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Abstract: The present work assesses a possible process for treating red algal in an environmentally friendly way. It is based on
the pyrolysis of these algals for energetic valorization to evaluate its bioenergy potential. The pyrolytic and Kinetic characteristics
of red algal as a model for algal biomass were evaluated and compared at heating rates of 5, 10,20 and50°C min™* from 0 t0900 °C
in an inert atmosphere. The DTG curves showed three distinct stages of degradation; dehydration, devolatilization, and residual
decomposition. The kinetic analysis was established by the isoconversional methods of Friedman (FR), Flynn-Wall-Ozawa
(FWO), and Vyazovkin (VYA) methods) to estimate activation energy, the master-plot methods were introduced to establish
kinetic models. Activation energy values were shown to be 227+ 8, 214 + 2 and224,2 + 3 kJ mol™as calculated by FR, FWO, and
VYA methods, respectively. The devolatilization stage of redalgal could be described by the Third-order equation (n = 3). It is
shown that the isoconversional kinetic methods provide reliable kinetic information suitable for adequately choosing the kinetic
model which best describes the thermal decomposition of red algal. The composite differential method was used to obtain the

following kinetic triplet: g(x)=[(1 —x)™2 — 1]/2Ea:221,6kj/mol, R=0.99.

Keywords: red Algal; thermal degradation; Isoconversional methods; master-plots method; Kinetic triplet.

1. Introduction

The limited reserve of fossil fuels and the increase in energy
consumption compels us to look for alternative and
renewable sources of energy. Energy demand and climate
change have led the world to discover new sources of
renewable, secure, environmentally friendly, affordable and
above all sustainable energy[l] Due to its abundance,
renewability and higher energy density, biomass is
considered as the most promising alternative-energy source
to fuel the future of mankind[2]. Macroalgae is a source of
aquatic biomass and potentially represents an important
source of renewable energy in the coming years. the average
photosynthetic efficiency of aquatic biomass is 6 to 8% [3],
As a result, there is interest in alternative biomass resources,
including the biomass of an aquatic environment which is
much higher than those of terrestrial biomass (1.8-2.2%).

The marine areas of Morocco include almost 3500
km of coastline[4]. The macroalgae are considered
economically valuable resources due to their ability to
produce high yields of commercially valuable biomass[5].
The abundance of the Gelidium sesquipedalian macroalgae
encouraged the development of the industrial units
specialized in the production of the agar-agar, whose
Moraocco is the third producer in the world[6]. The Gelidium

represents 90% of the harvest of the marine algae treated
locally and that generates an important quantity of waste
that cannot be treated very well[7]. The valorization of red
macroalgae by new technologies of thermochemical
conversion, and more particularly of pyrolysis, seems to be
particularly interesting. During pyrolysis, a significant
amount of biofuel (biofuel, biofuel, and biogas) is produced
[8]. These red macroalgae can be used as biofuel. Also,
pyrolytic gas was used as fuel, while coal has various
applications, including fertilizers, activated carbon. And the
biochar can be used as a soil amendment [9].

Thermogravimetric analysis (TGA) has been
selected for the thermal decomposition process [10]. The
kinetic data obtained from the TGA is very useful to help
understand the processes and mechanisms of thermal
degradation. These data can also be used as model input
parameters for thermal degradation reaction[11]. Numerous
studies have been published on the characteristics and
kinetics of the pyrolysis of macroalgae[12]. Conducted a
behavioral study by pyrolysis of the main carbohydrates of
brown macroalgae and Py-GC / MS results. The methods,
FR, FWO, and KAS were adopted to determine the kinetic
parameters of the reaction., The macroalgae red species
Gelidium presented the reaction mechanism of the random
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nucleation followed by a reaction-order model (n = 3). The
activation energy calculated by these three methods is
similar. However, there are no reports in the literature on the
kinetics and mechanism of pyrolysis of red algae.

Red algae represent abundant biomass at low cost
for bioenergy production, but its thermal conversion to
energy requires an understanding of its pyrolytic
characteristics and kinetics. This study focused on the
thermal characterization of this biomass at low cost, using
thermogravimetric analysis. Kinetic parameters were
determined by isoconversional conversion and differential
methods) and the kinetic model was determined by the
integral master plots and differential methods. Finally, to
verify the accuracy of the determined reaction model data (f
(o)), the direct differential method was applied.

