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In this study, three primary components of algae (lipid, carbohydrate and protein) and one microalgae
(spirulina) were pyrolyzed using a thermogravimetric analyser (TGA) under nitrogen and CO, atmo-
sphere at four heating rates. It was found that protein decomposed first, followed by carbohydrate and
then lipid. The kinetic study revealed that the lowest activation energy for the initiation of the pyrolysis
of ovalbumin (protein) is ~70 kJ/mol. Oil droplet showed higher activation energy of 266.5 k]/mol during
its pyrolysis in the CO, atmosphere, which suggests that algal lipid is more difficult to decompose in the
CO, atmosphere. However, for the pyrolysis of cellulose (carbohydrate), the activation energy (~310 k]/
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Kiﬁetics mol) is similar under two different gas atmospheres tested. This study showed that CO, atmosphere
Pyrolysis favors the pyrolysis of algae with high protein content and low lipid content, since the existence of CO;
Algae promotes the cracking of VOCs (volatile organic compounds) as well as the reaction between VOCs and
Model compound CO;.

Carbon dioxide

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

As a renewable carbonaceous resource, marine biomass has
attracted special interests as a fuel source and is regarded as a
potential substituent to traditional fuels. The terrestrial biomass is
primarily comprised of cellulose, hemicellulose and lignin [1],
while algal biomass consists of carbohydrates, proteins, and lipids,
which has been investigated by many researchers on its conversion
to various biofuels [2—6].

Thermogravimetric analysis (TGA) is commonly used to study
the thermal decomposition of algae and its model components.
Numerous research has been focused on the thermal degradation of
biomass based on the weight change against temperature [7—9].
Two commonly-used iso-conversional methods, i.e. Kissinger-
Akahria-Sunose (KAS) and Flynn-Wall-Ozawa (FWO), were
applied to study the kinetics of pyrolysis and thus to determine
kinetic parameters such as activation energy (E,) and pre-
exponential factor (A) [8,10,11]. However, the decomposition of
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different components in biomass leads to extremely complicated
pyrolysis processes, which make the iso-conversional method
inappropriate to reveal the nature of the processes [12]. Recently,
the model fitting method has been adopted to simulate the kinetics
of biomass pyrolysis by substituting different reaction models into
the Coats-Redfern function. The highest regression value of such
indicates the best mechanism model for the description of the
pyrolysis of biomass [13].

The conventional pyrolysis of biomass and the kinetic study
have been discussed in many previous studies [8,10,12,14—16]. It is
reported that compared with Ny, the use of CO, as the carrier gas
could assist the pyrolysis of carbonaceous materials and lead to
benefits such as higher thermal efficiency, reduced tar formation,
higher production of syngas (especially CO) [17,18]. However, there
is not much work that has been carried out on the kinetics of the
pyrolysis of algal model compounds under CO, atmosphere, as well
as the comparison of the pyrolysis of algae under two different
atmospheres, i.e.,, CO, atmosphere and N, atmosphere.

In this study, a kinetic study of the pyrolysis of three model
compounds, i.e., carbohydrate, lipid and protein, and spirulina
(microalgae) under N, and CO, atmospheres was conducted. Iso-
conversional method (Kissinger- Akahira-Sunose method) and
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model fitting method (Coats-Redfern method) were applied to
derive the activation energy (E;) and pre-exponential factor (A).
Elemental compositions of char obtained under N, and CO; at-
mosphere were derived by using SEM-EDS (Scanning Electron
Microscope-Energy Dispersive Spectrometer) and compared to
reveal the pyrolysis of algae.

2. Materials and methods
2.1. Materials

Oil droplet (Optima 339 powdered vegetable fat), - Cellulose
((CH1005)p, Aladdin®, product code C104844) and ovalbumins
(Sinopharm Chemical Reagent Co., Ltd, product code 69003835)
were selected to represent and simulate the pyrolysis of lipid,
carbohydrate, protein contents in algae, respectively, following the
approach used by other researchers [19—21]. Spirulina, the algae
sample, was provided by Shandong Binzhou Tianjian Biotechnology
Co. Ltd. (Shandong Province, China). Raw materials were milled
(Retsch ZM200 Ultra-Centrifugal mill) and sieved to the same
particle size of smaller than 120 pm.

2.2. Characterization of algae primary model compounds

The results of proximate, elemental and composition analyses
are listed in Table 1, the procedure can be found in our previous
studies [22—25]. The composition of protein, lipid and carbohy-
drate in biomass was determined by Kjeldahl method (BS EN ISO
20483:2013), Soxhlet extraction method (GB/T 5009.6—2003), and
the difference calculated (GB/Z 21922—2008), respectively.

