processes

Article

Gasification Characteristics and Kinetics of Lipid-Extracted
Nannochloropsis gaditana

M. S. N. Atikah 1, W. A. K. G. Wan Azlina !, Y. H. Taufig-Yap 23, Omar Mahmoud #{7, A. S. El-Shafay 560,

R. A. Ilyas 78

check for
updates

Citation: Atikah, M.S.N.; Azlina,
W.AK.G.W.; Taufig-Yap, Y.H.;
Mahmoud, O.; El-Shafay, A.S.; Ilyas,
R.A.; Harun, R. Gasification
Characteristics and Kinetics of
Lipid-Extracted Nannochloropsis
gaditana. Processes 2022, 10, 1525.
https://doi.org/10.3390/pr10081525

Academic Editor: Elio Santacesaria

Received: 11 July 2022
Accepted: 26 July 2022
Published: 3 August 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Razif Harun

1,%

Department of Chemical and Environmental Engineering, Faculty of Engineering,

Universiti Putra Malaysia (UPM), Serdang 43400, Malaysia; sitinuratikah_asper7@yahoo.com (M.S.N.A.);
wanazlina@upm.edu.my (WA K.G.W.A))

Faculty of Science and Natural Resources, Universiti Malaysia Sabah, Kota Kinabalu 88400, Malaysia;
taufigyap@ums.edu.my

Catalysts Science and Technology Research Centre (PutraCAT), Faculty of Science, Universiti Putra Malaysia,
Serdang 43400, Malaysia

Petroleum Engineering Department, Faculty of Engineering and Technology, Future University in Egypt,
New Cairo 11835, Egypt; omar.saad@fue.edu.eg

Department of Mechanical Engineering, College of Engineering, Prince Sattam bin Abdulaziz University,
Alkharj 16273, Saudi Arabia; a.abdou@psau.edu.sa

Mechanical Power Engineering Department, Faculty of Engineering, Mansoura University,

Mansoura 35516, Egypt

School of Chemical and Energy Engineering, Faculty of Engineering, Universiti Teknologi Malaysia,
Johor Bahru 81310, Malaysia; ahmadilyas@utm.my

Centre for Advanced Composite Materials, Universiti Teknologi Malaysia, Johor Bahru 81310, Malaysia

*  Correspondence: mh_razif@upm.edu.my; Tel.: +60-03-97696289

Abstract: A thermal behavior study of lipid-extracted Nannochloropsis gaditana (LEA) was performed
in a thermogravimetric analyzer. The study was performed by heating the sample under different
heating rates (5, 10, and 15 °C/min) from room temperature to 1000 °C using N, gas as the medium.
This is crucial for thermal stability studies in a kinetic control regime. The following three stages
of chemical decompositions were found: (1) moisture removal (2) devolatilization (3) fixed carbon
decomposition; maximum decomposition was observed at the second stage. Activation energies of
the LEA were studied using the Flynn-Wall-Ozawa model and Kissinger-Akahira—Sunose model.
Main sample decomposition was observed from 100-700 °C during volatile matter evaporation. The
thermal behavior study findings were used for the gasification of the sample with air to study the
effect of varying reaction parameters on the compositions of the synthesis gas yield. Maximum
H, yield was found at 700 °C and 0.7 g, which were 51.2 mol% and 50.6 mol%, respectively. From
the study, it was found that LEA is suitable to be used as feedstock in gasification for synthesis
gas production.

Keywords: lipid-extracted algae; thermogravimetric analysis; kinetics model; gasification; syngas

