq. (1) [21]:
& k@ )
where a, t, k(T), and f{a) denote the degree of conversion,
the reaction time, the temperature-dependent reaction
constant, and the reaction model in the differential form,
respectively.

The reaction constant k(7) is dependent on the tempera-
ture obeying the Arrhenius’ law. Hence, Eq. (2) provides the
conversion rate in terms of Arrhenius’ law [22]:

da
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In Eq. (2), A is the pre-exponential factor (min~!),
E, is the activation energy (kJ mol™!), T is the abso-
lute temperature (K), and R is the universal gas constant
(8.3145x 1072 kJ mol ™' K™1).

Under non-isothermal conditions, where the temperature
is a function of time that increases with a constant heating
rate (dT/dt=p), Eq. (2) becomes [23]

d(x _ A ek ./RT
ar - ﬂ f(a) 3

Thus, by integration from Eq. (3), the following equation
can be obtained.
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The most challenging aspect of Eq. (4) is to deduce the
dependence of activation energy on the degree of conver-
sion is that this equation has a term “p(x)” (“temperature
integral”) which cannot be solved directly [1, 24]. Several
mathematical approximations have been proposed to reduce
the complexity of Eq. (4) for practical calculation of the
activation energy.

2.4.1 Determination of the activation energy

In this work, four isoconversional methods were employed
to calculate the activation energy: Friedman (Eq. (5)),
Flynn—Wall-Ozawa (Eq. (6)), Kissinger—Akahira—Sunose
(Eq. (7)), and Starink (Eq. (8)) [25, 26]. The most broadly
used integral isoconversional methods are those developed
by Flynn—Wall-Ozawa (supported by Doyle’s approxima-
tion [26]), Kissinger—Akahira—Sunose (supported by Murray
and White's approximation [26]), and Starink (supported by
Starink’s approximation [27]). The results from these differ-
ent approximations were compared with those from direct
differentiation. The Friedman method is the most common
differential isoconversional method and is a direct result of
applying the natural logarithm to Eq. (3) [21]:

1n< ) =In [/3( )] In [A4f(@)] - & (5)
log f =1 < AE, ) 2315 — 04567
(0] (0] e
g g\ 7 2(@) (6)
B\ _ AR E,
tn <ﬁ> ‘ln(Eag<a>> TRT @
B E,
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where the values of activation energy (E,) and their corre-
spondent coefficients of determination (R?) were calculated
by regression lines based on the isoconversional methods of
FR [In(da/dt) versus 1/T], FWO [log(p) versus 1/T], KAS
[an[}/Tz) versus //T], and STK [an[f/T] '92) versus //T]. The
intention of employing the four different isoconversional
methods is to verify the reliability of the calculations and
to confirm the results.

Below, we describe the kinetic compensation effect and
integral master-plot methods that were used to estimate
the pre-exponential factor and a probable reaction model
of the pyrolysis of the C. glomerata. Both methods apply
theoretical reaction mechanism models for deducting the
pre-exponential factor and the probable reaction model. In
Table S1 (in the Supplementary Material), seventeen classi-
cal reaction models (in both differential and integral forms)
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commonly adopted to represent the non-isothermal kinetic
characteristics of solid-state reactions are presented, which
comprise different reaction mechanisms, such as power-law
(P-type), Avrami-Erofeev (A-type), reaction order (F-type),
geometrical contraction (R-type), and diffusion (D-type) [28,
29].

2.4.2 Determination of the pre-exponential factor

It is accepted that for thermally induced reactions in solids
like biomass pyrolysis, the natural logarithm of the pre-
exponential factor (In A) should follow a linear relationship
with the activation energy (E,). This functional phenomenon
is mathematically based on the linear relationship defined
in Eq. (9) [5].

In(A);, =a,;-E,; + b, 9

where a and b are constants often referred to as the com-
pensation coefficients, and the subscript “i”” stands for each
of the candidate reaction models g(a) tested to represent
the pyrolysis process (listed in Table S1). With the straight
line obtained by plotting In A against E, taking into account
different reaction models, it is possible to obtain the com-
pensation coefficients a (slope) and b (y-intercept), which
allows for further estimation of the pre-exponential factor.