2.3. Kinetic analysis method

Pyrolysis of the three algal pseudo-components and spirulina
via conventional electric heating method was conducted on a
thermogravimetric analyser (TGA, NETZSCH STA449F3, Germany)
using non-isothermal process. Four different heating rates, i.e., 5,
10, 20 and 50 °C/min, were used to heat the samples from 50 to
900 °C. The weight loss profile of each sample was subsequently
derived. Pure nitrogen or carbon dioxide with a flowrate of 20 mL/
min was introduced into the system as the carrier gas and to pro-
vide an oxygen-free atmosphere. The initial sample weight for each
experiment was 2 + 0.5 mg. All experiments were repeated at least
once to ensure accuracy and repeatability.

In order to investigate the effects of CO; on the carbon contained
in solid residue, char samples were first prepared in a tube furnace

Table 1
Characteristics of cellulose, ovalbumin, oil droplet and spirulina.
Ovalbumin Cellulose Oil droplet Spirulina

Proximate analysis (wet basis, wt. %)
Moisture content 20 2.7 0 6.7
Volatile matters 86.6 88.6 100.0 73.5
Fixed carbon 9.9 7.6 0 13.2
Ash content 0 1.1 0 6.6
Ultimate analysis (dry ash free basis, wt. %)
C 41.6 42.7 75.8 49.8
H 7.0 6.5 11.8 6.6
N 12.2 0 0 11.0
S 1.2 0 0 0.7
(o] 38.0 50.8 12.4 319
HHV (M]/kg) 18.73 16.99 39.07 20.55
Composition of sample (wt. %)
Protein 81.6 0 0 57.8
Lipid 1.1 1.2 99.6 2.9
Carbohydrate 79 97.1 0.1 234

(SG-GL1200K, Shanghai) using the same TGA heating programme,
i.e. all samples were heated from 50 to 900 °C with a heating rate of
5°C/min under a N purge of 20mL/min. The char samples
collected were then analysed using a TGA in CO, following the
procedure described previously.

2.3.1. Determination of kinetic parameters
Thermal decomposition of algae is a typical solid decomposition
reaction, the rate of which is defined as,

Mg —mr

o=
mg—mf

Eq. (1)

Where my is the initial mass of the material, m; is the final mass of
the solid material after pyrolysis, mr is the mass of material at re-
action temperature of T.

The kinetic study is based on the Arrhenius Law. According to
Eq. (1), the conversion rate only depends on the reaction temper-
ature. The thermal dynamic formula can be described as following,

do A —Ea
o~ 5o ()7
Where f(«) is the conversion (a)-dependent function; § = ‘é—{ is
the heating rate, K/min; E, is the activation energy, J/mol; A is the
pre-exponential factor, min~—!; R is the universal gas constant,
8.314]/mol- K; T is the absolute temperature, K.
The integration of Eq. (2) over « is expressed as,

Eq. (2)

o T
Gla)= (J;j% :% lexp(}é”

Where G(«) is the integrated form of f(«).

)dT Eq. (3)

2.3.2. Iso-conversional method: Kissinger- Akahira-Sunose (KAS)

Generally, the activation energy and the pre-exponential factor
of one-step fluid state reactions are constant, but these parameters
change with the change in conversion rate (a) for reactions
involving solid, due to its internal heterogeneity of solid samples
and complicated reaction mechanism [26]. Therefore, iso-
conversional methods are more appropriate to be applied to
determine the kinetic parameters of solid-state reactions.

KAS method is based on Arrhenius Equation using differential
methods [26,27],

_AEq_(Eq
G(a) = ﬁ_Rp (ﬁ)
Combined with Eq. (3), the variables of A, E; and f(«) are related

to T, while A and E, are independent of «. Hence, Eq. (3) can be
further integrated into the following form,

8 RA Eq
Iz =1 (EaG(a)) “RT

Eq. (4)

Eq. (5)

The plot of In Tﬁz versus fle for the constant « will derive a linear
relationship.

To reveal the correlation between E; and «, 19 conversion rates
from 5 to 95% were selected. The E; can be determined by the
gradient of the linear profile.

2.3.3. Model fitting method: Coats-Redfern method

The Coats-Redfern method is one of the model fitting ap-
proaches that can be used to calculate the kinetic parameters as
well as to determine the order and mechanism of the reaction [28].
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Coats-Redfern approximation was applied and further rear-
ranged as,

ln%— {gg (1 —ZEIT)} —% Eq. (6)

The function G(«) is dependent on the reaction model adopted
[29].

The common value of ZRT is far less than 1, which can normally
be disregarded. Therefore, the equation could be simplified as,

In ( )_1 AR\ Eq
BE.) RT
By substituting different forms of G(«) into Eq. (7), a plot of

G<“ versus j%T is linear with a slope equal to E;, and the inter-
ceptlon point provides values of E; and A.