2. Experimental

2.1 Materials and samples preparation

Red algal used in this study as a feedstock was obtained
from the industrial processing of red macroalgae to obtain
Agar product (SETEXAM company, Kenitra-Morocco).
Before use, algal waste was air-dried, ground, and sieved to
obtain particles in the ranges of 0.1-0.2 mm. The chemical
compositions of samples are depicted in Table 1.

Table 1. Main characteristics of red algal[13].

Proximateanalysis Mglsture 8,45
(WL%) Volatile matter 70,60
Ash 10,85
Fixedcarbon 18,55
C 26,67
Ultimateanalysis H 3,84
(wt.%) N 2,90
S 0,89
0] 54,85
15,18
HHXtémiJé kg) HIC 1,73
o/C 1,54
CH1,7301,54N

Empirical formula
0,093

2.2 Expérimental Techniques

Red algae samples were subjected to thermogravimetric
analysis (TGA) in an inert atmosphere of nitrogen.
Rheometric Scientific STA 1500 TGA analyzer was used to
measure and record the sample mass change with
temperature for the pyrolysis reaction. Thermogravimetric
curves were obtained at four different heating rates (5, 10,
20, and 50 K min™) between 25C° and 900 C°. Nitrogen gas
was used as an inert purge gas to displace air in the pyrolysis
zone, thus avoiding unwanted oxidation of the sample. A
flow rate of around 60 ml min™ was fed to the system from a
point below the sample and purge time of 60 min (to be sure
the air was eliminated from the system and the atmosphere

is inert). The balance can hold a maximum of 45 mg;
therefore, all sample amounts used in this study averaged
approximately 20 mg. The reproducibility of the
experiments is acceptable and the experimental data
presented in this paper corresponding to the different
operating conditions are the mean values of runs carried out
two or three times.

2.3 Kinetic modeling

General kinetic equation of heterogeneous solid-state
thermal transformation at a linear temperature heating rate
has been traditionally described as, [14]: (1) model-free
kinetics to allow for a change in mechanism during a
reaction, and (2) mass transfer limitations are reduced by the
use of multiple heating rates. In contrast, modelkinetic
methods generally involve a single heating rate, which is
disadvantageous because the activation energy varies with
the heating rate due to mass/energy transfer effects. The

conversion of biomass can be calculated as:
— wo-wt 1)

Wo-Wowo (
Where w is the mass of the sample at a given time t and wyq
and wrefer to values at the beginning and the end of the
mass loss event of interest. The rate of heterogeneous solid-

state reactions can be generally described by

d.

== K(f (x) )
K (T) is a temperature-dependent constant and f(x) is the
reaction model, which describes the dependence of the
reaction rate on the extent of reaction.

K (T) the temperature dependence of the rate of weight loss,
is often modeled successfully by the Arrhenius equation,

K(T) = A.exp (— %) ?3)
Where E: is the activation energy, A: the pre-exponential
factor, and R: the gas constant.

The mathematical description of the data for a
single-step solid-state decomposition is usually defined in
terms of a Kinetic triplet: the activation energy, E; the
Arrhenius parameter, A; and an algebraic expression of the
kinetic model as a function of the fractional conversion X,
f(x). These terms can be related to experimental data as
follows. By combining the Eq (1) and (3), the reaction rate

can be written in the form:
dx

w=dep (-) 0 ©

2.3.1  Friedman method.
This method is a differential isoconversional method, and it
directly based on Eq (4) whose logarithm is[15].
d d
In (d—’t‘) = In (ﬁ f) = In[A. f(x)] - = (5)

From this equation, it is easy to obtain values for E over a

wide range of conversions by plotting (n—:x) against 1/T

for a constant x value.

2.3.2  Flynn-Wall-Ozawa method (FWO).
The above rate expression can be transformed into non-

isothermal rate expressions describing reaction rates as a
function of temperature at a constant p (B = dT/dt):
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The standard Eq. (4) can be shown as follows:[16] ; [17]
dx A

E
=tewp () f (6)
Integrating up to the conversion, a, Eq. (6) gives
x dx A (T
=g@ =5 e (-5)dr )

ax _£
0 f(x) RT
Where g(x) is the integral kinetic function or
integral reaction model when its form is mathematically
defined.
One of the methods to obtain the E from dynamic
data may be the one used by Flynn, Wall, and Ozawa [18],
using Doyle's approximation of p(x) [19], which involves
measuring the temperatures corresponding to fixed values of
x from experiments at different heating rates. This is one of
the integral methods that can determine the E which does
not require the knowledge of reaction order.