1. Introduction

Algae biofuel is known to be a good substitute for fossil fuels leading to the research
and development of many aspects of the topic to investigate its viability and sustainability.
Exploration of algae as a biofuel source is also associated with the limitation of lignocel-
lulosic biomass as a second-generation biomass, e.g., with a complex structure as well as
intensive and expensive pretreatments [1]. Algal biofuel is manufactured from microalgae
biomass such as green algae species Chorella sp., Dunaliella salina, Scenedesmus sp., [2],
and Chamydomonas reinhardtii, since they are capable of accumulating a high amount of
lipids—up to 60%—within a short period of time due to their rapid reproduction rate [3].
They can be converted into renewable biofuel oil or gas which is more sustainable than fos-
sil fuels [4]. Microalgae are unicellular photosynthetic simple plants that convert sunlight,
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water, and carbon dioxide into chemical energy contained in the microalgal biomass [3,5].
Nannochloropsis sp. produces 20 tons of oil per hectare, which is 3.5 times greater than
palm oil and 20 times that of sunflower and rapeseed [6]. Microalgae can fix CO; 10 to
50 times better than terrestrial plants [7], and they consume nutrients from runoff water
from nearby land areas or by channeling sewage or wastewater treatment plants since they
can be cultivated in fresh-, salt-, brackish-, and wastewater [4]. They can also be cultivated
in open ponds or closed photobioreactors [8].

Algae biofuel is manufactured in the following three stages: (1) cultivation of microal-
gae, (2) biomass harvesting, and (3) manufacturing of the desired products [8,9]. Algal
oil is extracted from the microalgal biomass after harvesting through physical, chemical,
and biochemical approaches prior to transesterification of crude algal oil to crude biofuel.
Microalgae also can be fermented for direct ethanol synthesis or undergo thermochemical
conversion to produce synthesis gas (syngas) that are fuel gases [8,10]. Nannochloropsis
gaditana lipid extracted algae (LEA) used in this study was obtained from the subcritical
water extraction of algal oil under certain experimental conditions.

The thermochemical method of conversion of LEA offers simpler pathways from feed-
stock to product and is more advantageous than biochemical conversion [11]. Raheem et al. [12]
reported that gasification is the most efficient method of conversion of biomass to gaseous
products, since it is suitable for application with a wide range of biomasses, for instance,
algae, palm oil waste, wood, peat, and solid waste. Thermogravimetric analysis (TGA) is
used for biomass lignocellulosic composition determination, such as lignin, cellulose, and
hemicelluloses [13,14], pyrolysis of biomass [15-18], combustion of palm oil biomass [19],
reaction kinetics analysis [20], gasification of biomass [21,22], and torrefaction of wood [23].
They were performed by varying process parameters to mimic the actual process that
aims to predict the behavior of the respective biomasses under certain thermal treatment
processes. TGA is also performed for proximate analysis determination [21,24] since the
thermogravimetric (TG) curve and first-order derivative of the thermogravimetric curve
(DTG) is used to analyze the decomposition rate of the feedstock.

Different temperatures of the TGA process indicate different material losses. For
instance, moisture (M) is released at 120 °C [13], below 150 °C [15,19], in the range of
100-150 °C [16], at 110 °C [17], and below 220 °C [14]. The difference in the temperature
of moisture removal depends on the atmosphere, or the carrier gas used [21]. Volatile
matter (VM) evaporation occurred at a temperature range from moisture removal, at up
to 550 °C [13], up to 580 °C [15], 485-600 °C [25], up to 490 °C and 628 °C under N, and
air atmosphere, respectively [21]. The next peak on the DTG curve above 500 °C denotes
fixed carbon (FC) content, and the final composition of the feedstock indicates ash content
in the feedstock.

In this study, the LEA was from subcritical water extraction (SWE) of algal oil. To
the best of our knowledge, no studies are available in the literature reporting the thermal
behavior of LEA from the subcritical water extraction (SWE) of algal oil. The TGA process
of LEA was conducted using N at different heating rates (5, 10, and 15 °C/min) from room
temperature to 1000 °C, and the thermal behavior of the samples during TGA was studied.

2. Materials and Methods
2.1. Materials

The material used in this study was lipid-extracted algae (LEA) from Nannochloropsis
gaditana obtained from the subcritical water extraction (SWE) of algal oil. The LEA was in a
solid form and crushed in a mortar and pestle and sieved using a sieve mesh to achieve
90 microns size.

2.2. Proximate Analysis

Determination of moisture (M), volatile matter (VM), fixed carbon (FC), and ash was
carried out in a thermogravimetric analyzer (TGAA/SDTA851, Mettler Toledo, OH, USA).
A total of 20 mg of each algae residue sample was put in an alumina crucible and was
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heated in a furnace continuously from room temperature to 1000 °C under different heating
rates (5, 10, and 15 °C/min), using N, as the carrier gas at 50.00 mL/min.

