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Abstract

Chemical looping gasification (CLG) based on interconnected fluidized beds is a viable
technology to produce a syngas stream for chemical and fuel production. In this work,
microalgae are studied for use in the CLG process; more specifically, the intrinsic kinetics of
char gasification have been analyzed, as it is important for the fuel conversion and design
of reactor systems. Char produced from fast pyrolysis was used in a thermogravimetric
analyzer (TGA) for intrinsic kinetics analysis, and measures were made to eliminate the
interparticle and external particle gas diffusion. The effect of typical operational variables,
such as temperature, concentration of gasification agents (H,O and CO;), and concentration
of gasification products (Hp and CO), were investigated. The TGA data is used to derive
a suitable gasification model that can best fit the experimental data. The fitting with
experiments then generates values of the model’s kinetics parameters. Based on the model
and the kinetics values, the activation energies in the gasification with steam and CO,
were calculated to be 43.3 and 91.6 kJ /mol, respectively. The model has a good capability
in the prediction of the gasification profile with H,O and CO; under a complex reacting
atmosphere.
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1. Introduction

Chemical looping gasification (CLG) is a novel technology for high-quality syngas
production, where the gasifying air/O, and biomass are not mixed [1]. Therefore, CLG
generates an undiluted syngas stream, and thus the conventional intense gas separation
(like through cryogenic) is avoided naturally in the CLG process [2,3]. The syngas can then
be used as an important building block for many synthesis processes [4], e.g., liquid fuel
production through the Fischer-Tropsch process [5]. Green H; can also be generated from
the CLG when the CO; is separated [6].

Figure 1 depicts the principle of the CLG technology. CLG has an air reactor, a fuel
reactor, and an oxygen carrier that are used for transferring oxygen and heat from the
air reactor to the fuel reactor [7,8]. The oxygen carrier consists of oxides of transition
metals (MO) and practically exists in the form of natural ores, industrial by-products, and
synthesized materials [9]. Upon the feeding of fuel to the fuel reactor, volatiles and char
are generated through the decomposition reaction (1). The char is then gasified through
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reaction (2), and the gasification products (H; and CO) together with the volatiles reduce
the oxygen carrier to a reduced state (M) through reaction (3). The oxygen carrier is then
re-oxidized to MO by air in the air reactor through reaction (4). This oxidation reaction
is exothermic, and the heat can be taken up by the oxygen carrier. So, when the oxygen
carrier is circulated back to the fuel reactor, the sensible heat is also carried over and can
balance the heat demand by the endothermic gasification [7]. Therefore, the oxygen carrier
is also a heat carrier, and when the heat transferred is the same as the heat needed in
the gasification, the system is autothermal. In autothermal conditions, some CO, will be
generated, but the CO, is highly concentrated and thus amiable for carbon capture and
subsequent storage (CCS). This is because the two CLG reactors have no gas exchange,
and the syngas from the fuel reactor is not diluted by air-N; or oxygen that is commonly
used in conventional gasification [10]. Therefore, the syngas and CO; separation from Nj
and O, in CLG is inherent and thus the associated energy penalty is low. CLG emerges
as a novel technology for the production of syngas, which is an important precursor for
the production of hydrogen, liquid fuels, and other energy vectors. When integrated
with biomass carbon capture, the CLG becomes a bio-energy CCS (BECCS) technology.
This means the process removes CO; from the atmosphere; thus, the overall net carbon
emissions from the process are negative [11]. Microalgae are biomass and are promising
for use in the CLG process. In addition to attaining negative carbon emissions, the use of
microalgae in CLG can be implemented to produce third generation biofuels, which are
more sustainable than the former two generations and are expected to take important roles
in the world’s decarbonization goals [12].

Fuel — Volatiles + Char (1)

Char + H,O/CO, — Syngas(H, + CO) (2)
MO + Syngas + Volatiles =+ M + H,O + CO, 3
M + air — MO + depleted air 4)

Ny (+O2)
f—
f—

Syngas

Air Fuel
Reactor Reactor

T

Figure 1. Principle of the CLG technology.