Eq. (7)

3. Results
3.1. Thermogravimetric analysis

Previous workers have examined single reaction model, and
multiple parallel reaction model consisting up to seven-reactions
based on different components or constituents in algae with
different reactivity [30]. In previous study, ovalbumin [19], cellulose
[20], and oil droplet [21] were used to represent protein, carbo-
hydrate and lipid in algae, therefore, these compounds were chosen
in this study to represent the protein, carbohydrate and lipid con-
tent in spirulina. The simulated TGA and DTG curves of spirulina
were calculated using the sum of each TGA and DTG data of three
model compounds multiplied to the corresponding composition of
protein, carbohydrate, and lipid content in spirulina (Table 1). As
shown in Fig. 1 and Fig. 2, the use of these three components could
simulate the actual alga with relatively satisfactory accuracy, the
same as what was reported by other researchers [31,32]. Multiple
pyrolysis of algal model compounds, spirulina, and the calculated
data for spirulina at heating rates of 5, 10, 20 and 50 °C/min are
illustrated in Figs. 1 and 2 to reveal its mechanism [33]. Although
the heating rates were different, the TG curves were comparable
with similar initial and final temperatures. However, the peak value
of DTG curve shifted to a higher temperature zone as the heating
rate increased and reached the set maximum of 50 °C/min. This
phenomenon is attributed to the hysteresis in heat transfer from
the crucible to sample, as well as the difference in actual temper-
ature of the samples and that of the measured temperature of the
crucible. Moreover, the larger amount of volatile matter released
with elevating heating rate. The comparison of DTG curves under
N, and CO», ovalbumin showed higher weight loss rate under CO»,
while the rate of weight loss for oil droplet and cellulose remained
unchanged.

Figs. 1 and 2 show that the degradation pattern of model com-
pounds and algae were similar to three typical stages involving
dehydration, volatilization and carbonization under both N, and
CO, atmospheres. The first stage started from ambient temperature
to the temperature where light volatiles began to release, during
which the moisture in biomass was removed at around 105 °C.
Although only slight weight loss has been observed during this
stage, structure of the sample has changed. A significant weight loss
was recorded in the second stage ranging from 150 to 500 °C, pri-
marily due to the devolatilization of organic matters. Ovalbumin,
cellulose, oil droplet and spirulina decomposed mainly in the
temperature range of 180—250, 290—370, 330—470 and
220—400°C, respectively. Given the low decomposition tempera-
ture, it can be inferred that the protein and carbohydrate of algae
are of low thermal stability, while lipid is of high thermal stability

under both atmospheres. This waste losst is regarded as the main
pyrolysis stage. The third stage (500—800°C) showed a steady
weight loss, which was resulted from the decomposition of non-
volatile carbonaceous residues. Char was formed while CO, and
CO were removed [34,35].

As evident from Figs. 1 and 2, ovalbumin decomposes at lower
pyrolysis temperature, followed by cellulose and oil droplet, which
means proteins in algae would decompose first, then carbohydrates
and lipids. The increasing heating rate raises the weight loss rate of
each sample. Among the four samples, the cellulose has the highest
weight loss rate, then oil droplet, at four different heating rate
under both N, and CO,. The TG curve of the model spirulina is
relatively similar to that of the actual spirulina under both atmo-
spheres. As for the DTG curves, the theoretical weight loss rate has
two peak values, around 200 and 350 °C under both atmospheres,
which is similar to the DTG curve of the pyrolysis of ovalbumin. This
is due to the excessive undefined substances contained in oval-
bumin, rather than in spirulina. Therefore, the first peak in DTG
curves of both spirulina and its model curve is attributed to those
components that are not within the scope of the model com-
pounds. The second peak appeared at higher pyrolysis temperature
(normally around 300—400 °C) with larger weight loss rate is likely
associated with the thermal hysteresis.

The CO, gasification of carbon normally occurs more signifi-
cantly at high-temperature range above 800 °C and leads to the
significant consumption of carbonaceous residues [36]. Therefore,
for comparison of the pyrolytic behavior under two different at-
mospheres, the lower temperature range of the TGA curves
(100—800°C) is examined in this study. Table 2 summarizes the
primary pyrolysis parameters including Ychar, the weight percent-
age of char residue at 800°C; Tj, the initial temperature when
volatile matters start to release; Dy, the maximum weight loss rate;
Tm, the peak temperature; 4 Ty, the half-peak width temperature,
which were all derived from TG and DTG curves (Figs. 1 and 2).
From Table 2, the char residue of oil droplet, cellulose, ovalbumin
and spirulina after pyrolysis remained relatively unchanged under
both atmospheres for the different heating rates. Due to the ther-
mal hysteresis, D, Try and Tj increased with increasing heating rate
as observed in both atmospheres. It has been previously reported
that the higher heating rate could reduce the reaction time and
postpone the pyrolysis [37]. Moreover, according to a typical
comparison of TGA curves between N, and CO, atmospheres
(Fig. 3), CO; assisted in the pyrolysis of ovalbumin and therefore the
protein in algae, which shows a more significant weight loss rate
compared with that under N,. However, the weight loss curves of
cellulose and oil droplet pyrolysis derived in CO, stayed consistent
with curves under Ns. This refers to the findings that CO, does not
participate in the pyrolysis of carbohydrate and lipid contained in
algae.