2.4.3 Determination of the reaction model

The integral master-plot method aims to figure out the prob-
able reaction model involved in the pyrolysis reaction. The
degree of conversion equal to 50% was taken as a refer-
ence value (a=0.5), and then experimental kinetic curves
were normalized into experimental master plot curves.
After this, a comparison of the theoretical master plot
curves [(g(a)/g(0.5) versus a)], done by assuming differ-
ent candidate reaction models (listed in Table S1) with the
experimental master plot curves [(p(x)/p(x 0.5) versus a)],
allows selection of the probable reaction model. The clas-
sical expression of the integral master plot method is given
by Eq. (10) [28]:

g(a) _ p(x)
505 plxs) (10

where g(0.5) is the reaction model under its integral form at
the reference conversion (a=0.5) and p(x, 5) is the approxi-
mate function with x=E /RT, 5.

2.4.4 Comparison of statistical metrics
Statistical analysis was devoted to comparing simulation

results with experimental data to verify the kinetic results
acquired. The coefficient of determination (R?) as given in
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Eq. (11) [30], quality of fit (QOF) as given in Eq. (12) [31],
and residual sum of squares (RSS) as given in Eq. (13) [28]
were used to verify the consistency between reconstructed
and experimental kinetic curves:

z[(%)., - (4),]

=1- (11)

z|() - (), ]

R2

QOF(%) =|1- - 100

12)

rss= 3 [(%) (%) |

where (da/dr).,, is the values of conversion rate experimen-
tally measured, [(da/dt)ex, ] ax 1s the maximum value of con-
version rate experimentally measured, (da/dt)yerage 18 the
average value of conversion rate experimentally measured,
(daldt),, is the values of conversion rate numerically cal-
culated by using classical Runge—Kutta 4th-order method,
and N is the total number of experimental determinations

used in the simulations.

2.5 Estimation of thermodynamic parameters

A study of the biomass pyrolysis thermodynamic param-
eters provides valuable knowledge about its feasibility and
energy requirements [32, 33]. In this study, pyrolysis of C.
glomerata was thermodynamically characterized in terms
of enthalpy changes (AH), Gibb’s free energy changes (AG)
and entropy changes (AS), which can be estimated by Eqgs.
(14), (15), and (16), respectively [33-35]:

AH=E,+R-T (14)
kg-T,
AG=E,+R-T,-In WA (15)
AH - AG
AS=—0— (16)

m

where kj is the Boltzmann constant (1.381 X 1072 J K™,
h is the Plank constant (6.626x 1073 J s71), and T, is the
peak temperature (K) related to the maximum mass loss in
DTG curves.
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3 Results and discussion

3.1 Proximate, ultimate, and high heating value
analysis

Table 1 reports the typical physicochemical characterization
of shade dried C. glomerata, including proximate analysis,
ultimate analysis, and heating values that were measured and
compared with the ones from the literature data [17, 36, 37].
The data from EDX is presented in Figure S1.

3.2 Pyrolysis behavior from thermogravimetric
analysis

The thermogravimetric curves (TGs) and first-order deriva-
tive of thermogravimetric curves (DTGs) with respect to
temperature for C. glomerata are shown in Fig. 1. The initial
mass loss of temperatures under 150 °C (4.64 +0.40 wt.%)
is ascribed to the evaporation of inherent moisture [17]. An
induction section takes place within a temperature interval
of 150 to 220 °C, which is related to the slow decomposition
process of low molecular weight hydrocarbons. The mass
loss detected in temperatures below 220 °C was disregarded
for kinetic evaluation.

Table 1 Physicochemical

R C. glomerata
characterization of C.

This Work

Gao et al. [36] Plis et al. [17] Norouzi et al. [37]

glomerata, including proximate
analysis, ultimate analysis, and

Proximate analysis (Wt.%)