2.3. Ultimate Analysis

The elementary compositions of LEA were performed in a CHNS analyzer (LECO
True Spec CHNS628, USA). This analysis revealed the organic elements in LEA in wt% of
carbon (C), hydrogen (H), and oxygen (O) as well as sulfur (S) and nitrogen (N). Dried
samples of about 3 mg were put in the analyzer and the analysis was run at 1000 °C
in the presence of oxygen, nitrogen, and helium as the carrier gases, and the elemental
compositions were automatically calculated by the analyzer. The ultimate analysis data are
useful in the computation of a higher heating value (HHV) by using Dulong’s formula in
Equation (1):

HHYV =0.3383 x C + 1.443 x (H-O/8) + 0.0942 x S 1)

where C, H, O, and S are mass fractions of carbon, hydrogen, oxygen, and sulfur in wt% of
the samples [26]. This method is applicable for samples that are less than 1 g and are not
enough for the bomb calorimetry test for calorific value.

2.4. Thermogravimetric Analysis (TGA)

A thermogravimetric analyzer (TGAA/SDTAS851, Mettler Toledo, OH, USA) was used
for thermal degradation. The gasification experiments were carried out by varying the
heating rate from 5-25 °C/min with 5 °C/min increment using N, as a carrier gas under
dynamic conditions with a flow rate of 50.00 mL/min. The gasification temperatures were
raised from room temperature to 1000 °C. The duration of each experiment depends on
the heating rate of TGA. The mass and heat transfer problem was overcome by fixing the
mass of samples to 20 mg. After weighing the sample, it was directly placed into a 150 uL
ceramic crucible and the temperature was kept isothermal for about one minute until a
steady condition was obtained before increasing to 1000 °C. LEA weight loss and rate
of weight loss were measured and recorded continuously as a function of temperature
and time. Thermogravimetric (TG) and derivative thermogravimetric (DTG) curves of
each sample were obtained as an output. These curves were used to analyze the thermal
characteristics of LEA.

2.5. Gasification Experiments

LEA was gasified in a vertical fixed bed Temperature Programmed Gasifier (TPG)
(model: VSTF50/150-1100, 1.2 kW /6 A) equipped with a type K thermocouple and con-
nected to a digital gas flowmeter (model: FMA5506A; Omega Engineering, Inc., Selangor,
Malaysia). There were two parameters studied at five levels, namely the reaction temper-
ature (600, 700, 800, 900, and 1000 °C) and biomass loading (03, 0.4, 0.5, 0.6, and 0.7 g).
ER, biomass loading, and airflow are correlated to each other in the ER formula, given in
Equation (2):

__mass of air
ER = mass of biomass (2)

_ mass of air
mass of biomass

) stoichiometric

The gasifying medium used was compressed air, with a volumetric flow rate de-
pending on the parameters being tested. Syngas from the reaction was passed through 8”
molecular sieves moisture trap, cotton wool, and ice bath to remove moisture and particles
from the syngas. The syngas was then collected in a 3 L Tedlar gas storage bag and the inlet
was sealed with plastic paraffin film (Parafilm) to minimize gas loss before further analysis
of the syngas.

2.6. Syngas Analysis

The produced syngas was analyzed in a Gas Chromatograph with a Flame Ionization
Detector (GC-FID). A Gas Chromatography with Flame Ionization Detector (GC-FID) (Agi-
lent Technologies, 6890 N) was used in the syngas analysis to study the mole compositions
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of desired gases, namely hydrogen (H;), carbon monoxide (CO), carbon dioxide (CO;), and
methane (CHy) in the syngas. Analysis of the syngas was carried out according to ASTM
Method D3612-96. The sample gas was injected into a 30 m x 0.53 mm Carboxen-1010
PLOT column. The oven was set at 350 °C and argon gas was used as carrier gas under a
3.0 mL/min flow. The presence and composition of Hy, CO, CO,, and CH4 were analyzed
from the chromatogram generated from GC-FID in parts per million (ppm) unit.

