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Abstract
In this work, the bioenergy potential of green microalgae Scenedesmus acuminatus was evaluated through the psycho-

chemical characteristics and kinetic study of pyrolysis, where the results indicate a good candidate for application in the

thermochemical process due to its low moisture and ash content and high calorific value. Its thermal behavior under a

heating rate of 10 �C min-1 and inert atmosphere shows that decomposition occurs in two stages. Stage I (125–309 �C)
involves the pyrolysis of carbohydrates and protein and stage II (309–501 �C) the pyrolysis of lipids. The Starink

isoconversional method showed a better application for simulation curves, compared with methods of FWO and KAS. The

average values of activated energy were 107.1 and 132.6 kJ mol-1 for stages I and II, respectively, which indicates that

pyrolysis occurs more easily in stage I than in stage II. The conversion rate curves show that the calculated kinetic

parameters are satisfactory for the evaluation of the thermochemical systems.

Keywords Kinetic study � Isoconversional method � Physicochemical characterization � Pyrolysis � Scenedesmus
acuminatus

Introduction

Biomass is considered to be clean and renewable sources of

hydrocarbon that can be used as sustainable fuel. Their

advantages are mainly related to growth rate and the ability

to fix carbon, which can mitigate environmental problems

caused by anthropogenic emissions of greenhouse gases.

Different types of biomass have different physiochemical

properties and thus different energy potential. In this con-

text, algal biomass represents a promising energy source

because of their high rates of growth and carbon-fixing

compared with land crops, as well as their low nitrogen and

sulfur content [1].

Algae are photosynthetic organisms composed mainly

of carbohydrates, lipids and proteins. They are found in

saline or freshwater environments and can be generally

classified into microalgae and macroalgae [2, 3]. Microal-

gae are represented by a wide range of single-celled

autotrophic microorganisms, while macroalgae are

macroscopic and multicellular organisms. Similar to plants,
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algae convert sunlight, carbon dioxide and water into

biomass through photosynthesis, although algae convert

more solar energy to hydrocarbon than plants. Microalgae

grow faster and adapt more easily to different environ-

ments, including bioreactors, than macroalgae [1, 3]. These

characteristics are present in the freshwater microalgae

Scenedesmus sp., whose cultivation has a satisfactory cost–

benefit ratio and generates high-quality biomass [4].

The energy potential of the microalgae Scenedesmus has

been well studied, and its biological and chemical con-

version is widely reported in the literature. However, there

are few studies of the thermochemical conversion of Sce-

nedesmus for production of biofuels through pyrolysis,

specifically Scenedesmus acuminatus. Chen et al. [3]

evaluated the torrefaction of Scenedesmus obliquus sam-

ples using thermogravimetric analysis under isothermal

and non-isothermal conditions. Bordoloi et al. [5] charac-

terized the products of the pyrolysis of Scenedesmus

dimorphus and observed the presence of compounds such

as n-hexane, toluene, ethyl acetate and methanol. In gas–

solid reactions, such as pyrolysis, the knowledge of kinetic

parameters is important for the simulation and optimization

of reactors; thus, the use of thermogravimetric data asso-

ciated with mathematical models is frequently used to

obtain these parameters [6]. The mathematical models

frequently used for the evaluation of kinetic parameters in

biomass pyrolysis are isoconversional methods of Fried-

man, Flynn–Wall–Ozawa (FWO), Kissinger–Akahira–

Sunose (KAS). Liang et al. [7] studied the pyrolysis kinetic

of cellulose derived from moso bamboo and poplar using

the isoconversional methods of Friedman, Flynn–Wall–

Ozawa and Kissinger–Akahira–Sunose, while Ahmad et al.

[8] performed an evaluation of the kinetic of Eulaliopsis

binata pyrolysis using the methods of Flynn–Wall–Ozawa

and Kissinger–Akahira–Sunose. Several other studies can

be found in the literature which is used the Friedman, FWO

and KAS methods for kinetic parameters evaluation

[9–11]. On another hand, few studies performed the eval-

uation of kinetic parameters from the method of Starink are

found. The method of Starink has the advantage of low

relative error of the results when compared with methods

of Friedman, FWO and KAS [12, 13].

This study aims to evaluate the energy potential by

thermal behavior and calculate the kinetic parameters of

the pyrolysis of the green microalgae S. acuminatus using

thermogravimetric data. Moreover, the physicochemical

characteristics of the green algae S. acuminatus were

evaluated with ultimate analysis, proximate analysis,

calorific value, Fourier transform infrared spectroscopy

(FTIR) and BET analysis techniques.