’ Moisture 6.0 Not provided 9.10° 4.50°
heating values ] b |
Volatile matter 50.0 Not provided 48.64 46.30
Fixed carbon 4.0 Not provided 5.76° 14.70°
Ash 40.0 21.90* 36.50° 34.50°
Ultimate analysis (wt.%)
Carbon 33.86 37.00° 26.80° 34.40°
Hydrogen Not provided 3.60° 3.53° 5.00°
Nitrogen 2.24 4.70° 2.14° 5.20°
Sulfur 2.32 2.40° 0.22° 2.30°
Oxygen 49.07 30.40° 30.81° 18.60°
Chemical composition (wWt.%)
Carbohydrates Not provided 25.10* Not provided 32.40°
Lipids Not provided 8.70* Not provided 5.30°
Proteins Not provided 29.50* Not provided 27.80°
Heating values (MJ kg_l)
HHV 15.06 Not provided 10.29° 14.97°
LHV Not provided Not provided 9.30° Not provided
“Dry basis
P Air-dried basis
Fig.1 a Thermogravimetric 100 8
curves and b first derivative 5°C min’' 1 b —
thermogravimetric curves with 90 1 —— 10 °C min"! 71 3 S min .
increasing temperature for = 50 —— 20 °C min”' —~6 1 10 OC ml'"_l
the pyrolysis of C. glomerata X T =] 20°C min
recorded at different heating 2 70 4 ‘s
Q
rates __] N3
51 5
o =
= 50 A
40 -
30
20 1 1 1 1 1 1 1 1 1 1 1 1 1

100 200 300 400 500 600 700 800
Temperature (°C)

100 200 300 400 500 600 700 800
Temperature (°C)
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The second region (around 220-400 °C) presents the
major mass loss of about 36.57 +0.98 wt.%, which corre-
sponds to the thermal decomposition of different biopolymer
fractions present in C. glomerata, and this mass loss region
is classified as the active pyrolysis region. In the active
pyrolysis region, the first noticeable peak is often assigned
to the thermal decomposition of carbohydrates, while the
second noticeable peak can be ascribed to the thermal
decomposition of proteins. Thus, the pyrolysis behavior of
C. glomerata is in agreement with the well-known fact from
the literature that thermal decomposition of carbohydrates
occurs from 200 to 300 °C; thermal decomposition of pro-
teins proceeds from 300 to 390 °C [1, 38, 39]. The mass
loss under a temperature higher than 500 °C was assigned to
the thermal decomposition of inorganic matter and, to some
extent, by formed biochar [17, 36], and this mass loss region
is categorized as the passive pyrolysis region. Several studies
dealing with the pyrolysis of macroalgae biomass reported
the occurrence of thermal decomposition of inorganic matter
at a high-temperature region [1, 38, 40].

The remaining mass after the pyrolysis of C. glomerata is
directly related to the total content of fixed carbon and ash,
which is also an indication of the biochar yield. At 800 °C,
the mass of C. glomerata remained close to 37.53 +1.90 wt
%, which agrees with the proximate analysis reported by Plis
et al. [17]. As displayed in Fig. 1b, the pyrolytic behavior of
the C. glomerata with increasing heating rate tended to shift
toward higher temperatures. For illustration, the position of
the maximum peak is shifted from 337 °C (at 5 °C min™") to
365 °C (at 20 °C min~"). This phenomenon can be explained
by the thermal lag that is expected to promote a slowdown in
the pyrolytic behavior at higher heating rates. The reason for
this is that the rising heating rate decreases the characteristic
time for devolatilization of lignocellulosic structure which
leads to a less effective heat transfer [33, 41].

Based on TG/DTG curves, the temperature region within
220-750 °C was selected for the kinetic evaluation. This
temperature region was divided into three successive stages:
the first and second stages, which comprise the active pyrol-
ysis zone, represent the thermal decomposition of carbohy-
drates and proteins, respectively; and the last stage (around

600-750 °C), which is located in the passive pyrolysis zone,
represents the thermal decomposition of inorganic matter.

3.3 Kinetic triplet examination

Four isoconversional methods (FR, FWO, KAS, and STK),
the compensation effect method, and the master plots
method were applied to the TGA data of C. glomerata under
an inert atmosphere to calculate the kinetic triplet, which
encompasses the activation energy, the pre-exponential fac-
tor, and the reaction model.

3.3.1 Activation energy from isoconversional methods

Using the three heating rates of 5, 10 and 20 °C min~!, the
dependence of activation energy with the degree of conver-
sion was elucidated through four isoconversional methods
in the conversion range of 0.05-0.95, with an increment
of 0.05. The average values of activation energy obtained
from the isoconversional methods of FR, FWO, KAS, and
STK for each kinetic stage of the C. glomerata pyrolysis
are presented in Table 2, along with their coefficients of
determination.