2.7. Kinetic Study of Gasification

TGA provides the measurement of weight loss as a function of temperature and time
that is useful as a tool for comparing kinetic data of various reaction parameters [16]. Two
iso-conversional models were used to calculate the activation energy of the gasification
processes, namely the Kissinger-Akahira-Sunose (KAS) model and the Flynn-Wall-Ozawa
(FWO) model. These kinetic models require TGA from any type of biomass, where TGA
provides the data for weight loss as a function of temperature [16]. There were five different
heating rates used (5, 10, and 15 °C/min).

The isoconversional method is based on the assumption that the conversion, « is
expressed as a product of two functions that are independent of each other; k(T), which
is solely dependent on the temperature, and f(x) which is dependent on the conversion
of the decomposition process. In the non-isothermal decomposition of solid biomass, the
sample mass was recorded as a function of temperature, where the general rate of thermal
decomposition is expressed as:

da (Wo — W)

— =k(Df(x); 0 = —=

T = kD) = e ©
where w, is the initial weight of the sample, w is the weight of the sample at the corre-
sponding time (min) or temperature (K), and the wy is the final weight of the sample after
the reaction [27,28]. The rate of the reaction can be defined by the Arrhenius equation,

k= Ael#r) 4)

where A (min~!) is the pre-exponential factor of the Arrhenius equation, E (J mol 1) is the
activation energy, and R (8.314 ] mol~! K~1) is the universal gas constant. Algae biomass is
a multi-component mixture, hence, the complexity of the reaction increases with conversion
(o) [28]. This resulted in an extremely low possibility that different components have the
same activation energy (Ea). Consequently, Ea and A are the functions of «. At a constant
heating rate of the sample (3 = dT/dt), the substitution of Equation (4) into Equation (3)
resulted in Equation (5).

do E
Gt —Aexp<—RT>f(oc) ®)
The natural log of Equation (5) is expressed as Equation (6):
doc\ ~ Ea(o)
ln<dt> = In[A(o)f(x)] RT (6)

This equation is the basis for the Friedman method. Temperature is a function of time
and increases with a constant heating rate, 8, as shown in Equation (8):

dT dt do
p= Gt da X at @)
Rearranging Equation (7) gives:
da do do  1de
ar Bﬁ’ aTr Ea (8)
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Substituting Equation (8) into Equation (5) gives:

da 1 E

ST Ae(RY)

aT B Ae'"RUVf( ) )
Equation (10) is the integrated form of Equation (9). Different kinetics methods were

developed from this equation,

* de TA _k
_ — (—rr)
g(a) = / o)~ o Be dT (10)

where g(a) = integrated form of conversion dependence f(x), x = E/RT, A = constant,
R = universal gas constant, 8.314 k] mol K1, « = conversion value, and T = temperature
in unit K. Different kinetic methods are applied in the study of thermal degradation of
biomass from this equation [29,30].

The activation energy and pre-exponential factor were determined using two kinet-
ics methods The first is (1) the Kissinger—Akahira-Sunose (KAS) method, adapted from

Kissinger, 1957,
BY AE \ [(E
() =10 (rgter) (v (v

and the second is the (2) Flynn-Wall-Ozawa (FWO) method, adapted from Flynn and
Wall., 1966,

AE
Rg(x)

The activation energy for the specified value of conversion, «, of the thermal decompo-

E
I§ =1 —5.331 — 1.052 — 12
np n[ } 5.33 05 RT (12)

sition reaction is obtained from the slope of the curves, In (%) versus % (—1.052E/R) and

Inp versus 1/T (—E/R) for the KAS and FWO models, respectively [21,30,31]. Repeating
the activation energy determination for the whole range of « from 0 to 1 will result in
activation energy of progressing values of « for both models.

3. Results
3.1. Proximate Analysis

Proximate analysis data such as moisture, volatile matter, fixed carbon, and ash at
different heating rates are as tabulated in Table 1. Figure 1 shows proximate analysis based
on LEA on thermogravimetric (TG) and derivative thermogravimetric (DTG) curves at
15 °C/min heating rate. Table 2 shows the ultimate analysis data for LEA.

Table 1. Proximate analysis data for LEA from this study and other algal species from literature.