Materials and methods

Preparation and characterization of microalgae

The green microalgae S. acuminatus (UTEX 415) was

purchased from Culture Collection of Algae at the

University of Texas (Austin, USA). The sample was dried

in moisture balance (Moisture Analyzer, model MX-50,

A&D Weighing, San Jose, USA) before milled through

analytical mill (A 11 basic, IKA, Wilmington, USA). In the

next step, the sample was sieved through a mechanical

sieve shaker (Bertel, series 1.0, São Paulo, Brazil) in order

to obtain a particle size of less than 106 lm (\ 140 mesh)

and stored in sealed vials for subsequent characterization

and thermogravimetric analysis.

The microalgae biomass was characterized using prox-

imate analysis, ultimate analysis, high-heating value cal-

culation, Fourier transform infrared spectroscopy (FTIR)

and porous structure analysis. The proximate analysis was

performed according to an adapted method from ASTM E-

1131 [14–17], which is determined the content of moisture,

ash and volatile matter in a thermogravimetric analyzer

DTG-60 Shimadzu (Kyoto, Japan), while the fixed carbon

was calculated by difference. The ultimate analysis was

performed with a Series II CHNS/O Analyzer, PerkinElmer

2400 (Shelton, USA), where the composition, in mass of

carbon (C), hydrogen (H), nitrogen (N) and sulfur (S), was

obtained experimentally. The oxygen (O) content was

calculated using differences in C, H, N, S and ash. The

higher heating value (HHV) was estimated according to the

Channiwala and Parikh correlation, which presents abso-

lute error of 1.45% and is needed the ultimate and proxi-

mate analysis data for HHV estimation [18]. This

correlation can be applied to materials with C, H, O, N, S

and ash compositions between 0.00–92.25, 0.43–25.15,

0.00–50.00, 0.00–5.60, 0.00–94.08 and 0.00–71.4%,

respectively, using Eq. 1. The lower heating value (LHV)

is calculated through Eq. 2, which is a relationship between

HHV and LHV, and the value does not include the latent

heat of vaporization of water [19].

HHV=MJ kg ¼ 0:3491Cþ 1:1783Hþ 0:1005S
� 0:1034O� 0:0151N� 0:0211Ash ð1Þ

LHV=MJ kg ¼ HHV� 0:2183H ð2Þ

The specific surface area was obtained through

physisorption measurement by using nitrogen (N2) at

- 196 �C in a surface area and pore size analyzer, Nova

1200e Quantachrome Instruments (Boynton Beach, USA),

where the microalgae biomass was previously submitted to

pretreatment at a temperature of 120 �C for 24 h. The

FTIR analysis was performed by scanning at a range

between 4000 and 400 cm-1 with a Shimadzu IRPrestige-
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21 (Duisburg, Germany) using the KBr method, in a pro-

portion of 1:100 (sample KBr) [20].

Thermogravimetric analysis

The thermogravimetric analysis of S. acuminatus was

conducted with a Shimadzu DTG-60 analyzer (Kyoto,

Japan), which has a resolution of 0.1 lg and a temperature

measurement precision of ± 0.25 �C. The sample was

submitted to a temperature increase from room temperature

to 1000 �C at five different heating rates (10, 20, 30, 40 and

50 �C min-1) under an inert gas flow of 50 mL min-1

(99.996% N2), in a platinum pan. The runs were performed

using an initial mass of about 10.0 ± 0.5 mg and a particle

size of\ 106 lm (\ 140 mesh), to minimize the diffusion

effects. For each run, a 60-min gas purge process was

initially performed with N2 to effectively remove the

atmospheric air present within the furnace. A blank run was

performed for baseline correction after each experimental

run; in addition, each experiment was performed in

duplicate to ensure the reproducibility of the experimental

results.

Kinetic analysis of pyrolysis

Thermal decomposition kinetics is generally based on a

heterogeneous conversion process in which a solid particle

is converted to gas by increasing temperature. This breaks

down the biomass molecule, releasing volatile compounds.

The generation of volatiles is the main parameter to

observe to evaluate the thermal decomposition kinetics.

The kinetics are evaluated by analyzing the solid mass loss

as a single-step reaction in terms of temperature (T) and

conversion (a) [13]. The following fundamental rate

equation describes the decomposition process:

da
dt

¼ k Tð Þf að Þ ð3Þ

where k(T) is the reaction constant that is a function of

T (K) and f(a) is the reaction model of the heterogeneous

conversion process. The k(T) is fundamentally governed by

the Arrhenius equation (Eq. 4), which is associated with

the influence of temperature on the rate of the chemical

reaction.