3.2. Kinetic study

3.2.1. Determination of activation energy via Kissinger- Akahira-
Sunose (KAS)

Amongst the three stages of pyrolysis, the second stage-
devolatilization is regarded as the main step in algae decomposi-
tion, and thus the main scope of this study. Based on the starting
and finishing temperatures, under both atmospheres, ovalbumin
was the first to decompose at around 180 °C and sustained until
600 °C at which the weight loss rate was nearly zero. Cellulose was
the second to pyrolyze at about 250—500 °C and oil droplet was the
last to initiate its pyrolysis at 300 °C and finishing at around 550 °C.
As a result of the synergistic effect of protein, carbohydrate and
lipid in algae, the actual spirulina decomposed within a smaller
temperature range, but still within the decomposition range of the
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Fig. 1. TG (1) and DTG (2) curves of the pyrolysis of ovalbumin (1), cellulose (2), oil droplet (3), spirulina (4) and simulative spirulina (5) under N; at different heating rates of 5 (A),

10 (B), 20 (C), and 50 (D) °C/min.

three individual components, at around 220 °C and terminating at
420 °C. Therefore, after considering the pyrolysis of all four sam-
ples, the temperature range for applying KAS method was selected
as 120—600°C, which covered the temperatures of the whole

conversion process.
To study the dependence of activation energy of model

compounds on the increasing conversion rate (a), 19 different
conversion rates from 5% to 95% at 5% intervals were investigated at
four heating rates of 5, 10, 20 and 50°C/min under N, and CO;
based on KAS method. The activation energy (E,) and correlation
factor (R?) of model compounds are listed in Table A in the sup-
plementary material and summarized as Fig. 4. Generally, due to
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Fig. 2. TG (1) and DTG (2) curves of the pyrolysis of ovalbumin (1), cellulose (2), oil droplet (3), spirulina (4) and simulative spirulina (5) under CO, at different heating rates of 5 (A),

10 (B), 20 (C), and 50 (D) °C/min.

the delay of heat transfer from pan to sample, the thermal lag was
inherited into the process as the evidence from the shift of DTG
peak values towards higher temperature zone as the heating rate
increased. The activation energy derived, via KAS method, during
the main stage of pyrolysis is of sufficient accuracy and can be
deployed for analysis [38]. Moreover, the R? values derived for this

stage are mostly above 0.90, which indicates the reliability of the
calculated E,. However, the initial and final stages of sample con-
version might contain unavoidable errors due to the compositional
heterogeneity of solid sample and experimental errors [39,40].
Fig. 4 shows the plot of activation energy obtained from KAS
method against the conversion rate under N, and CO, atmosphere
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Table 2
Features of the pyrolysis of cellulose, ovalbumin, oil droplet and spirulina under N5 and CO,.
Sample N, CO,
8 (°C min~1) 5 10 20 50 5 10 20 50
Ovalbumin Ychar (%) 144 20.2 20.2 184 15.9 14.6 14.0 19.5
Ti (°C) 186 193 197 208 187 197 202 214
Tm (°C) 219 228 232 242 216 224 231 245
Dy, (%/min) -23 —-4.7 -9.7 —-239 -23 —44 -9.0 —-251
ATy (°C) 78 92 123 137 87 93 98 140
Cellulose Yehar (%) 12.1 8.6 6.6 8.8 54 9.3 8.1 8.7
T; (°C) 299 309 319 330 297 289 318 330
Tm (°C) 326 338 349 364 325 338 350 364
Dp, (%/min) -13.6 —-25.2 —47.4 —100.1 -139 —25.5 —47.8 —101.5
ATy (°C) 67 85 125 176 67 81 90 143
Oil droplet Ychar (%) 0.5 0.5 0.7 0.7 0.4 0.6 0.7 0.9
Ti (°C) 240 255 261 274 209 223 226 233
Tm (°C) 410 422 437 455 410 423 435 449
Dy, (%/min) —13.5 -259 -53.0 —-114.2 -13.1 —25.7 —-514 —-115.0
ATy (°C) 91 106 114 135 108 119 115 107
Spirulina Yehar (%) 27.0 27.0 29.2 29.6 27.0 25.5 28.7 30.1
T; (°C) 225 235 243 255 227 236 243 254
Tm (°C) 300 310 322 338 296 306 322 337
D (%/min) -29 -5.8 -11.5 —-27.6 -2.8 -5.8 -10.9 —24.8
ATy (°C) 125 146 169 192 131 143 178 194

*Ychar is the weight percentage of char residue at 800 °C; T; is the initial temperature when volatile matters start to release; Dy, is the maximum weight loss rate; Ty, is the peak

temperature; 4Ty, is the half peak width temperature.