Note from Table 2 that the activation energy values esti-
mated by the differential method of FR are greater than the
ones computed by the integral methods of FWO, KAS, and
STK. According to the literature [42, 43], the numerical dif-
ferentiation involved in the FR method implies imprecise
and inaccurate activation energy values, because it is more
sensitive to experimental noises. Also, the coefficients of
determination for FR, FWO, KAS, and STK methods are
greater than 0.898, indicating the applicability of these iso-
conversional methods to calculate the activation energy. The
values of activation energy and coefficient of determination
at different degrees of conversion were obtained by the four
isoconversional methods for each of the devolatilization
stages during the pyrolysis of C. glomerata are provided as
in Table S2 (Supplementary Material).

Figure 2 shows the dependence of the activation energy
on the degree of conversion as determined by the isoconver-
sional methods of FR, FWO, KAS, and STK for pyrolysis of
C. glomerata, assuming three successive kinetic stages. In

Table 2 Average values of

o . Isoconversional First stage Second stage Third stage

activation energy and their method
coefficients of determination E, (kJ mol™) R? E, (k] mol™!) R? E, (k] mol™!) R?
computed using the
isoconversional methods of FR 169.49 0.9808 239.25 0.9744 168.26 0.9253
FR, FWO, }(AS, and STK FWO 159.72 0.9892 221.43 0.9711 163.03 0.9145
for pyrolysis of C. glomerata, KAS 159.01 09880  222.30 09679  156.44 0.8989
assuming three kinetic stages

STK 159.50 0.9881 222.90 0.9681 157.17 0.8996

Average results (E, and R”) were estimated in the conversion range of 0.05-0.95 with an increment of

0.001
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Fig.2 Dependence of the 450
agtivation energy on tbe degree 400.Q b C
of conversion using different 1 2
isoconversional methods, FR, . 350__ .
FWO, KAS, and STK, during T 300 - g ©
the pyrolysis of C. glomerata, g 250 '.O
considering three successive 2 ] [ ]
Kinetic stages: a first pyrolysis = 200 o
3 1 ((CCC e s
stage (220-300 °C), b second = 150 ,,5‘;"(“““« HLLLCHTs 7',:‘:“5:‘“ 0CCCeeeess
pyrolysis stage (300-400 °C), 100 - ey et
and c third pyrolysis stage ]
(600750 °C) 50
AR s T,
0.95 4 i u [ -
- .
<y, 0:90 1 .-
0.85 "D -
. ° ..OO
0.80 i‘...'oo
Q
075 T T T T T T T T g bl T T T
0.0 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 1.0
Conversion Conversion Conversion

short, the different applied isoconversional methods provide
almost the same values, except for the FR method which pro-
vides the same dependency, but with a small overestimation
of values of activation energy.

Considering the first pyrolysis stage, the aver-
age activation energies, calculated by the FWO, KAS,
and STK integral methods, were 159.72, 159.01, and
159.50 kJ mol~!, respectively, and when calculated by the
FR differential method, it was 169.49 kJ mol™! (Table 2).
As illustrated in Fig. 2a, the activation energy initially
decreased from 119.19 +4.59 kJ mol™" (when a=0.05) to
112.94+0.97 kJ mol™! (when a=0.10), and then progres-
sively increased to 173.81 +2.04 kJ mol~! (when a=0.45).
After a=0.45, the activation energy is practically inde-
pendent of the degree of conversion. This is observed until
a=0.95 is reached.

In the case of the second pyrolysis stage, the aver-
age activation energies, computed by the FWO, KAS,
and STK integral methods, were 221.43, 222.30, and
222.90 kJ mol~!, respectively, and when computed by the
FR differential method, it was 239.25 kJ mol™! (Table 2).
As displayed in Fig. 2b, the activation energy initially
decreased from 169.42 +0.34 kJ mol™' (when a=0.05) to
160.89 +0.69 kJ mol~! (when a=0.25), and then progres-
sively increased to 190.65 +0.65 kJ mol™! (when a=0.60),
as determined by the FWO, KAS, and STK integral methods.
After a=0.60, the activation energy abruptly increased to
395.13+3.83 kJ mol™' (when a=0.90) and finally decreased
to 314.21 +1.81 kJ mol~! (when a=0.95). Peculiarly, with
regard to the FR differential method, the activation energy
initially decreased from 158.27 kJ mol~! (a=0.05) to
153.95 kJ mol™! (a=0.15), and then linearly increased to
228.33 kJ mol™! (¢=0.60). After a=0.60, the activation

‘ B Friedman ® FWO O KAS O Starink‘

energy abruptly increased to 405.12 kJ mol~! (a=0.85)
and finally decreased to 238.10 kJ mol~! (@=0.95). As pre-
viously presumed, the second pyrolysis stage is predomi-
nantly governed by the thermal decomposition of proteins.
Expressly, the second pyrolysis stage displayed the highest
values of activation energy, typifying a high energy require-
ment to decompose proteins in C. glomerata.