k Tð Þ ¼ Ae
�Ea
RT ð4Þ

where A (min-1) is the frequency factor, Ea (kJ mol-1) is

the activation energy, and R (kJ mol-1 K-1) is the gas

constant. From the association of Eqs. 3 and 4, it is pos-

sible to obtain the following equation:

da
dt

¼ Ae
�Ea
RT f ðaÞ ð5Þ

Equation 5 indicates that the decomposition process

reaction is dependent on knowledge of the activated

energy, frequency factor and reaction model—these

parameters are called the kinetic triplet [13]. Equation 5 is

not commonly used for estimating kinetic parameters,

because the thermal analysis is generally performed by

means of a temperature change (dT = mdt); thus, Eq. 5

becomes Eq. 6.

da
dT

¼ A

m
e
�Ea
RT f ðaÞ ð6Þ

where m (�C min-1) is the heating rate. The integration of

Eq. 6 leads to:

g að Þ ¼
Z1

0

da
f að Þ ¼

A

m

ZT

T0

e
�Ea
RT dT � A

m
I Ea; Tð Þ ð7Þ

where g(a) is the integral form of the reaction model. This

results in an expression that does not have an analytical

solution, requiring the use of equations that represent an

approximate solution to the development of isoconver-

sional methods. Several equations have been proposed for

kinetic parameters by approximation equation, including

that of Doley (Eq. 8) and Murray and White (Eq. 10)

approximations, which represent the methods of Flynn–

Wall–Ozawa (Eq. 9) and Kissinger–Akahira–Sunose

(Eq. 11), respectively [12, 13].

p xð Þ ¼ e�1:0518x�5:330 ð8Þ

log m ¼ log
AEa

Rg að Þ

� �
� 2:315� 0:4567

Ea

RT
ð9Þ

p xð Þ ¼ e�x

x2
ð10Þ

ln
m
T2

� �
¼ ln

AR

Eag að Þ

� �
� Ea

RT
ð11Þ

where p(x) represents the integral approximation equation

with x = Ea/RT. The estimation of Ea values by Eqs. 9 and

11 is determined using the slope of the plot of log(m) versus
1/T and ln(m/T2) versus 1/T, respectively. According to

Starink [12], the use of these approximation equations

(Eqs. 8 and 10) leads to inaccurate results and causes sig-

nificant relative errors. For this reason, new approximate

equations have been developed to reach satisfactory accu-

racy in the kinetic parameters values. The Starink method

is an example of an isoconversional method that is highly

accurate, convenient and simple to solve using linear

regression analysis and the Starink approximate. This

method provides significant improvement in the accuracy

of the activated energy values compared to the previously

mentioned methods [12, 13]. The Starink approximate and
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Starink method are presented in the equations below,

respectively.

p xð Þ ffi e�1:0008x�0:312

x1:92
ð12Þ

ln
m

T1:92

� �
¼ �1:0008

Ea

RT

� �
þ Constant ð13Þ

The estimation of Ea values by Starink method (Eq. 13)

does not require previous knowledge of the frequency

factor and reaction model, which is determined using the

slope of the plot of ln(m/T1.92) versus 1/T. The frequency

factor and reaction model are generally evaluated using the

compensation effect and a master plot, respectively, due to

the inability of isoconversional methods to obtain the A and

f(a) values.
The compensation effect proposes to obtain the fre-

quency factor values using a linear equation, which

describes a relation between the activation energy and

factor frequency values, as shown in Eq. 14.

ln Að Þ ¼ aEa þ b ð14Þ

where a and b are the compensation parameters. The

compensation parameters are helpful for the evaluation of

the ln(A) values from the Ea value obtained with the iso-

conversional method. These parameters are previously

achieved with a linear regression between ln(A)j and Eaj

obtained by different reaction models (Table 1) in a model-

fitting method, where the term j indicates each reaction

model [21].

The reaction model is generally obtained by comparing

the experimental and theoretical curves, thereby allowing

the selection of the most appropriate model for the process.

This method is a so-called master plot [22]. In this method,

the theoretical curves are obtained from the g(a)/g(0.5)
versus a using the g(a) equations presented in Table 1,

while the experimental curves are obtained from experi-

mental data in Eq. 15:

g að Þ
g 0:5ð Þ ¼

p xð Þ
p x0:5ð Þ ð15Þ

where p(x0.5) represents the values of integral approxima-

tion when the kinetic process reaches 50% conversion, i.e.,

x0.5 = Ea/RT0.5. According to Eq. 15, the ratio of the inte-

gral function can be associated with the ratio of integral

approximation, in which the experimental master plot

curves are plotted as p(x)/p(x0.5) versus a and compared

with several theoretical plotted curves of g(a)/g(0.5) versus
a.