Fuel

Microalgae are abundant raw materials for biofuel production, and they are highly
efficient at photosynthesis, allowing them to grow quickly [13]. Unlike traditional feed-
stocks (food for first-generation and wood for second-generation biofuels), microalgae
do not need farmland or forestland, and this avoids competitions with food and forestry
industries [14]. Although microalgae are a main precursor for third-generation biofuel
production, their high content of ash is considered as a “dirty” component which could
provoke major challenges for use in many thermochemical processes [15]. The “dirty”
ash can cause severe fouling and corrosion to the heat-exchange surfaces in conventional
gasifiers, possibly leading to operational failures and other issues. But CLG can address
this problem well and is particularly interesting for the gasification of microalgae. This is
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because the fuel conversion occurs in the fuel reactor and the heat-exchanger surfaces are
placed in the air reactor. Therefore, the surfaces are free from aggressive ash species; hence,
high-temperature corrosion could be avoided [16,17]. Moreover, CLG has many other
advantages that are promising for solving some common issues in gasification processes,
for example, suppressing tar formation, lowering energy penalty, and producing pure
nitrogen gas stream [17,18].

Several works studied the microalgae-CLG process, but mostly with fixed-bed reac-
tors and microreactors [19-21]. These studies have shown impressive results which are
important for initiating microalgae—CLG studies with fluidized-bed reactors. Considering
those promising results, Mei et al. [22] recently studied the microalgae—-CLG process with
several oxygen carriers in a fluidized bed reactor. In this previous work, several Fe- and
Mn-based materials were evaluated, and some promising oxygen carriers were identified.
The authors also observed a strong catalytic effect in the gasification due to the presence of
alkali (K and Na) and alkaline earth (Ca) metals in the microalgae [22]. These components
are strong catalysts for gasification and can greatly accelerate the rate of gasification. In
the previous work, the catalysis on gasification is clearly seen at the stage close to the end
of gasification. This interesting phenomenon indicates that the mechanism of catalysis
on gasification may be different at the beginning and at the end of the gasification. This
encourages us to carry out more studies to help understand the mechanisms behind it. In
order to be able to design and understand a CLG process with microalgae, it is necessary to
understand how both the volatiles and char are converted. In this work, the focus is on
the latter, as the conversion rate governs the residence time of solids in the fuel reactor. By
studying the kinetics of char conversion, it is possible to determine the rate of reaction and
identify the rate-limiting mechanisms. This information is essential for use in optimizing
reaction processes and in guiding reactor design and technology scale-up [23]. Chlorella
microalga gasification kinetics was studied in a supercritical water gasification (SCWG)
process, and the activation energies were reported to be around 46 and 238 k] /mol [24].
The gasification kinetics of a Chlorella vulgaris and a Spirulina were also studied but with
a distributed activation energy model (DAEM)), this research found that the microalgae’s
components greatly affect kinetics [25]. It was found the Chlorella vulgaris is easier to gasify
as compared to the Spirulina [25]. The gasification of Chlorella vulgaris started at tempera-
tures lower than 500 °C and has an activation energy of 500 k] /mol, whereas the Spirulina
gasification needs a higher temperature (>500 °C) and an activation energy higher than
500 kJ /mol. Similarly, a Chlorella vulgaris ESP-31 was studied for gasification with CO, [26],
and the activation energy was 300-360 k] /mol. It is obvious that the microalgae type has a
great impact on gasification performance. In addition, the ash compositions in biomass
were also commonly reported for their positive effect on gasification [27]. The presence
of potassium and sodium in biomasses usually makes them gasify faster than fossil fuels,
like petcoke and coal [28]. Gonzalez—-Vazquez et al. [29] studied the gasification kinetics
of twelve biomasses and found that K, Na, and Mg components can promote gasification
while the Si, P, and Ca components hinder the gasification. The positive effect of the alkalis
can improve the gasification rate by 7—40 times. The effect is also observed in the authors’
later work with a bubbling fluidized bed reactor [30]. Moreover, the type and content of
ash constitute (e.g., potassium) have shown clear effect on the profile of char gasification
rate, and three types of rate evolution versus conversion (and thus the kinetics models)
were observed when varying the K/(Si+P) ratio in biomasses [31]. The significant effect of
potassium on biomass char gasification was also seen in a fluidized bed reactor, and when
doped with potassium, a wood char gasified 3-5.5 times faster than the untreated char [32].