With regard to the third pyrolysis stage, the average acti-
vation energies, estimated using the FWO, KAS, and STK
integral methods, were 163.03, 156.44, and 157.17 kJ mol™!,
respectively, The FR differential method, however, provided
an estimation of 168.26 kJ mol~! for the average activa-
tion energy (Table 2). As presented in Fig. 2c, the activa-
tion energy initially decreased from 132.30 +2.68 kJ mol ™!
(@=0.05) to 119.03+3.23 kJ mol~! (@=0.15), and then pro-
gressively increased to 176.98 +2.49 kJ mol™! (a=0.60), as
determined by the FWO, KAS, and STK integral methods.
After a=0.60, the activation energy gradually decreased
to 169.85+2.81 kJ mol~! («=0.80) and finally increased
to 187.74 +2.62 kJ mol~! (a=0.95). Specifically, regard-
ing the FR differential method, the activation energy
initially decreased from 119.73 kJ mol~! (a¢=0.05) to
114.35 kJ mol™! (a=0.10), and then progressively increased
to 196.53 kI mol™! (a= 0.40). After a=0.40, the activation
energy gradually decreased to 151.95 kJ mol~! (a=0.75)
and finally increased to 207.89 kJ mol™! (when a=0.95).
This behavior demonstrates the complexity involved in the
pyrolysis of C. glomerata at a high-temperature region.
The average value of the coefficient of determination for
the third kinetic stages varies from 0.898 to 0.925, although
satisfactory, indicates a higher dispersion of the TGA data,
which is explained by the possible occurrence of multiple
and complex reactions during the thermal decomposition of
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inorganic matter. In a previous work dealing with the pyrol-
ysis of the freshwater macroalgae Spirogyra crassa [38],
similar values of the coefficient of determination were found
in the thermal decomposition of inorganic matter, which are
corroborating with these particular results.

Gao et al. [36] evaluated the activation energy for the
pyrolysis of macroalgae C. glomerata, based on a single-step
kinetic analysis, which was estimated from the KAS and FR
methods as being in the ranges of 150.31-303.01 kJ mol™!
and 148.70-318.61 kJ mol ™, respectively. Thus, the average
activation energies acquired for pyrolysis of C. glomerata,
in this study, agree with the results reported in the litera-
ture. From the kinetic viewpoint, higher values of activation
energy imply that the pyrolytic conversion is unfavorable
due to a considerable activation barrier. Thus, pyrolysis
of C. glomerata (with average activation energy within a
range of 156.4-239.3 kJ mol~!) seems to be kinetically
more attractive than sub-bituminous coal (average value of
338 kJ mol~!) [44] and coffee silverskin (average value in a
range of 268-285 kJ mol™') [45].

Among the four isoconversional methods, the Starink
method is expected to provide a more accurate estimate of
the activation energy [27, 46]. Thus, average values of acti-
vation energy acquired using the STK method were chosen
for further determination of the pre-exponential factors and
thermodynamic parameters.

3.3.2 Compensation effect method for determining
the pre-exponential factor

Figure 3 presents the straight-line graphs of the natural loga-
rithm of the pre-exponential factor (In A) versus activation
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IS
(e
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20 - Indp,=0.2143E,,,-2.6057  R2,=0.9933
Indp,=0.2104E,, ,-4.1668  R2,=0.9944
Indp5=0.1396E,5,-3.7323  R2,=0.9956
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Fig.3 Straight-line plots between the pre-exponential factor at natural
logarithmic form (/nA) and the activation energy (E,) for each pyroly-
sis stage of C. glomerata
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energy (E, values from the STK method), with high coef-
ficients of determination (R?>0.993). The pre-exponential
factors of each devolatilization stage derived from the
pyrolysis of macroalgae C. glomerata were estimated to be
5.16x 10" min~"! (for P-1), 3.65x 10'® min~! (for P-2), and
8.14 x 10" min~! (for P-3). These orders of magnitude agree
closely with the ones found in the related literature. For
instance, Shahid et al. [16] reported pre-exponential factors
with orders of magnitude in the range of 10'°~10%° min~! for
the pyrolysis of residual microalgal biomass. Vasudev et al.
[6] reported a pre-exponential factor with an order of mag-
nitude between 10° min~! and 10** min~! for the pyrolysis
of microalgal biomass (Spirulina).