The evaluation of kinetic parameters calculated with the

isoconversional method, compensation effect and master

plot was initially performed by applying Ea, A and f(a)
values in Eq. 6 and then calculated by the numerical

method of Runge–Kutta fourth-order (RK4). The results

obtained by the numerical method were compared with the

experimental curves using Eq. 16:

Fit ¼
XN
i¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ðda=dtÞexp � ðda=dtÞcalc�

2
.
N

r

da=dtð Þhighestexp

ð16Þ

where N is the number of experimental data points used,

(da/dt)exp is the experimental values measured, and (da/
dt)calc is the differential value calculated. The kinetic

parameters and simulated curves were calculated through

Microsoft Excel 365.

Results and discussion

Characterization

Table 2 shows the physiochemical characterization

obtained for S. acuminatus in this study and observation

data reported in the literature about other microalgae, such

as Scenedesmus sp., Scenedesmus almeriensis, S. dimor-

phus, Dunaliella salina, Chlorella vulgaris and Tetraselmis

suecica [5, 23–27].

The proximate analysis shows a moisture content of

3.34%, where the content is between the values found for

other microalgae as shown in Table 2 (0.08–4.59%).

According to Garcı́a et al. [28], a low moisture content

(\ 10%) is required to increase the amount of useful

energy in a combustible solid when applied in thermo-

chemical systems, because evaporation is an endothermic

process. Table 2 indicates different values of ash content

among the microalgae, where the content varies from 21.65

to 7.20%. For S. acuminatus, a value of 9.34% was

obtained, which is low compared to the lignocellulosic

biomass found in the literature such as for rice husks

(13.3%), sorghum (17.0%), straw pellets (9.8%) and

grapevine waste (13.3%) [28, 29]. Table 2 shows a rela-

tively high content of volatile matter and low content of

fixed carbon for S. acuminatus among the microalgae. This

result indicates that the microalgae used in this study

release a high amount of combustible (CxHy, CO and H2)

and non-combustible (CO2, SO2, NOx and H2O) gases

during pyrolysis.

The calorific value estimated with the Channiwala and

Parikh correlation showed a similar value of HHV between

the S. acuminatus (20.58 MJ kg-1) and the other

microalgae as noted in Table 2. The HHV of S. acuminatus

was higher than that found for lignocellulosic biomass such

as bagasse sugarcane (16.4 MJ kg-1), rice husks

(16.7 MJ kg-1), corn stalks (15.81 MJ kg-1) and pistachio

shells (17.47 MJ kg-1) [29–31]. This HHV can be
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associated with the low moisture and ash content found in

the proximate analysis, as well as the chemical composi-

tion of the microalgae. The energy potential of green

microalgae S. acuminatus in thermal conversion processes

can be compared to solid fuels which are widely applied on

bioenergy production, such as wood sawdust, where pre-

sents an HHV between 18 and 19 MJ kg-1. Unlike the

lignocellulosic biomass, microalgae are chemically com-

posed of lipids, carbohydrates, proteins and others nutrients

and thus have different carbon, hydrogen and oxygen

contents. This different composition provides a low oxygen

content and a higher carbon and hydrogen content in

microalgae than in lignocellulosic biomass. Several types

of lignocellulosic biomass were evaluated by Garcia et al.

[32] who noted an average of 44.59, 48.30 and 5.71% for

carbon, oxygen and hydrogen content, respectively.

According to the Channiwala and Parikh correlation, a high

carbon and hydrogen content contribute positively to the

HHV, while a high oxygen content contributes negatively.

Low levels of sulfur in fuels are preferable due to the low

probability of this element generates sulfur dioxide (SO2)

in the thermochemical system. Sulfur can damage equip-

ment from condensation on the walls of equipment;

besides, this can be associated with inorganic compounds

and generated incrustations or released together with the

exhaust gases. Therefore, the application of microalgae S.

acuminatus must be carried out with attention due to the

high sulfur presence (1.39%) when compared to same types

of biomass such as agro-industrial residues [17], sewage

sludge [15], meat industry wastes [33], however, compa-

rable to tomato plant waste and holm oak branch chips

[32]. The nitrogen content in the microalgae sample pre-

sented 5.93%, probably due to a high content of proteins.

The presence of nitrogen can cause NOx emissions when

using thermochemical systems that work at temperatures

above 500 �C [34].

Figure 1 shows the FTIR spectrum for S. acumina-

tus, while the Table 3 shows the main bands. The band at

3410 cm-1 corresponds to hydroxyl groups (O–H)

stretching in water, acid groups and alcohol groups. This

band can also be associated with N–H stretching vibrations

in primary amides. The bands at 2930 and 2845 cm-1 are

often found in methylene groups, which, respectively,

represent the asymmetric and symmetric C–H stretching

vibration. These bands can be associated with –CH2

stretching in lipids, which was observed by Difusa et al.