AE E
() = In (Rgm) - 5331-1,052— (8)

Thus, for x = const. The plot In(B) versus 1 /T,
obtained from curves recorded at several heating rates,
should be a straight line whose slope can be used to evaluate
the activation energy.

2.3.3  Integral isoconversional method: Vyazovkin
(VYA)

Vyazovkin  and  Lesnikovick  developed  another

isoconvertional method allowing evaluation of simple and

complex reactions [20].

In Eq. (7), since E/2RT >> 1, the temperature integral can be

approximated by

fTZ exp (— RE—T) dT =~ gTzexp (— 5) (9)

By replacing the temperature integral and taking the

logarithm, we obtain this result.

In(35) = I (50) —77 40

For each conversion value (x), the plot of In (B/T?) as a

function 1/T, gives a straight line with slope E/R. Thus, the

activation energy is obtained at every degree of conversion

X.

2.3.4  Pre-exponential factor and reaction mechanism.

Model-free methods can be used to study the Ea
values and to find out their dependency on the conversion

(x). As the kinetic parameters are computed without
knowing the reaction mechanism, using iso-conversional
methods is not suggested to evaluate the pre-exponential
factor. There are several approaches to predict the reaction
mechanism and pre-exponential factor and some of them are
explained in [21], [22]. In the present study two different
approaches, i.e. master plots and kinetic compensation effect
(KCE), were used to evaluate the reaction mechanism.

2.3.5  Integral master plots
Using as a reference point at x =0.5, the following
differential master equation is easily derived from Eq. (5):
f(x) _ dx/dt exp(E/RT) (11)
f(0,5)  (dx/dt)es exp(E/RT5)
Where(dx/dt),s, Tos and f (0.5) are respectively
the reaction rate, the temperature reaction and the
differential conversion function at x=0.5. The theoretical
yic)
f(0,5)
reaction models. The resulting
dx/dt exp(E/RT)
(dx/dt)o,s exp(E/RT)o5
matched with the theoretical masterplots[20], [23].
Using as reference point at x =0.5, the following integral
master equation is easily derived from Eq. (7):
gx) P(x)
005~ s )
where P(Xq5)is the temperature integral at x = 0.5 P(x) has
been  obtained according to the Senum-Yang
approximation[24].
-X 3 2
p(x) = e7x4+zzx:-tjzozfi§:§j+120 (13)
Using the Coats—Redfern approximation (Eg. (10) the Eq.
(12) becomes:
g(x) _  exp(-E/RT)T?
g9(0,5) exp(—E/RT o 5)T¢s

curves are obtained by plotting against x for different

experimental

values are plotted against x and

(14)

g(x)
9(0,5)
against x for different reaction models. The resulting
T2  exp(—E/RT)
T2¢5 exp(—E/RT5)
and matched with the theoretical masterplots [25].

The theoretical curves are obtained by plotting

experimental values are plotted against x

Table 2. Set of reaction models applied to describe the reaction kinetics in heterogeneous solid-state systems[20], [23], [25].

Differential form

Model symbol 1 sdx Integral form g(x)=kt
r@=+(5%)

Nucleation models

Power law P2 2 x1/2 x1/2

Power law P3 3 x2/3 x1/3

Power law P4 4 x3/% x /4

Avarami-Erofeyev A2 2(1 — x)[~In(1 — x)]/? [—in(1 - x)]V/2

Avarami-Erofeyev A3 3(1 — x)[~In(1 — x)]?/3 [—In(1—x)]"/3

Avarami-Erofeyev A4 4(1 — x)[=In(1 — x)]3/* [—In(1 —x)]V/*

Geometrical contraction models

Contracting area R2 2(1—x)'? [1-(1-x)?]
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Contracting volume R3 3(1-x)?%3 [1-(1-x)?]
Diffusion models

1-D diffusion D1 1/2x x?