The wide range in the order of magnitude of the pre-expo-
nential factors (between 107 and 10'® min~") can be attrib-
uted to the complex composition of C. glomerata. This trend
agrees with observations previously reported in the literature
for microalgal biomass [16]. With respect to the order of
magnitude of the pre-exponential factor, some kinetic stud-
ies on lignocellulosic biomass pyrolysis suggested a sur-
face reaction for an order of magnitude below 10° min~!,
and a simpler chemistry pathway for an order of magnitude
of 10° min~! or higher [34, 47]. Thus, for pyrolysis of C.
glomerata, the first and second kinetic stages are assigned
to simpler chemistry reactions, while the third kinetic stage
corresponds to a surface reaction.

3.3.3 Evaluating the most probable reaction model

The overlap of the theoretical and experimental master plot
curves was adopted to find the most probable reaction model

5 T L_J
m P-1 F3 n /
o P2 ’

4l e P3

3

g(2)/g(0.5)

Conversion

Fig.4 Overlap of the theoretical and experimental master plot curves
[g(a)/g(0.5) versus a] for each pyrolysis stage of C. glomerata
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of the different pyrolysis stages of C. glomerata (refer to
Fig. 4), where the reaction model with the lowest relative
error was selected as the suitable reaction mechanism for
the pyrolysis process.

The relative errors between the theoretical and calculated
master plot curves are given in Table 3, showing that the
probable reaction model of the first pyrolysis stage is D3
(three-dimensional diffusion-reaction model), with differ-
ential form D3 =3/2(1 —a)?*[1 — (1 —a)"*1™"). In diffusion-
controlled reactions, the conversion rate is controlled by the
diffusion of volatile products, where the D3 model assumes
a diffusion-controlled reaction involving spherical particles.

Concerning the second pyrolysis stage (P-2), the lowest
relative error (¢=0.78%) was obtained for F3 (third-order
reaction model), with differential form F3=(1 —a)>. The
third pyrolysis stage (P-3) corresponds closely to the first-
order reaction model, with differential form F1=(1 - a),
which presented the lowest relative error (¢ =0.07%). In
particular, the second and third pyrolysis stages are derived

da

from the chemical kinetics with a conversion rate based on
the reaction order, i.e., the conversion rate is proportional to
the concentration of reactant raised to a particular exponent
“n” [1]. Literature findings concerning the pyrolysis of algal
biomass also tend toward diffusion—reaction models together
with reaction order-based models [6, 25].

3.3.4 Reproducing the experimental pyrolysis behavior

Although isoconversional methods, compensation effect
method, and master plot method provide accurate estima-
tions of the kinetic triplets, their practical applicability
requires an additional verification step, by demonstrating
that the computed kinetic triplets could reproduce satisfacto-
rily the experimental mass-loss curves used in kinetic com-
putations. For this purpose, the three kinetic triplets com-
puted were combined in Eq. 17 to provide an overall kinetic
expression that describes the multi-step pyrolytic behavior
of C. glomerata.

M 115,16 X 1017 19499/RT3 /(1 — a2 [1 = (1 — )] ™" + 13,65 X 101 2209/K7 (1 — )} (17)

+11;8.14 X 107 5TIO/RT (] — g

Table 3 Relative error calculated from the relation between theoreti-
cal and calculated master plot curves for each pyrolysis stage of C.
glomerata

Model fla) Relative error (%)
P-1 P-2 P-3

P2 2¢1/2 1.3099 26.8095 0.5606
P3 302/ 1.4345 29.6541 0.6436
P4 40374 1.5003 31.1856 0.6859
P23 2/3q"'/? 0.7065 14.5334 0.1142
A2 2(1 — a)[-In(1 — @)]'? 1.0336 19.1382 0.4033
A3 3(1 — a)[=In(1 — &) 1.2261 23.6772 0.5280