These studies have brought important apparent kinetics information on the catalytic
effect of biomasses’ inherent alkali. This is crucial for the understanding of the gasification
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process, reactor design, process optimization, and reaction mechanism analyses. But
the kinetics did not rule out the effect of external factors, like mass transfer and gas
transport [33,34], and the kinetics data derived may be only suitable for those specific
cases. So, this apparent kinetics may not be used directly in reactor modelling before
performing certain processing. Conversely, intrinsic kinetics does not have this issue and
can be used in reactor modelling straightforwardly [35]. Intrinsic kinetics present the core
information of a chemical reaction and remove the effect of various external barriers, like
mass and heat transport, and provide a pure measure of the reaction’s inherent chemical
behaviour [36]. Intrinsic kinetics can be then combined with other rate-limiting factors, e.g.,
external mass transfer, to derive apparent kinetics and be used in broader scenarios [37].
Therefore, intrinsic kinetics is crucial for understanding the true rate of reactions. However,
studies on intrinsic kinetics of char gasification (especially fast char that is normally seen in
fluidized beds) are very limited or nonexistent for microalgae.

Fast char is char produced by fast pyrolysis at high temperatures. In this condition, the
time of pyrolysis is very short; thus, the char’s porosity, surface morphology, and activity
are very different as compared to slow char that is usually generated in a slow-heating
process [38]. The fast char can keep most microstructure and physiochemical properties of
the char right after its formation at high temperatures in fluidization systems. In a chemical
looping process, fuel pyrolysis usually completes in 2-5 s [39]; thus, the kinetics of fast char
can better approximate real gasification as compared to the slow char. This offers more
useful information for process diagnostics, process optimization, and technology scale-up.

This work studies the intrinsic kinetics of microalgae gasification, and the fast char
derived from a typical microalga is used throughout the gasification experiments. The
results are expected to be used in understanding the previously observed unique fast
gasification, especially at the final stage of gasification. The intrinsic kinetics analysis
is performed by devising experiments in a way as to avoid mass transfer aspects in the
TGA. This demands careful assessment of char-gas contact patterns which our group has
significant experience with, and similar experiments have been performed previously in
our group using other fuels.

2. Experimental
2.1. Microalgae and Char

Spirulina microalga, which is among the world’s most abundant microalgae, is used as
the source of the fast char. The algae were from Brazil and received in powder of several
micron-metres. Before their use for fast char preparation, they were granulated to particles
to facilitate their use in a fluidized bed during the char preparation. The granulation was
performed with a granulator (Eirich’s model EL1 Hardheim, Germany), using deionized
water as the only binder (see Mei et al.) [22]. After the granulation, the granulates were
dried naturally at room temperature and then sieved to particles in between 200 and
400 pm. A fluidized bed reactor [22] was used to rapidly devolatilize the microalgae to
obtain the fast char particles. And the microalgae were placed in a wire-meshed chamber
and immersed quickly in the fluidized bed under N, flow at 950 °C. In the reactor, the
algae were pyrolyzed rapidly (<1 min), and at the end of pyrolysis, the chamber was cooled
down quickly (<5 min) in N; to obtain the fast char. The fast char was then well-milled and
homogenized with an agate mortar. After sieving, the particles with a size of 100-200 pm
were used in the following TGA experiments for the kinetics analysis. A proximate and
ultimate analysis of the Spirulina is displayed in Table 1 and this confirms the high volatile
content in the original fuel; and the nitrogen and ash content is higher than the average
level in most biomasses. The ash contains a high content of potassium (K), sodium (Na),
and phosphorous (P), which can play the role of a catalyst to enhance the gasification [40].
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Table 1. Proximate and ultimate and ash analyses of the Spirulina microalga and the fast char as
produced as part of this work.