[35] after they conducted a lipid extraction of microalgae

Chloromonas sp. The band at 2360 cm-1 represents the

overlapping between the O–H and NH3
? stretching vibra-

tions. The band at 1656 cm-1 corresponds to stretching

vibrations of a strong carbonyl group (C=O) in primary

amides [36]. The bands at 1543 and 1240 cm-1 represent

an amide II band that can be associated with the interaction

between the N–H bending and C–N stretching of a C–N–H

group in acyclic amides, while the band at 1406 cm-1

represents the –CH2 bending of lipids [35, 37]. The infrared

region at 1017–1022 cm-1 is associated with the strong C–

O–C symmetric stretching of an ether group. The band at

Table 1 List of reaction models often used in solid-state reaction kinetics

Model Mechanism g(a) f(a)

P2 Power law a1/2 2a1/2

P3 Power law a1/3 3a2/3

P4 Power law a1/4 4a3/4

P2/3 Power law a3/2 2=3a�1=2

F1 First-order reaction � ln 1� að Þ 1 - a

F2 Second-order reaction 1� að Þ�1�1 (1 - a)2

F3 Third-order reaction 1=2ð Þ 1� að Þ�2�1
h i

(1 - a)3

R2 Contracting cylinder (contracting area) 1� 1� að Þ1=2 2ð1� aÞ1=2

R3 Contracting sphere (contracting volume) 1� 1� að Þ1=3 3ð1� aÞ2=3

D1 One-dimensional diffusion a2 1=2a�1

D2 Two-dimensional diffusion ð1� aÞ lnð1� aÞ þ a � ln 1� að Þ½ ��1

D3 Three-dimensional diffusion
1� 1� að Þ1=3
h i2

3=2 1� að Þ2=3 1� 1� að Þ1=3
h i�1

D4 Ginstling-Brounshtein 1� 2=3ð Þa� 1� að Þ2=3 3 2 1� að Þ�1=3�1
� �h i�1

A2 Avrami-Erofeev � ln 1� að Þ½ �1=2 2 1� að Þ � ln 1� að Þ½ �1=2

A3 Avrami-Erofeev � ln 1� að Þ½ �1=3 3 1� að Þ � ln 1� að Þ½ �2=3

A4 Avrami-Erofeev � ln 1� að Þ½ �1=4 4 1� að Þ � ln 1� að Þ½ �3=4
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530 cm-1 represents the C–N–S bending of organic sulfur

compounds [37].

Thermogravimetric analysis

Figure 2 shows the thermogravimetric (TG) and differen-

tial thermogravimetric (DTG) curves of the pyrolysis of S.

acuminatus under an inert atmosphere at a heating rate of

10, 20, 30, 40 and 50 �C min-1. The DTG curves indicate

that the thermal behavior of microalgae presents different

stages of mass loss. For the 10 �C min-1, an initial stage

between room temperature and 125 �C occurs and is

associated with the dehydration of the microalgae sample

[38]. This dehydration is represented by a mass loss of

2.7% and a maximum mass loss rate of 0.51% min-1 close

to a temperature of 78 �C. Figure 2 shows that the pyrol-

ysis of S. acuminatus begins after dehydration, when there

is a breakdown of chemical bonds in proteins, lipids, car-

bohydrates and others compounds in the microalgae and

the formation of light hydrocarbons. From the DTG data,

the pyrolysis of S. acuminatus takes place between the

temperatures of 125 and 504 �C, where two peak temper-

atures are noticed in different temperature ranges. The first

temperature range of pyrolysis, from 125 to 392 �C, shows

a mass loss of 44.4% and a maximum mass loss rate of

3.81% min-1 occurring at around the temperature 301 �C.
This thermal decomposition region was also observed by

Chen et al. [3] and Sanchez-Silva et al. [38] in samples of

S. obliquus and Nannochloropsis gaditana, respectively,

which was represented by the decomposition of carbohy-

drates and proteins in the microalgae. The second tem-

perature range is between 392 and 504 �C, which is noted a

mass loss of 16.0% and a maximum mass loss rate of

2.34% min-1 occurring at around 452 �C. A similar DTG

profile was observed by Bordoloi et al. [5] for S. dimor-

phus, where the presence of a weak peak in the mass loss

rate was associated with lipid decomposition. After these

events, thermal decomposition occurs slowly in the tem-

perature range from 504 to 900 �C with a mass loss of

10.22%, associated with the slow decomposition of the

carbonaceous product formed after the breakdown of the

chemical bonds of the proteins, carbohydrates and lipids in

the microalgae [5, 25]. The TG curve indicates that the

carbonaceous product represents 20.7% of the initial

sample mass.