A4 41— a)[-In(1 — )P4 1.3338  26.3368 0.5945

FI. l-a 05924 10.0656 0.0692
2 (-a? 03036 3.2866 0.2034
3 (-a) 03427 07767 0.4263
B (-o 1.0566 27877 3.3078
R2 21— 0.7906 14.9044 0.1899
R3  3(1—a? 07242 132463 0.1469
DI 1/2a"! 04570 10.8747 0.3965
D2 [-In(l -a)]”! 03035 80196 0.5575

5.1728 0.7716
6.9364 0.6282

D3 30— a1 -1 -] 01373
D4 (-1 0.2444

6 99

n” is the average mass loss fraction for each distinct
pyrolysis stage, resulting in 0.332, 0.482, and 0.186 for the
first, second, and third pyrolysis stages, respectively. The
Runge—Kutta 4th-order method was used for solving the
overall kinetic expression (Eq. 17).

A comparison between the simulated and experimental
pyrolysis behavior (in the form of da/dt) with respect to
temperature is shown in Fig. 5.

The simulated pyrolysis behavior shows good agreement
with the experimental pyrolysis behavior, with a coefficient
of correlation in the range 0.728 —0.944, RSS values lower
than 0.05, and a satisfactory quality of fit (QOF > 86.3%).
The overall kinetic expression (Eq. 17) satisfactorily
described the complexity of the pyrolysis of C. glomerata,
proving its relevance for design and scale-up purposes.

Gao et al. [36] estimated the activation energy of the
pyrolysis of C. glomerata using the isoconversional meth-
ods of KAS and FR and determined the pre-exponential
factor and reaction order by the Coats-Redfern method.
The referred authors reported that activation energy varies
between 150.31 and 303.01 kJ mol~! and between 148.70
and 318.61 kJ mol~! for KAS and FR methods, respectively.
From the Coats-Redfern method, the pre-exponential factor
and reaction order for the pyrolysis of C. glomerata pre-
sented values ranging from 1.33 x 10?8 to 7.56 x 10*® min~!
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Fig.5 Comparison between the simulated (symbols) and experimen-
tal (lines) pyrolysis behaviors of C. glomerata recorded at 5, 10, and
20 °C min™!

and from 7.3 to 9.8, respectively. Plis et al. [17] modeled
the pyrolysis behavior of C. glomerata as three independent
parallel reactions. Based on this assumption, the referred
authors reported that the first reaction, ascribed to the hemi-
cellulose decomposition, occurred with an activation energy
of 32 kJ mol~; the second reaction, ascribed to the decom-
position of cellulosic and ligneous material, occurred with
an activation energy of 177 kJ mol~!; and the third reaction,
ascribed to the decomposition of the mineral content and
final carbonaceous material, occurred with an activation
energy of 48 kJ mol~!. Differences in kinetic triplets are
justified by different methodologies employed in the litera-
ture studies mentioned for comparison purposes. The present
work contributed to the current state of the art, by exposing
a comprehensive kinetic study of the pyrolysis of C. glom-
erata in terms of kinetic triplet under a multi-stage approach,
with the confirmation of the acquired kinetic triplet results
using statistical metrics. Only the values of activation energy
estimated in the present work exhibit certain similarities to
those reported by Gao et al. [36], both of which use the iso-
conversional methods for estimating the values of activation
energy. It should be underscored that the kinetic method-
ologies used in this study for computing the kinetic triplets
are aligned with recent recommendations provided by the
ICTAC Kinetics Committee recommendations for the analy-
sis of multi-step kinetics [48].
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3.4 Thermodynamics results

The thermodynamic analysis was carried out to evaluate the
enthalpy changes (AH), Gibb’s free energy changes (AG)
and entropy changes (AS), which are important parameters
for interpreting the feasibility and energy requirements of
biomass conversion into biofuel via pyrolysis [32, 33]. As
the pyrolysis of C. glomerata was assumed to contain three
separate pyrolysis stages, the thermodynamic parameters
with respect to the degree of conversion were determined
separately for each pyrolysis stage, as listed in Table 4.