Weight loss curve at 20°C/min in N2and CO2

Weight loss

100 200 300
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w5 Ovalbumin TG CO2
e § Cellulose TG CO2
ST OM droplet TG CO2
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400

500 600 700 800
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Fig. 3. wt loss curves of ovalbumin (1 and 5), cellulose (2 and6), oil droplet (3 and 7) and spirulina (4 and 8) at 20 °C/min in N, and CO,.

for the pyrolysis of model compounds and actual algae.

It is noticed that E, of three model compounds varied along with
the increment of conversion rate. The E, of oil droplet increased
gradually from 123.1 to 175.2 kJ/mol within the conversion range of
5—45%, after which it remained relatively unchanged starting from
around 180 kJ/mol in N,. Similarly, when CO, was used, E, of oil
droplet progressively increased from 156.9 to 197.3 kJ/mol within
the conversion rate of 5—45%, while that value fluctuated at about
200k]J/mol from 50 to 95% conversion. The E, values were
5.3—27.5% larger than those derived in Ny, which suggested that the
lipid content in algae is relatively more stable and difficult to
decompose under CO, atmosphere. The results agreed with the
initial test at the beginning of pyrolysis where oil droplet showed
the highest activation energy amongst the three model com-
pounds, which was corresponding to the order of T values in TG
analysis.

A contrary trend was found in the pyrolysis of cellulose under N;
atmosphere, where the activation energy reduced gradually from
202.5 to 171.4 kJ/mol for the conversion of 5—90%. As for the py-
rolysis of cellulose in CO-, the activation energy also decreased from
187.6 to 171.5 kJ/mol for the same conversion range. According to
Fig. 4, a slightly lower activation energy was recorded for the
decomposition of cellulose under CO,, in comparison with the
energy calculated using N as the carrier gas. This is in opposition to
what was found in the pyrolysis of lipid.

As for the ovalbumin, the activation energy increased from 188.4
to 209.9 kJ/mol when the conversion () increased from 5 to 20%. It
increased slightly to 230 k]/mol when the conversion increased to
55% and peaked at 331.6 k]/mol when conversion was 75%. E, values
could be ignored beyond the conversion rate of 80%, which is due to
the crossover of TG weight loss curve resulted from the heteroge-
neous nature of the composition of solid samples [41]. However,
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Fig. 4. The activation energy of ovalbumin, cellulose, oil droplet and spirulina against the conversion rate under N; (A) and CO; (B).

the activation energy distribution indicated a different pattern in
CO,. The energy required increased significantly from 148.9 to
572 kJ/mol for the conversion range of 5%—50%. After that, the
activation energy declined to lower than zero. The exhaustion of
ovalbumin occurred after the conversion rate of 55%. This indicates
that the pyrolysis of ovalbumin under CO, is more feasible at
conversion rate lower than 30%, and the whole process is more
efficient compared with N, as the carrier gas.

For the pyrolysis of spirulina under Ny, the activation energy
increased from 160 to 180kJ/mol (5% <a < 15%) and increased
steadily to 190 kJ/mol (20% < a. < 50%), after which the value surged
to 335 kJ/mol (55% < o. < 80%). Similar to the pyrolysis of ovalbumin,
the activation energy decreased dramatically to nearly zero. Since a
large proportion of spirulina consists of protein with a content of
57.8 wt %, the activation energy for the pyrolysis of this algae fol-
lowed a similar trend, as shown in ovalbumin under CO,. This is
concluded from the increase in E, during the initial stage from 178
to 317 kJ/mol (5% < a. < 55%). It is also obvious that the pyrolysis in
CO, required higher activation energy compared to N5 as the carrier
gas, but the pyrolysis in CO, proceeded quicker and ended earlier.

Overall, by comparing activation energy derived from the py-
rolysis of three model compounds under N, and CO,, the oval-
bumin required a lower amount of energy to decompose, and the
process proceeded quicker under CO, atmosphere. It was found in
this study that CO; could assist in the pyrolysis of algal protein.
Proteins are long chains of polymerized amino acids, also involved
in cell structure. There are various species of protein contained in
algae since one single cell produces thousands of different proteins
with different amino acid composition. The nitrogen-released
compounds are mainly in the form of organic nitrites, nitriles,
amines, amides, indoles, pyrroles and their derivatives [42].