Table 2 Physicochemical characteristic of Scenedesmus acuminatus and different microalgae from studies

Reference Scenedesmus

acuminatus

This work

Scenedesmus

sp. Kim [24]

Scenedesmus

almeriensis

López-González

[25]

Scenedesmus

dimorphus

Bordoloi [5]

Dunaliella

salina

Gong [27]

Chlorella

vulgaris

Chen [23]

Tetraselmis

suecica

Tahmasebi

et al. [26]

Proximate analysis/%

Moisture 3.34a 4.59 2.90 0.083b 4.00b – 4.27

Volatile matter 81.63b 75.33 67.90 51.45b 76.30b 55.37 58.31

Fixed carbon 9.03b,c 12.78 9.70 31.13b,c 12.50b 34.35 15.77

Ash 9.34b 7.30 19.40 17.33b 7.20b 10.28 21.65

Ultimate analysis/%

Carbon (C) 46.49b 50.00 41.90b 52.60b 48.10b 47.84 27.72

Hydrogen (H) 6.48b 7.11 6.70b 6.21b 7.10b 6.41 4.59

Nitrogen (N) 5.93b 7.25 5.90b 8.75b 9.40b 9.01 4.70

Sulfur (S) 1.39b 0.54 0.80b – 0.90b 1.46 1.11

Oxygen (O) 30.37b,c 30.70 44.70b 31.92b,c 23.30b,c 25.00 40.23

Heating value

HHV/MJ kg-1 20.58 21.10 – 19.00 21.20 – –

LHV/MJ kg-1 19.26 – – – – 21.88b –

Porous structure

BET surface area/m2 g-1 0.267 – – – – – –

Pore volumed/cm3 g-1 0.00108 – – – – – –

aWet basis
bDry basis
cCalculated by difference
dTotal pore volume at P/P0 = 0.99
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Kinetic study

The thermal behavior of S. acuminatus (Fig. 2) indicates

that the pyrolysis of the microalgae occurs in two stages

(multi-step). Therefore, the use of the isoconversional

methods for kinetic study must be conducted to evaluate

each stage separately. Thus, the evaluation of the kinetic

parameters was performed using the thermogravimetric

data in the temperature ranges presented in Table 4, where

stage I represents the decomposition of carbohydrates and

proteins and stage II represents the lipids decomposition.

Thus, Fig. 3 shows the results of Eaa calculated from

–

Fig. 1 Fourier transform

infrared spectroscopy spectrum

of Scenedesmus acuminatus

–
–

–

–
–

(b)(a)

(d)

(e)

(c)

Fig. 2 TG (solid line) and DTG (dot line) curves from pyrolysis process of Scenedesmus acuminatus at a 10 �C min-1, b 20 �C min-1,

c 30 �C min-1, d 40 �C min-1, and e 50 �C min-1 under nitrogen atmosphere
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thermogravimetric data at each mass loss region for

methods of Flynn–Wall–Ozawa (FWO), Kissinger–Aka-

hira–Sunose (KAS) and Starink. The Eaa results present a

higher linear correlation coefficient (R2 C 0.9485) for the

conversion range of 0.05 B a B 0.95.

Figure 3 shows the relationship between the activation

energy and conversion (Eaa) in the conversion range of

0.05 B a B 0.95. It can be seen that in stage I the initial

values of Eaa estimated by the isoconversional method are

significantly high than those for the conversion process in

this stage, where the Eaa values were between 148.8–104.2,

149.1–99.0 and 149.5–99.6 kJ mol-1, respectively, for

methods of FWO, KAS and Starink. This behavior at initial

value of Eaa can indicate that the temperature is not high

enough to break down the chemical bonds in the mole-

cules. For stage I, the average activated energy (Ea0) was

110.7, 106.8 and 107.1 kJ mol-1, for methods of FWO,

KAS and Starink, respectively. The initial step in stage II

has Eaa values approximately similar to the end of stage I;

however, there is a gradual increase in Eaa values between

the conversion range of 0.05 B a B 0.7, which presented

an increase of 105.5–110.89 to 144.8–149.7 kJ mol-1.

After conversion 0.7, there was a small drop in Eaa values

to 133.7–139.5 kJ mol-1 in the conversion at 0.95. In stage

II, the activation energy had an Ea0 value of 137.2, 132.0

and 132.6 kJ mol-1, respectively. Figure 3c, d shows a low

relative error for methods of KAS and Starink, when

compared with the average, which exhibited a relative error

less than 1% for each stage. However, for simulation

curves, it is noted that the Starink’s method shows a better

application due to its relative error of 0.07 and 0.10% for

stages I and II, respectively, while the KAS’s method

showed a relative error of 0.38 and 0.36% for stages I and

II, respectively.