Proximate (%, as Ultimate& Cl . 4
Received Basis) (%, Dry Basis) ICP-AES Analysis
Spirulina Spirulina Fast char
P mg/kg Spirulina mg/kg Char
Moisture 17.8 C 40.4 Ca 1465 9042
Ash 8.1 H 7.2 K 17,267 85,800
Volatiles 63.3 N 8.9 Mg 2856 16,628
Fixed 10.8° S 0.6 Na 10,761 60,857
carbon
LHV(MJ/kg) 18 ob 34.7 P 8298 47,571
Cl€ 1.04 Si 728 4628

2 by the difference: 100-(moisture + ash + volatiles); b by the difference: 100-(C + H + N + S + A); € analyzed
with ion chromatography (IC); 4 analyzed with inductively coupled plasma atomic emission spectroscopy
(ICP-AES) technique.

2.2. Thermogravimetric Analysis

The char gasification experiments were carried out under various reacting conditions
with the TGA (equipped with CI thermobalance, CI Precision, Salisbury, UK), as schemed
in Figure 2. The TGA has two concentric quartz tubes (24 mm i.d. and 10 mm i.d.) placed
in an electric oven. With this design, the gas entering the reactor can first be preheated in
the external annulus before contacted with the sample at the bottom of the reactor. The
char sample is held with layers of quartz wool in a wire-meshed platinum basket (approx.
14 mm wide and 8 mm high) and hung at the centre of the reactor. The basket has holes
between the wire and this design can maximize the gas contact with the solid sample.
Unlike traditional sample pans used in TGA experiments, the basket wall does not add
barriers for gas passing through. So, the reacting gas can go through the basket easily
without the effect of slow gas diffusion that usually occurs when using pans. The reacted
gases leave the reactor from the top of the inner quartz tube and are then cooled down
before being sent to the gas stack.

Microbalance Q\
[

X [
Nitrogen T
purge rgl || Gas out
[ Condenser
=
=

water

co Furnace

Thermocouple

Figure 2. The TGA setup used for gasification, the void arrows and those filled with the grey colour
are valves for gas control, the violet and orange colours in the water column mean water and vapour
respectively, the yellow colour indicates where quartz reactor is located, the red columns display
the location of the furnace, and the green area on top of furnace represents the thermal balance, the
violet in the condenser block represents water, and the orange colour on the top-right corner presents
a computer.

The total flow of the reacting gas is kept at 25 Ln/h while the gas composition is
changed to study the sensitivity of kinetics over the temperature (850, 900, and 950 °C),
concentration of gasifying agents (10-40% H,O and CO;), and concentration of the gasi-
fication products (10-40% H; and CO). The experimental conditions are summarized in
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Table 2 below, and we can see that 105 experiments were made to obtain enough data for
kinetics analysis. The steam is generated by bubbling the reacting gas through the saturator
containing deionized water at a saturation temperature. The effect of the char amount was
studied with 3 mg, 5 mg, and 7 mg. And it is found that the 3 mg is optimal for avoiding
external, interparticle, and external diffusions (see the Supplementary Materials). Thus,
3 mg was used throughout the work. The gas flow was maintained at 25 L, /h to minimize
the effect of gas diffusion based on our previous experiences with this TGA setup.

Table 2. Experimental matrix with the TGA apparatus.

Gasification with Steam

0% H, 10% H, 20% Hyp 30% Hy 40% H,
10% H,O 850,900,950 850,900,950 850,900,950 850,900,950 850,900,950
20% H,O 850,900,950 850,900,950 850,900,950 850,900,950 850,900,950
30% H,O 850,900,950 850,900,950 850,900,950 850,900,950 850,900,950
40% H,O 850,900,950 850,900,950 850,900,950 850,900,950 850,900,950

Gasification with CO;

0% CO 10% CO 20% CO 30% CO 40% CO
10% CO;, 850,900,950 900,950 900,950 900,950 900,950
20% CO, 850,900,950 900,950 850,900,950 900,950 900,950
30% CO, 850,900,950 900,950 900,950 900,950 900,950
40% CO, 850,900,950 900,950 900,950 900,950 900,950

At the beginning, the sample holder is placed outside the furnace and enclosed in Ny in
the tube at room temperature when the furnace is heated up. Once the furnace temperature
reaches the set temperature, the furnace is lifted up rapidly to a certain position to heat up
the char that is enclosed in the quartz tube in the N; flow. Once the mass and temperature
are stable, the nitrogen is switched to steam or CO; to start the gasification. At the end
of the gasification and after another purge with Ny, the gas is changed to air to burn out
the possible remaining char. The whole test is completed with another N, purge. The air
step is used to establish the amount of remaining char in the reactor, and thus can be used
to calculate the gasification conversion. Blank tests were also conducted with the empty
sample holder and are used to correct the buoyancy effect due to gas change.