However, under CO, atmosphere, the activation energy

remained relatively unchanged for the pyrolysis of cellulose, while
higher activation energy of oil droplet highlighted the difficulty for
algal lipid to decompose.

3.2.2. Determination of reaction model via Coats- Redfern method

According to TG/DTG analysis, heating rate affected the pyrolysis
process significantly. Due to the severe thermal lag, the kinetic
factors calculated based on high heating rates were usually
underestimated values as compared to the actual values [43,44].
The total time for pyrolysis would be reduced by the rising heating
rate, so is the period of heat transfer from pan to the sample; thus,
the temperature of decomposition will be drifted to higher tem-
peratures. Hence, to minimize the influence of thermal hysteresis,
the result collected under low pyrolysis heating rate of 5°C/min
was used to determine the reaction model. A similar approach was
carried out in other open literature [8,10]. Commonly-used mech-
anism models were substituted into Coats-Redfern method to plot
ln% against —% for the main pyrolysis stage. As the temperature
increases, the degradation of samples could be divided into two
ranges (Events I and II) under different reaction mechanisms. On
the basis of R? fitting method, the category of mechanism, activa-
tion energy (E,), and pre-exponential (A) corresponding to the best
regression value, among the application of each form, G(«), as
shown in Table 3.

According to Fig. 4, the activation energy of ovalbumin would
increase gradually during the initial decomposition stage and
rocket to high values in the end, which indicated that the two-
reaction mechanism dominated this stage of pyrolysis. The carbo-
naceous matters of ovalbumin were the first to decompose from
180 °C, which fitted well with the Second-order chemical reaction
(F2) model, and required the lowest activation energy of 74.4 kJ/
mol. As the pyrolysis temperature increased, the activation energy
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Table 3
Activation energy, pre-exponential factor and related kinetic models of Events I and II under N, and CO,.
N> COy
Parameters Ovalbumin Cellulose Oil droplet  Spirulina Ovalbumin Cellulose Oil droplet  Spirulina
Event I Range(°C) 180—220 300-325 340—-440 220-270 180—220 300—-325 340-430 220-300
E. (kKJ/mol) 74.4 273.0 227.8 121.7 66.8 266.6 266.5 20.7
Mechanism Second-order First-order 1-D 1-D diffusion (D1) Second-order First-order 2-D 1-D diffusion (D1)
reaction (F2) reaction (F1) diffusion reaction (F2) reaction (F1) diffusion
(D1) (D2)
A(s™Y) 3.3 % 10° 234 14x10'®  46x10* 4.0 x 10° 228 229x10 03
Event II Range(°C) 220—400 325-350 270-380 220—400 325-350 300—-360
E, (kJ/mol) 415 3774 53.0 244 344.2 62.1
Mechanism Second-order Second-order Second-order Second-order Second-order Second-order
reaction (F2) reaction (F2) reaction (F2) reaction (F2) reaction (F2) reaction (F2)
A(s™h) 164.7 32.8 43x10° 0.6 299 45

of ovalbumin in Event Il reduced to 41.5 kJ/mol from 220 °C, which
was much lower than the value derived by KAS method, and the
mechanism of ovalbumin pyrolysis remained as F2 model. Cellulose
was the second model compound to decompose from 300 to
360 °C, which required higher activation energy of the First-order
chemical reaction (F1) model (273.0kJ/mol) in the temperature
range of 300—325 °C, followed by Event II. From 325 to 350 °C, the
E, increased to 377.4 k]J/mol in F2 model. Compared to the results
concluded from the KAS method, the activation energy is very
different. The E, decreased from 202.5 to 171.4 k]/mol during the
whole period of pyrolysis and increased to about 198.4 kJ/mol at
o= 0.95. Similarly, oil droplet did not alter evidently and therefore,
one reaction model was used in the pyrolysis process, which
appeared to be 1-D diffusion (D1) model. It was the last model
substance to decompose at 340 °C until 440 °C with an activation
energy of 227.8 k]/mol, which was higher than the value obtained
via KAS method (approximately 180 kJ/mol). Hence, the protein in
algae was the first primary component to decompose during the
second stage, followed by carbohydrate which has higher activation
energy whilst protein continued to generate volatiles. Lipid in algae
was the last component to pyrolyze, which required higher acti-
vation energy and decomposed with the remaining carbohydrate
and protein, simultaneously. However, the decomposition of spir-
ulina was found to be in D1 model with an activation energy of
122.6 kJ/mol from 220 to 270 °C. After 270 °C, the mechanism was
changed to F2 model and the E, required was reduced to an amount
of 53.0 kJ/mol.