The values of AH for the pyrolysis of C. glomer-
ata ranged from 149.03 to 217.96 kJ mol~!, present-
ing average values of 155.36 +0.15 kJ mol~! for the first
stage, 217.83 +0.12 kJ mol~! for the second stage, and
150.08 +0.18 kJ mol~! for the third stage. Considering
the positive AH values, it can be inferred that the pyrolytic
conversion of C. glomerata into biochar, bio-oil, and pyro-
lytic syngas has a heat-absorbing nature (i.e., endothermic
reaction). The values of AH for the pyrolysis of C. glom-
erata are lower than the ones found for sub-bituminous
coal (>250 kJ mol™!) [49] and comparable with macroalgal
biomass (142.7 —244.2 kI mol™") [1]. Reduced AH values
imply lower energy requirements, which is an advantage of
C. glomerata for bioenergy production over low-rank coals.

The difference between the values calculated for E, and
AH can be associated with the “potential energy barrier”,
and if this difference is below 8 kJ mol~!, an energy-efficient
conversion for bioenergy production is expected [50]. Thus,
with E,— AH values below 7.1 kJ mol~", the pyrolysis of C.
glomerata tends to be favorable toward bioenergy production
due to its low potential energy barrier.

The magnitude of the AG parameter quantifies the
favorability of biomass conversion into biofuel via pyrol-
ysis. When the magnitude of AG is high, a lower favora-
bility for pyrolytic conversion is expected [51]. Positive
values of AG for pyrolysis of C. glomerata ranged from
168.71 to 291.70 kJ mol~!, which match closely with the
range of values reported for marine macroalgal biomass
(146.9 —304.5 kJ mol~") [1] and lignocellulosic biomass
(158.3 —212.1 kJ mol~!) [52]. Thus, it is possible to infer
that favorability for pyrolysis of C. glomerata is acceptable.
The positive signs of both AH and AG indicated that the
pyrolysis of C. glomerata is non-spontaneous toward bio-
fuels production.

The AS parameter often denotes the degree of disorder
involved in biomass conversion into biofuel via pyrolysis.
The average values of AS for multi-stage analysis of C. glom-
erata pyrolysis were calculated as —29.01+0.30 J mol~! K~!
for the first stage, 62.13+0.18J mol~' K~! for the second
stage, and — 144.57 +0.21 J mol~! K~! for the third stage.
Note that both negative and positive signs of AS confirm the
high thermochemical complexity involved in C. glomerata
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pyrolysis, which is also a trend for thermodynamic studies
on biomass pyrolysis [33, 52]. For AS values with a nega-
tive sign, the first and third pyrolysis stages tend to present
a lower reactive characteristic. This is attributed to the fact
that the degree of disorder of products formed by volatile
release and molecular rearrangement was lower than that of
the initial reactants, resulting in a more ordered state. The
positive AS found in the second pyrolysis stage signifies a
high reactive characteristic involved in pyrolysis reactions,
indicating that an activated complex tends to be rapidly
formed as a result of volatile release and molecular rear-
rangement [53]. From a thermodynamic point of view, nega-
tive AS values are interpreted as indicative of “slow” reac-
tions, while positive AS values are considered as evidence
of “fast” reactions [54]. Based on thermodynamic results,
green macroalgae C. glomerata can be considered a viable
alternative for bioenergy production.

4 Conclusions

This paper aimed to assess the bioenergy potential of
C. glomerata based on the kinetic and thermodynamic
parameters of pyrolysis. It was first assumed that the pyro-
lytic behavior of C. glomerata proceeds in the form of a
three-step consecutive reaction. Isoconversional kinetic
analysis revealed that average values of activation energy
were in the range of 159.0-169.5, 221.4-239.3, and
156.4-168.3 kJ mol~! for the first, second, and third pyroly-
sis stages, respectively. According to the compensation
effect method, pre-exponential factor values ranged from
3.65x 107 to 3.65x 10'® min~!. The master plot method
showed that the pyrolytic conversion of C. glomerata initi-
ated by three-dimensional diffusion (D3) model with a tran-
sition to reaction order—based models (F3 and F1) at high
temperatures. Finally, the overall kinetic expression (assum-
ing three pyrolysis stages, i.e., the sum of three kinetic tri-
plets) satisfactorily reproduced the experimental pyrolysis
behavior (with R?>0.94). From thermodynamic insights,
the C. glomerata arises as a very prospective feedstock for
bioenergy production. Our slow pyrolysis results provided
useful information and confirmation that C. glomerata
should be exploited for bioenergy and biochar on a com-
mercial scale. The detailed kinetics and thermodynamics
data presented here will be helpful in the design of a pyro-
lytic processing system for this and other related macroalgae.
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