This Study Literature
LEA Chorella sp. LEA [31] T. suecica LEA [31]
HR 5 10 15 10 10
M 42405 52+05 41+06 6.0 6.0
VM  657+£09 634+14 681+22 56.0 54.0
FC 77 +14 59+1.0 12+ 0.7 18.0 20.0
A 231+03 204402 93+03 20.0 20.0

HR = heating rate (°C/min), M = moisture, VM = volatile matter, FC = fixed carbon, A = ash.
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Figure 1. Proximate analysis based on LEA on TG and DTG curves at 15 °C/min heating rate.

Table 2. Ultimate analysis data for LEA.

This Study Literature
wt% LEA LEA [32]  Chorella sp. LEA [31]  T. suecica LEA [31] = Nannochloropsis sp. LEA [33]
C 48.04 £0.1 4791 39.34 24.09 50.6
H 727 £0.2 6.83 6.60 3.64 6.8
N 6.57 £0.1 7.56 7.91 412 5.6
S 0.64 0.2 0.63 0.65 0.61 0.9
o 3748 £0.3 37.07 45.50 67.54 27.8

HHV 2 MJ kg™ 1)

20.60

* by difference, HHV 2 = high heating value.

Mass loss (%)

The TGA was performed at 5, 10, and 15 °C/min heating rate under 50 mL/min
nitrogen gas flow from 30 °C to 1000 °C. The TG and DTG curves for LEA are as shown
in Figure 2. The mass loss percentage is represented by the TG curve, where the steeper
region indicated greater mass loss. The DTG curve illustrated the rate of decomposition
of the samples in %/min unit, where each peak in the DTG curve represents the decom-
position of the samples that occurred in the following three stages: (1) moisture removal
(2) devolatilization of volatiles (3) fixed carbon decomposition, that left the samples with
only ash at the end of the analysis.

100}
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+0.0008

+0.0010

200 400 600 800 1000
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+0.0004 !

DTG (%/min)

Figure 2. TG and DTG curves at 5, 10, and 15 °C/min.
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Generally, algae are composed of lipids, carbohydrates, and proteins while lignocel-
lulosic biomass contains, cellulose, hemicellulose, and lignin. Hence, some of the peaks
found in DTG curves represent the decomposition of these components. The first peak
at all heating rates indicated moisture removal, in which mass loss was associated with
moisture in the samples that were eliminated. This stage occurred at 30-100 °C, where the
highest peak was observed at 88.17 °C. This is in agreement with Nannochloropsis sp. LEA
TGA in a study conducted by Marcilla et al. [34] showed that less than 10% of the overall
mass decrement was obtained, which specified that less than 10% moisture was present in
the samples before the analysis. The dehydrated samples then proceeded to decompose at
higher temperatures, eliminating other chemical compounds in them.

The reaction was then processed at a high rate, as observed at the second peak, where
devolatilization of volatiles in the samples occurred at 100-700 °C. This stage can be further
divided into two regions, where the first region is in the temperature range of 100—400 °C
and the second region is in the range of 400-700 °C. This is due to the presence of more
than one peak along the stage that was caused by the decomposition of different chemical
compounds. Sanchez-Silva et al. [35] reported that the decomposition of carbohydrates and
protein takes place at 180—450 °C. This temperature range is similar to the decomposition
of cellulose, hemicellulose, and lignin in woody biomass, at 200-430 °C, 250-350 °C, and
250-550 °C, respectively. In this study, Tmax for gasification in the first region of the second
stage was obtained at 338.15 °C, which is an indication that lower heat energy is required
for the decomposition of algal biomass compared to woody and lignocellulosic biomasses.
A few peaks were observed at the second region of volatile matter release at 400-700 °C.
This region is associated with the decomposition of remaining proteins and other inorganic
compounds that proceeded at a slower rate [36]. At this stage, pyrolysis products such as
combustible gases, tar, and char are produced [21].

Lower weight loss was found at the third peak, at 700-900 °C due to the fixed carbon
being surrounded by ash after the devolatilization of volatile matter. Beyond 600 °C, the
fixed carbon combustion was close to the terminal, and a DTG peak formed when the
combustion reached the terminal [37]. This peak was observed at 750.8 °C. A summary of
all the stages during gasification is illustrated in Table 3.

Table 3. Kinetics data for sample decomposition at different stages.