As for the CO, atmosphere, ovalbumin was the first sample to
decompose in F2 mechanism which is the same as the decompo-
sition under N, with only 66.8 kJ/mol activation energy from
180 °C. After 220 °C. The activation energy then followed the same
decreasing trend in F2 model to 24.4 k]J/mol as N, atmosphere.
Meanwhile, compared with N, atmosphere, cellulose started to
decompose in F1 model from 300 to 325 °C with similar activation
energy (266.6 kJ/mol) and pre-exponential factor (22.8). The E,
further increased to 344.2 kJ/mol in the temperature range of
325—350°C in F2 model, which is comparable to the parameters
derived under N,. On the other hand, the oil droplet decomposed
with a higher activation energy of 266.5 kJ/mol, compared to the
value under the N, atmosphere. Therefore, it is evident that a
similar decomposition sequence of the three model compounds
can be observed under CO,, compared to N, as the carrier gas.
Moreover, the activation energy for the decomposition of the
ovalbumin is smaller, which suggests that ovalbumin is easier to
decompose in the CO; atmosphere. As for the lipid, its decompo-
sition occurred at higher temperature with lower degradation rate
and higher activation energy, which suggests that it is difficult to
decompose in CO, atmosphere. This leads to the same conclusion as
using KAS method. Spirulina required less energy to proceed the

decomposition under CO;, which decomposed in D1 model with
20.7 kJ/mol for Event I, and switched to F2 mechanism with E; of
36.4 k]/mol, compared to the decomposition under N, atmosphere.

The Coats-Redfern method, which is commonly applied in the
determination of reaction mechanism of biomass pyrolysis [45],
requires the use of only one set of TG data, while iso-conversional
method (KAS) needs at least three sets of data to calculate the
thermal parameters. However, different methods are not exclusive,
but mutually complementary in the analysis of reaction mechanism
[46].

3.3. Characteristics of char

Table 4 summarizes the composition of char remaining after
pyrolysis under N3 and CO; in four different heating rates. As there
was minimal char left in the crucibles after pyrolysis of oil droplet
(<1 wt%), hence, there are no results for char of algal pseudo-lipid.
The compositions of ovalbumin char changed significantly after
pyrolysis under N, when four different heating rates were used.
Carbon and oxygen content of the char fluctuated around 25 and
70 wt %, respectively. But after pyrolysis in CO,, the carbon content
increased with the increasing of heating rate which then became
similar at higher heating rates of 20 and 50 °C/min (14.9—22.2 wt%).
This was also observed for the oxygen content (55.9—67.6 wt%). It is
apparent that using CO; as carrier gas could reduce the carbon and
oxygen content in ovalbumin char residue as well as the overall
char amount. This reconfirms the previous findings where a smaller
activation energy is required for the pyrolysis of ovalbumin in CO;
as reported in Section 3.2.1. Due to the longer processing time
required for lower heating rates (170 min for 5 °C/min, 85 min for
10 °C/min, 42.5 min for 20 °C/min and 17 min for 50 °C/min), the
sample had sufficient time to contact and react with CO; via
C 4+ CO, — 2CO reaction. This reduced the carbon content in char
significantly, while increasing the compositions of other elements.
Elements including Na, Mg, Si, P, K, and Ca, in the char of ovalbumin
pyrolyzed under CO, increased steadily as the heating rate was
reduced. At the heating rate of 5°C/min, these elements were
significantly larger than the amount derived under N, especially
for P, K, Ca, and Mg at 8.0, 10.3, 1.6 and 2.1 wt %, respectively.

As for the cellulose, the elements in char remained relatively the
same for both N, and CO, atmospheres even in various heating
rates (carbon, 27.3 wt%; oxygen, 72.7 wt%). This also corresponded
to the relatively unchanged activation energy calculated in Section
3.2.1. This also indicated that CO, minimally participated in the
pyrolysis of carbohydrate contained in algae.

Similar to the composition of ovalbumin char, C and O content of
spirulina char under four heating rates varied around 25 and 70 wt
% in N;. However, char derived in CO, contained an increased
amount of carbon and oxygen as the heating rates became larger
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Table 4
Elemental compositions of solid residues of ovalbumin, cellulose and spirulina derived by EDS.