2-D diffusion D2 [-In(1—x)]?t [A—-x)In(1—x)] +x
3-D diffusion, Jander D3 3(1- 03 /[2(1- (1 - x))1/3] [1-@a-x3]
Ginstling-Brounshtein D4 3/[2(1 = )73 = 1)] 1-(2x/3) - (1 —x)%/3
Reaction-order models

First-order F1 (1-x) —In(1—x)
Second-order F2 (1-x)2 1-x)"1-1
Third-order F3 (1—x)3 [(1—-x)2-1]/2

3. Results and discussion
3.1 Thermogravimetric analysis
Overall, changes in mass loss have paces that are not
affected by the heating rate. Thus, we notice the first loss of
mass of low intensity at the beginning of heating (T <200 °
C), a loss of principal mass with strong intensity (for 200 °
C <T <400 ° C) then for the strongest temperatures a low
mass loss (T> 675 K). It thus seems at first sight that the
decomposition of the red macroalgae under an inert
atmosphere is done in 3 main stages taking place in the same
temperature ranges, whatever the heating rates studied.
However, under nitrogen, the derivative of the loss of mass
as a function of time (hence the rate of loss of mass) shows a
strong influence of the heating rate on the intensities of the
mass-loss rates. Thus, the higher the heating rate, the greater
the speed of loss of mass. In a second step, we note that the
temperature corresponding to the maximum of the mass loss
rate increases with the heating rate.

100

—=—5°C/min
- 80 —=—10 °C/min
S 20 °C/min
o 7 —=— 50 °C/min
'_
40
204
04-
T 51
£ 104
3
< 154
O
K 20
.25_
_30_

T T T T T
150 300 450 600 750
Température (°C)
Figure 1. The TG and DTG curves of red algal at different

heating rates.

The decomposition steps then observed for all the heating
rates with changes in the intensities and the characteristic
temperatures are as follows:

900

e A slight loss of mass up to the temperature of 200°C

could be the drying of the samples during which
residual moisture is removed.

e Between 200°C and 400°C, there is the largest loss in

mass. In this temperature range, the degradation of red
macroalgae is in one step. This step corresponds to the
decomposition of the different biopolymers and can be
attributed to the decomposition of carbohydrates and
proteins. Similar studies were conducted for three
samples of red macroalgae, [26] (Pophyrayezoensis,
Polcarniumtelfairiae Harv, and Corallinapilulifera). S.
japonica  also  exhibits  similar  degradation
behaviors[27],

e Above 400 ° C, a slow mass loss is observed up to 900 °

C. This behavior corresponds to the slow process of
residual carbon decomposition. A small proportion of
inorganic materials in the ATG / DTG curves are
decomposed at 700-800 ° C, probably due to carbonates
[28]

The heating rate is one of the most studied parameters
during dynamic pyrolysis. This parameter often has a
great influence on the thermograms representing the
pyrolysis reaction. This influence is evident in the yield
as well as the products obtained. Indeed, the products
formed are partially destructible; and this destruction is
even more important as the energy supplied to the
system and when the pyrolysis is slow.

From the curves TG in Figure I11.1, we notice that when
we vary the heating rate and keeping all the other
factors constant, the end-of-reaction yield is about the
same. Nevertheless, it has been shown that the heating
rate has a strong influence on the nature of the products
of the reaction for both the volatile matter and for the
solid residue as well as on the kinetic parameters of the
chemical reaction.

(Radhakumari M et al 2016, Ceylan S et al 2014, Choi,
JH et al 2017). Indeed, depending on the temperature of
the reaction medium and the passage time in the reactor,
the gaseous products that are released can degrade into
small molecules of smaller sizes, polymerize or
condense, and then attach to the solid residue. These
fixed products are released when the temperature rises
further. On the other hand, we observe thermograms to
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the weather at low temperatures as the heating rate
decreases. This phenomenon is very often observed in
the literature [29]. This delay is caused by the energy
supplied to the system which becomes more important
when the heating rate decreases because even if the heat
flow is low in the case of the small heating rates, the
residence time is too high for that the sample stores
enough energy to react quickly and break the chemical
bonds that break when the energy of their formation is
reached. This leads us to say that the pyrolysis of red
macroalgae is a very sensitive reaction to the heating
rate.

e Besides, changing the heating rate also causes a change
in the DTG curves (Figurel). In addition to the shift in
the thermogravimetric analysis case, we note that when
we increase the healing rate, DTG peaks relating to the
degradation rate become important. This could be
explained by the fact that we are less likely to.