Stage
I II
HR - - 111 Final Ash at
Region 1 Region 2 1000 °C (%)
ML AR Tmax ML AR Tax ML AR Tmax ML AR Tmax
(%) (%/min) (°C) (%) (%/min) (°C) (%) (%/min) (°C) (%) (%/min) (°C)
5 418 0.23 99.6  43.07 0.77 343.0 2332 0.39 401.0 6.35 0.16 702.3 23.08
10 5.28 0.59 777  46.60 1.67 343.5 17.76 0.59 405.0 10.01 0.50 715.5 20.35
15 412 0.69 96.8  50.75 2.73 343.3 21.32 1.07 401.5 14.47 1.09 743.0 9.34

HR = heating rate (°C/min), ML = mass loss, AR = average reaction rate, Tnax = temperature of maximum
degradation determined from DTG peaks.

3.2. Effect of Heating Rate on Samples Decomposition

The TGA analysis was performed at different heating rates of 5, 10, and 15 °C/min.
Table 3 showed that the heating rate influenced mass loss, the maximum temperature of
degradation, and final ash content at the end of the analysis. The increase in the heating rate
decreased the formation of residue or ash at the end of the analysis at 1000 °C. This trend is
in good agreement with findings from another study conducted by Asyraf et al. [31] for
the pyrolysis of Chorella sp. and Tetraselmis suecica LEA. The study proved that a higher
heating rate is associated with a higher rate of devolatilization of volatiles from the biomass
which also explains the lower ash content at higher heating rates. In addition, thermal
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equilibrium within the biomass particles took a longer time to be achieved resulting in the
maximum temperature of degradation shifting towards higher temperatures.

3.3. Kinetic Study of Gasification

Gasification of LEA was carried out at 30-1000 °C under an N, atmosphere at three
different heating rates (5, 10, 15 °C/min). The increment in heating rates increased the
decomposition percentage, as illustrated in Table 3 which resulted in a lower ash content at
the end of the analysis. This is due to the higher rate of volatiles released at higher heating
rates, as seen for mass loss for the volatile matter at stage II for all heating rates and samples
with increasing trend.

Increasing heating rates also resulted in Tax of all stages shifting towards higher
temperatures, as observed in a study by Asyraf et al. [31] for the decomposition of Chorella
sp. and Tetraselmis suecica LEA. The result is also consistent with work of Shuping et al. [29]
for pyrolysis of Dunaliella tertiolecta biomass at heating rates of 5, 10, 20, and 40 °C/min.
Kongkaew et al. [38] also reported the same findings for the pyrolysis of rice straw. This
was due to the nature of the biomasses themselves, which are poor heat conductors, thus
producing a temperature gradient throughout their particles. This also could be explained
by the limitation of heat transfer. At lower heating rates, a longer time is required to
produce equilibrium in temperature at the outer face and inner core of the particles. At
the same time and in temperature regions at higher heating rates, the reaction rate was
shortened, thus the biomass particles’ cores possessed lower temperatures than at their
outer surface. A higher temperature is required for the biomass core and outer surface to
reach equilibrium and the devolatilization rates of the biomass to differ at different heating
rates [31,38].

3.4. Activation Energy (E)

The analysis of activation energy (E) was performed using KAS and FWO models.
For the FWO model, the plot of In 3 against 1/T produced straight lines at the different
conversions of the biomass samples. For the KAS model, the plot of In (3/ T?) against 1/T
also generated straight lines at different conversion « values, as illustrated in Figure 3a,b.
E values were obtained from the slopes of these plots with high R? values > 0.75, thus
proving that the data are valid in the values of E determination. The activation energy
values were determined from the slope of the straight line plots, where o values were the
decomposition of the samples that ranged from 0 to 1.

-1
0.0011 0.0013 0.0015 0.0017 0.0019 -1
-1.2 N (2],001] 0.0013 0.0015 0.0017 0.0019

-1.4 & — (.3 14 % 8 i .3
46 % (.4 16 | ——— (.4
i <1

18 et 0.5 18 % =03

c &= |

=i e (.6 £ 2 % g (.6
22 \ =07 55 ——0.7

! e (0.8 —f—(.8
2.4 3 -2.4 k
26 2.6
1T 1/T
(a) (b)

Figure 3. Plots for activation energy for determination for LEA (a) FWO model (b) KAS model.