Ovalbumin
Heating rate (°C/min) N, CO, Char (COy)

5 10 20 50 5 10 20 50 5 10 20 50
C 254 25.6 25.6 255 149 20.0 222 222 15.1 28.6 29.6 29.0
N — — 0.4 0.3 — 0.9 0.9 1.7 - — — —
Na - — - — 0.3 - — - 9.5 7.2 5.7 53
Mg 0.4 0.4 0.4 03 2.1 0.9 0.5 0.4 6.3 6.8 4.4 4.5
Si - - — - 0.1 - — - — 0.1 0.1 -
P 14 1.2 1.2 1.0 8.0 2.8 2.2 1.5 13.2 119 9.6 11.6
S - - — 0.1 — - — - - — - -
Cl - - — - - 0.1 — - — — - -
K 2.2 21 1.8 14 103 45 3.6 1.8 0.3 0.4 04 0.6
Ca 0.4 0.2 0.2 0.2 1.6 0.4 0.7 0.2 11.6 11.9 129 16.5
Fe - - — 0.1 - - — - 0.2 0.6 0.2 0.3
(6] 703 70.5 70.6 70.8 559 62.9 66.4 67.6 43.0 31.8 36.6 31.6
Cellulose
Heating rate (°C/min) N, CO, Char (COy)

5 10 20 50 5 10 20 50 5 10 20 50
C 273 273 273 273 273 273 273 273 929 90.5 943 94.0
(0] 72.7 72.7 72.7 72.7 72.7 72.7 72.7 72.7 7.1 9.5 5.7 6.0
Spirulina
Heating rate (°C/min) N, CO, Char (COy)

5 10 20 50 5 10 20 50 5 10 20 50
C 254 231 241 25.0 3.7 15.2 23.8 24.5 2.0 7.7 9.2 9.1
N — — 0.7 0.8 — - — — — — — —
Na 0.4 0.5 0.6 0.4 2.5 1.7 0.8 0.7 4.7 2.6 43 29
Mg 0.5 0.8 0.6 0.4 4.5 23 0.8 0.7 5.9 6.8 4.8 49
Al 0.1 0.3 03 0.2 3.0 0.9 0.6 0.1 22 1.8 29 3.1
Si 0.4 0.4 0.2 0.2 2.8 1.0 0.9 0.3 5.2 2.5 5.4 4.1
P 14 2.5 1.2 0.9 149 5.9 1.8 13 13.1 12.1 11.2 11.6
S 0.1 0.1 - - - 0.1 0.1 - - 0.1 - -
Cl — — — — — 0.1 — — 0.1 — — —
K 0.9 15 1.0 0.8 13.7 7.0 1.8 1.6 9.4 9.7 7.7 103
Ca 03 2.1 0.7 0.2 34 2.0 0.8 0.4 5.2 104 4.2 6.7
Fe 0.1 1.0 0.3 04 3.6 1.8 1.1 0.4 42 5.6 3.0 43
(0] 70.8 67.8 70.2 70.9 45.2 56.3 68.0 69.8 47.7 344 473 42.8

from 5 to 50 °C/min (3.7—24.5 wt% and 45.2 to 69.8 wt % respec-
tively). At a heating rate of 5 °C/min, elements of char obtained in
COy, including P, K, Na, Mg, Al, Si, Ca, and Fe were significantly larger
than the amount derived in Ny, especially for P and K with 14.9 and
13.7 wt %, respectively.

The different heating rates have significant influences on the
carbon content in char. Overwhelming CO, reacted significantly
with carbon content in char, which improves the cracking of VOCs
in proteins of algae. The reaction between VOCs and CO, helped to
reduce hydrocarbons, such as tar [47]. The specific reaction be-
tween VOCs and CO; would be further investigated after the TGA
coupled with a GC-MS as TG/GC-MS. The carbon content will in-
crease with the increment of heating rate. In order to investigate
the effects of processing time on the carbon content of solid res-
idue, the pyrolysis of char which was carried out in the tube furnace
(using a simulated TGA process at 5 °C/min) was conducted under
four heating rates in CO, atmosphere. As the heating rate increased
from 5 to 50 °C/min, the carbon content of cellulose char remained
steady at around 93 wt %, which suggested that CO, minimally
affected the pyrolysis of algal carbohydrate. On the other hand, the
carbon content of the newly-prepared char from ovalbumin
increased from 15.1 to 29.0 wt %. This indicated that CO, atmo-
sphere would participate in the reaction with carbon contained in
char as the pyrolysis progressed, mainly due to the gasification of
CO, and carbon content.

4. Conclusions

Pyrolysis characteristics of three algal model compounds

(cellulose, ovalbumin, oil droplet) and algae (spirulina) were
investigated by TGA and analysed using model-free (KAS) and
model fitting (Coats-Redfern) methods. It was found that pyrolysis
was more efficient at lower heating rates. The algal protein was the
first to decompose with the lowest activated energy, followed by
carbohydrate and lipid contained in algae. Moreover, CO, atmo-
sphere favored the pyrolysis of protein due to the improved
cracking of VOCs in ovalbumin as well as the reaction between
VOCs and CO,. However, the decomposition of lipid and carbohy-
drate was less feasible in CO, atmosphere.
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