The average activation energy for stage I is lower than

that for stage II. According to Hu et al. [39], this implies

that the pyrolysis in stage I occurs more easily than in stage

II. According to Vo et al. [40], the pyrolysis costs reduces

the value of the average activation energy reduces. Thus,

considering stage I the main stage of decomposition due to

the gaseous yield (Table 4), S. acuminatus is better appli-

cable to pyrolysis than microalgae such as Chlorella

pyrenoidosa (143.71 kJ mol-1) and Aurantiochytrium sp.

(118.54 kJ mol-1), biomass such as sugarcane bagasse

(124.54 kJ mol-1) and some water waste such as Baijiu

Diuzao (150.98–152.86 kJmol-1) [11, 39–41].

The typical linear fit between ln (m T-1.92) versus 1/T,

which was obtained by the Starin isoconversional method

(Eq. 13) for the conversion range of 0.1 B a B 0.9, is

shown in Fig. 4. Figure 4 shows nearly parallel behavior

between the straight line of the linear fit and the satisfac-

tory correlation coefficients for the two stages (R2
stageI

C 0.9486 and R2
stageII C 0.9806). In stage I (Fig. 4a), a

larger gap is observed between the straight line at con-

versions 0.1 and 0.2 and is associated with the pyrolysis

step in which the conversion occurs more slowly. The

initial pyrolysis step has a low mass loss rate, as observed

in Fig. 2, thus requiring more energy to break down the

chemical bonds in the microalgae. Subsequently, between

the conversions of 0.3 B a B 0.9, the temperatures

become sufficient for the effective pyrolysis reaction; in

this way, the decomposition occurs with higher mass loss

rates and a small variation of activation values [31]. Unlike

stage I, stage II (Fig. 4b) shows similar behavior between

the straight lines over the entire conversion range.

The inability to estimate the values of the frequency

factor and the reaction model by isoconversional methods

are the main reasons for the use of methods such as the

compensation effect and the master plot method [13]. Thus,

Fig. 5 presents the linear fit obtained by the compensation

effect and the master plot curves for S. acuminatus pyrol-

ysis. Figure 5a indicates a satisfactory linear fit for the two

stages, with regression coefficients (R2) of 0.9648 and

0.9989 for stages I and II, respectively. This regression

coefficient demonstrates a good approximation with the Aa

values calculated by the linear equation (Eq. 14). The

compensation parameters a and b obtained for stage I were,

respectively, 0.2283 and - 3.4228, and for stage II were

0.1617 and - 1.4691. Substituting the values of the com-

pensation parameters in Eq. 14, an average frequency

factor (A0) of 13.56 9 108 min-1 and 4.47 9 108 min-1 is

obtained for stages I and II, respectively.

Figure 5b shows the overlapping between the experi-

mental and theoretical curves of the master plot method

based on the integral form of kinetic data for S. acumina-

tus. Initially, it is noted in Fig. 5b that the experimental

data do not perfectly match the theoretical curves, which

indicates the occurrence of different reaction mechanisms

Table 3 Band assignments from FTIR spectrum of Scenedesmus

acuminatus

Wavelength/cm-1 Assignment Comments

3410 m(O–H); m(N–H) Amide I

2920 ms(–CH2) Lipid

2845 mas(–CH2) Lipid

2360 m(O–H); m(N–H) –

1656 m(C=O) Amide I

1543 Interaction m(C–N) and d(N–H) Amide II

1406 d(–CH2) Lipid

1240 Interaction m(C–N) and d(N–H) Amide II

1076–1022 ms(C–O–C) –

530 d(C–N–S) –
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due to the complex decomposition process of the

microalgae. On the other hand, it is possible to select the

reaction mechanism through the theoretical curve that best

represents the experimental results. Therefore, the reaction

mechanisms selected for the pyrolysis in stages I and II

were the second-order reaction (F2) and contracting vol-

ume (R3), respectively. A similar reaction mechanism was

observed by Ye et al. [11] in water waste sample (B.

Diuzao), where a n-order reaction and contracting geom-

etry showed a better fit for experimental data on a similar

temperature range for stages I and II, respectively.

Based on the kinetic parameter data estimated by the

Starink isoconversional method, compensation effect and

master plot (Table 5), it is possible to describe an equation

for the pyrolysis of S. acuminatus. Thus, using Eq. 5, the

microalgae decomposition process in this study can be

described by the equation below.

da
dt

� �
pyrolysis

da
dt

� �
StageI

¼ gI 13:56� 108
� �

e107; 085:5=RT 1� að Þ2

da
dt

� �
StageII

¼ gII 4:74� 108
� �

e132; 625:2=RT 3 1� að Þ2=3
h i

8>>><
>>>:

ð17Þ

Equation 17 shows that the overall pyrolysis process is

described as the sum of the pyrolysis of each stage, where g
is the average of the mass loss fraction for each stage

(Table 4). Equation 17 allows estimating the conversion

rate curves and comparing them with the experimental

data. To calculate (simulate) the curves, from Eq. 17, it is

necessary to use a numerical method due to the relationship

between the conversion and temperature (a = a(T)). Thus,
the classical numerical method of Runge–Kutta fourth-

order (RK4) provides the curves shown in Fig. 6.