The best prediction of activation energy was at 0.3 < a< 0.8. «; values below 0.3
predicted the activation energy for moisture removal instead of thermal decomposition of
the algae residues and « values beyond 0.8 were associated with ash formation [39]. In ad-
dition, the range of « values selected is wide enough for volatile matter devolatilization and
fixed carbon decomposition for LEA, indicated by the temperature range at 0.3 < o« < 0.8.

Table 3 shows the results of proximate analysis from LEA which consist of the per-
centage of mass loss (ML) and average decomposition rate (AR). Stage II was where the
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devolatilization process occurred, where most of the volatiles in the biomass were released.
The pattern of mass loss was increased at region 1 which occurred in the temperature range
of 121-400 °C. This was ascribed to the decomposition of the soluble proteins and polysac-
charides present in LEA [31]. The second region of stage II occurred from 401-700 °C,
whereby the degradation of insoluble polysaccharides and crude lipids took place. The
trend of the mass loss is inconsistent with the variation in heating rate. For all stages of
thermal decomposition, the trend of average decomposition rate, and AR were found to
increase with the heating rate which resulted in a decreasing percentage of ash left at the
end of the process.

Table 4 summarizes the activation energy obtained from both models at different
conversion values. It was found that all plots have high correlation coefficients (R?) values,
as shown in the table. For both the KAS and FWO models, the activation energy values
varied with « and heating rate, in which the decomposition of different compounds took
place at different « values for different heating rates. As the heating rates increased, the
temperatures at all respective « values decreased, as observed in Table 4. This phenomenon
is associated with a higher percentage of mass loss, ML, as the heating rates increased, as
observed in Table 3 [31]. The highest activation energy values were obtained at o = 0.3
which fell in the first region of stage Il decomposition. This is supported by the AR from
Table 3 that were found to be the highest in this region of 2.73%/min.

Table 4. Activation energy obtained from KAS and FWO models for both samples’ gasification.

Decomposition («)  Temperature (°C) KAS FWo
E (k] mol—1) R? E (k] mol—1) R?
0.3 323, 310, 303 215.59 0.9696 214.15 0.9721
0.4 347,332,323 167.09 0.9600 168.41 0.9644
0.5 386, 351, 341 125.75 0.9777 129.42 0.9999
0.6 452, 379, 363 91.52 0.9999 97.58 0.9825
0.7 559, 427, 395 92.78 0.9851 99.08 0.9883
0.8 689, 515, 436 57.99 0.9667 67.58 0.9784

Temperature = temperature at different heating rates (5, 10 and 15 °C/min) with respect to « values, SR = seaweeds
residue.

3.5. Gasification of LEA

Gasification is a high-temperature conversion of feedstock in which the solid is con-
verted into gaseous mixtures such as Hy, CO, CO,, CHy, light hydrocarbons, tar, char, ash,
and minor contaminates at atmospheric pressure in an environment of insufficient oxi-
dizer [40,41]. In this study, the gasification experiments were carried out in a temperature
programmed gasifier (TPG) and the collected gas was tested in a GC-FID. The results of the
gasification experiments are as stated in Table 5.

3.5.1. Effect of Temperature

The gasification temperatures used in this study were in a range of (600-1000 °C) with
a 100 °C increment. The biomass loading and ER were kept constant at 0.4 g and 0.25,
respectively. LEA gasification is an endothermic process that requires a supply of heat
to shift the gasification reactions to the right. All endothermic processes that occurred
during gasification were favored as the temperature increased. It was found that the H,
increased as the temperature increased as shown in Table 5. The highest H, composition was
51.2 mol% at 700 °C; meanwhile, CO yield was highest at 1000 °C, which was 54.4 mol% for
LEA from the experiment. Slightly different values of 51.85 mol% Hj and 48.01 mol% CO
were obtained with the simulated results. However, H; yields were decreased to 48.5 mol%
and 50.38 mol% at 800 °C for the experimental and predicted H; yields, respectively.



Processes 2022, 10, 1525

10 0f 13

Table 5. Effect of temperature and loading in gasification for LEA and seaweeds. Results presented
are average values from 2 replicates.