3.2 Kinetic analysis

The results obtained from thermogravimetric analysis were
utilized to calculate the activation energy according to the
differential and integral isoconversional methods. In this
study, Friedman, FWO, and Vyazovkin methods were
adopted to elaborate on the data. Firstly, the isoconversional
Friedman method was employed to calculate activation

energy from a plot ofln (Z—’:)Friedman linear fit of a plot of

Table .3: Calculation of Ex activation energies and R2 factor

In (%)against 1/Tfor red algal thermal degradation process

is shown in Table 2. The value of the activation energy
was227+ 8kJ mol-1 derived from the slope of such a
regression line being -Ea/RT. Activation energies
corresponding to the different conversion, have been also
calculated using FWO and VYA methods according to Egs.
(8) and (10). The FWO plots of at progressing conversion

values, with the slope of such line being 1,052%, are

displayed in Table 2. The Vyazovkin plots of In(3/T2)
versus 1/T at progressing conversion values, with the slope
of such line being—Ea/RT, are depicted in Table 2. The mean
activation energies calculated from FWO and VYA methods
were 214 + 2 and 224,2 + 3 kJ mol™ respectively. The
dependence of apparent activation energy on the degree of
conversion (x) (Ea-x curve) for the non-
isothermaldecomposition process of red algal obtained by
isoconversional methods is presented in Fig. 2. From this
figure, one can notice the same shapes of the curves
Eaversus x corresponding to the considered isoconversional
methods. Also, the values of apparent activation energy
calculated by FWO and VYA integral methods are lower
than the values of Eacalculated by FR differential method.
The differences observed can be assigned to different
approximations. It can be observed that the calculated
average values of apparent activation energy for FWO and
VYA methods are very similar.

méthode

. . Friedman OFW Vyazovkin
isoconversionnelle

X E, R? Ex R E. R®
0.2 238,30 0.9998 210,7 0.9908 217,71 0.9878
0.25 219,10 0.9943 211,53 0,9982 220,75 0,9985
0.3 218,90 0.9904 212,2 0,9917 221,46 0.9903
0.35 212,10 0.9988 215,77 0,9968 224,97 0,9973
0.4 218,00 0.9995 215,76 0,9968 224,88 0,9973
0.45 230,80 0.9998 213,16 0.9882 222,3 0.9855
0.5 230,80 0.9995 215,14 0,9932 224,09 0,9921
0.55 230,00 0.9998 215,14 0,9932 224,17 0,9915
0.60 230,80 0.9963 215,14 0,9932 224,77 0,9916
0.65 231,00 0.9935 215,14 0,9932 224,73 0,9917
0.7 231,30 0.9998 217,14 0,9963 228,28 0,9971
0.75 230,80 0.9995 217,14 0,9963 226,91 0,9972
0.8 231,80 0.9997 217,14 0,9963 226,98 0,997

Valeur effective E,

703 |

Hassan Bouaik®, ETJ Volume 5 Issue 06 June 2020



“Gthermochemical Behaviour of Red Algae: Kinetics and Mechanism of the Pyrolysis”

350
= FR (227,2 kd/mol)
e OFW (214,7 kd/mol)
300 - A VYA (224 kd/mol)
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X
Figure 2: Variations of the activation energy E in the
function of the conversion rate x

The knowledge of x as a function of temperature and the
value of the activation energy is essential to calculate the
experimental masterplot against x from experimental data
obtained under a linear heating rate (Eq. (14)). Fig. 3 shows
the experimental master plots against x constructed from
experimental data under Different heating rates using the
221.66 kJ mol-1meanactivation energy obtained the FWO,
VYA, and FR methods. The theoretical master plots
corresponding to the g(x) functions in Table 2 are also
shown in Fig. 3. It is shown that all experimental
masterplots of the decomposition process at 5,10, 20, and
50°Cmin-1 are consistent with the theoretical master plot for
F3 kinetic model. The comparison of the experimental
masterplots with theoretical ones revealed that the kinetic
process for the decomposition process of red algal was most
probably  described by Third-order (F3) model,

gt =[1-x)"2-1]/2

5

—&—5°C/min
—— 10 °C/min
—4&— 20 °C/min
—¥— 50 °C/min
P2
—<4—P3
—»—P4

g(x)/g(0,5)

1,0 1,2

Conversion x
Figure 3: Kinetic curves (theoretical and experimental)
using the method of Master Plots resulting from the integral
form.

4. Conclusions

This work explores the kinetics of the thermal degradation
of red algae species Geliduim in a combined approach of is
conversional and generalized master plot. The activation
energy of the pyrolysis was between 214 and 227 kJ mol-1
and it was found that a Reaction-order model F3). The
kineticmodel governs the reaction.

The results suggested that the experimental results and
kinetic parameters provided useful information for the
design of the pyrolysis processing system using algal waste
as feedstock. Further investigation of pyrolysis products is
required to fully understand the mechanisms of thermal
degradation of redalgal.
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