Table 4 Temperature range and

mass loss for pyrolysis stages of

Scenedesmus acuminatus

Heating rate/�C min-1 Stage 1 Stage 2

Ti/�C Tf/�C Mass lossd.b./% Ti/�C Tf/�C Mass lossd.b./%

10 125 392 58.49 392 504 21.08

20 125 411 61.06 411 522 18.16

30 125 422 65.87 422 541 20.43

40 125 439 68.38 439 551 18.84

50 125 447 70.52 447 569 19.73

Ti Temperature initial, Tf temperature final and d.b. dry basis

––

(b)(a)

(d)(c)

Fig. 3 Activation energy values estimated for the pyrolysis of Scenedesmus acuminatus by methods of FWO, KAS and Starink for stages I

(a) and II (b) and the relative error of methods for stages I (c) and II (d)
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Figure 6 shows the overlapping of the da/dt versus

T curves for the experimental and calculated data, indi-

cating similar behavior between the experimental and

calculated curves. On the other hand, other regions have a

low adjustment. In Fig. 6, the curves calculated at tem-

peratures below 200 �C do not show a value for the con-

version rate, whereas the experimental curves indicate a

conversion rate of * 0.5 min-1. This behavior is due to

the kinetic parameters calculated using isoconversional

methods to provide a curve that represents only a single-

step mechanism, in which the region with high conversion

rates is best represented. In stage I, the peak temperatures

exhibited a temperature difference of ± 10 �C between the

experimental and calculated data. At this stage, the

calculated conversion rate data presented higher results

than the experimental data, due to the compensation of the

area, which was not demonstrated at temperatures below

200 �C. Unlike stage I, the curves calculated for stage II

had a satisfactory fit for all the heating rates. The conver-

sion rate curves have a regression coefficient of 0.8673,

0.8610, 0.8760, 0.8785 and 0.8847 for the heating rates of

10, 20, 30, 40 and 50 �C min-1. These results are satis-

factory for application in thermochemical systems and

represent a good option for predetermining thermal

decomposition curves.

–
–

–

–
–

–

– –– –

(b)(a)

Fig. 4 Linear fit of ln(m T-1.92) versus 1000 T-1 for pyrolysis stages I (a) and II (b)

–

–

(b)(a)

a

Fig. 5 a Linear fit of compensation effect and b overlapping between experimental and theoretical master plot curves
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Conclusions

The physicochemical characteristics and pyrolysis kinetics

were evaluated for S. acuminatus, for which there are few

reports in the literature about its behavior. This microalgae

revealed to have good applicability for thermal systems

when compared with other microalgae and biomass. Its

thermal behavior was divided into two stages to represent

the decomposition of carbohydrates and proteins (stage I)

and lipids (stage II). The Starink’s method shows a better

application for simulation curves due to the low relative

error, when compared with the methods of FWO and KAS.

The comparison between the experimental and calculated

curves showed the satisfactory applicability of kinetic

parameters calculated by using the isoconversional method

of Starink, compensation effect and master plot. These data

are important for the operation and modeling of thermal

systems showing that the microalgae biomass can be a

sustainable and low-cost resource. The microalgae biomass

pyrolysis offers a cleanest process to obtain the bioenergy

stored in the solid fuel.
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RFPM, José HJ. Biofuel application of biomass obtained from a

meat industry wastewater plant through the flotation process—a

case study. Resour Conserv Recycl. 2008;52:557–69.

34. Zhan H, Yin X, Huang Y, Yuan H, Xie J, Wu C, Shen Z, Cao J.

Comparisons of formation characteristics of NOx precursors

during pyrolysis of lignocellulosic industrial biomass wastes.

Energy Fuels. 2017;31:9557–67.

35. Difusa A, Mohanty K, Goud VV. The chemometric approach

applied to FTIR spectral data for the analysis of lipid content in

microalgae cultivated in different nitrogen sources. Biomass

Convers Biorefinery. 2016;6:427–33.

36. Jiang Y, Yoshida T, Quigg A. Photosynthetic performance, lipid

production and biomass composition in response to nitrogen

limitation in marine microalgae. Plant Physiol Biochem.

2012;54:70–7.

37. Silverstein RM, Webster FX, Kiemle DJ. Spectrometric identi-

fication of organic compounds. 7th ed. New York: Wiley; 2005.
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