Experimental Parameters Syngas Composition (mol%)
Temp (°C)  Loading (g) ER H, co CO, CH,4

600 0.4 0.25 47.8 £0.2 20.1 £ 09 259 +£0.1 70£08

700 0.4 0.25 512 +0.8 33.3+07 11.2 £ 0.6 53+05

Effect of temperature 800 0.4 0.25 485+ 0.5 46.2 £0.8 39+02 34106
900 0.4 0.25 45.6 £ 0.4 49.6 £ 04 2.6 +0.3 21+£07

1000 0.4 0.25 40.7 £0.3 544+ 0.6 23+07 19+04

700 0.3 0.25 283+ 0.7 16.4 £ 0.6 226 £04 31.3+07

700 0.4 0.25 33.1+£09 14.3 £ 0.7 203+ 0.7 30.2+ 0.8

Effect of loading 700 0.5 0.25 45.6 £ 0.4 50+08 183 £0.7 335405
700 0.6 0.25 470+£1.2 46+04 16.6 £ 0.6 339+0.1

700 0.7 0.25 50.6 £ 0.4 29+03 109 £ 0.5 37.6 £ 0.7

This can be explained by the minimal impact of the water—gas—shift reaction
(CO + HyO < Hj + CO») that resulted in the consumption of both H, and CO, and boosted
the production of CO [42]. In addition, the major gases obtained were H, and CO, which
indicated that the major reactions involved in the gasification were oxidation, water—gas,
and water-gas—shift reactions [35]. A Bouduard reaction, which is an endothermic reaction,
also contributed to the increase in CO compositions due to the CO; reaction with char to
produce CO [43]. This resulted in an increment of CO with temperature.

3.5.2. Effect of Loading

The effect of loading was investigated by manipulating biomass loading (0.3, 0.4, 0.5,
0.6, and 0.7 g) while temperature and ER were kept constant at 700 °C and 0.25, respectively.
Table 5 shows that the H; yield increased from 28.3 mol% to 50.6 mol% as the loading
increased from 0.3 g to 0.7 g due to the occurrence of water—gas shift reaction, methanation
reaction, and dry reforming reaction [21,43]. Raheem et al. [12] reported that the increasing
ratio of biomass improved the yield of H; and CHy in the syngas, as well as the total carbon
conversion and gasification efficiency. CO yield decreased as the loading increased, which
was from 16.4 mol% to 2.9 mol%. This is due to the enhancement of the water—gas shift
reaction at higher loading that promoted H; and suppressed CO production.

4. Conclusions

Thermogravimetric analysis of Nannochloropsis gaditana LEA was carried out in a
thermogravimetric analyzer (TGA) at 30-1000 °C under N, flow as the carrier gas. As
observed from the analysis, the following three stages of decomposition occurred: moisture
release as observed at the first peak of DTG curves, pyrolysis of organic materials at the
second peak, solid residue decomposition, or fixed carbon release at the third peak. From
these stages, maximum degradations were observed at the second stage at all heating
rates. An increase in the heating rate increased the devolatilization of volatiles rate, which
resulted in a lower ash content as well as maximum degradation temperature that was
also ascribed by thermal equilibrium within the samples’ particles. The highest activation
energy was found at « = 0.3, which fell under the devolatilization stage, proven by the
highest AR value found at this stage. Gasification of LEA also was carried out at two
different parameter variables, where the highest H; yield was attained at 800 °C and 0.7 g.
Since gasification of LEA showed a considerably high H; yield and requires low activation
energy, LEA was found to be suitable to be used in gasification for syngas production.
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In the future, a kinetics analysis of other species of LEA could be performed to study
the suitability of samples for gasification. This could, in turn, maximize the utilization of
microalgae for producing value-added products.
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Abbreviations

LEA Lipid-extracted algae

TGA Thermogravimetric analysis/ Thermogravimetric analyzer
H; Hydrogen

co Carbon monoxide

CHy Methane

CO, Carbon dioxide

ER Equivalence ratio

GC-FID Gas Chromatography with Flame Ionization Detector
SWE Subcritical water extraction

KAS Kissinger-Akahira-Sunose

FWO Flynn-Wall-Ozawa
HHV High heating value

TPG Temperature Programmed Gasifier
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