3. Data Analysis
3.1. Calculations

The char conversion (X) is calculated with Equation (5) using the initial sample mass
(m;) in N, before switching to the gasifying atmosphere and the final mass (i) after the

last N, purge.
m; —m

X = 5
Pr— )
where m is the instantaneous mass during gasification.
The instantaneous rate of char gasification rj,¢ is the rate based on the amount of
residual char present in the holder. We select this method for calculation, because this
is a way widely used to calculate the gasification rate and it shows good accuracy. The

instantaneous rate is usually used to understand the change in gasification rate and brings

https://doi.org/10.3390/en19010276


https://doi.org/10.3390/en19010276

Energies 2026, 19, 276

7 of 21

important information for the search of suitable kinetics models. Equation (6) below is
used to calculate the instantaneous gasification rate.

Lo ldm_ 1 ax ©
mst™ "y dr T 11— X dt

3.2. Uncertainty Analysis

The CI thermobalance equipped with the TGA has a resolution of 0.1 mg, and this
means an uncertainty of £3.3% is expected with the 3 mg used in the experiments. Fol-
lowing a method presented in the previous work [41], the propagation error of the char
conversion X and gasification rate rins arisen from the uncertainty of the TGA’s mass mea-
surement is estimated to be around +6.5%. In addition, there could be other uncertainties,
e.g., as a result of artificial errors during experiments, experiment repeatability and data
fluctuations happen. These were not specifically measured during the experimentation,
because the experiment matrix is too big. However, these errors are analyzed and discussed
as a whole when we derive the values of the kinetics parameters as seen in Section 4.7
below. With these errors, the accuracy of kinetics data is then analyzed quantitatively, and
a confident interval can be defined.

4. Results and Discussion
4.1. Correction of the Mass Change with Blank Tests

Figure 3 presents curves of the original mass (mrigina1), the corresponding temperature
(Torigina1), @ blank test (1pjank), and the corrected mass (#correct) as a function of time. In the
first inert period (inert), there is a big drop of temperature (see the fifth min in the figure).
This is because the reactor tube which had a room temperature was positioned inside the
furnace and then heated up in a very short time. The temperature then increased quickly to
950 °C; meanwhile, there is a continuous mass loss (see Miginal) because of the buoyancy
effect. When switching the reacting atmosphere to gasification, we observed a leap of mass
both in the original and blank tests. Thus, the buoyancy effect was also captured in the
blank test (see a0k curve), so the blank test allows us to correct the mass signal to Mcorrect
that was finally used as the values of m in Equation (5). After the gasification, there are
three times of gas switching (inert, oxidation, and inert). The oxidation was made with air
and the data from that period can help us to confirm the value of the final char conversion.
In the case of gasification with CO,, the buoyancy was also checked with blank tests, but
the results suggest the buoyancy effect with CO; is not relevant. So, we use just the original
mass to calculate the char conversion when gasifying with CO,.

inert gasification inert oxidation inert

0 —A |

1000
-1 960
1920
1880
1840
i 1 800
1760
1720
0 2 4 6 8 10 12 14 16 18 20 22 24 26
Time (min)

T

original

Weight signal (-) Weight signal (-)
A~

Temperature (°C)

Figure 3. Correction of the original mass (mriginal) With a blank test (mpank) to obtain the correct
mass change (Mcorrect); different reaction stages (inert, gasification, and oxidation) are presented.
The original temperature is shown as a function of time. The data was obtained at 950 °C and in a
gasification atmosphere of 10% Hj + 40% H;O.
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4.2. Effect of the Reaction Temperature

Figure 4 below shows the char conversion with 40% H,O and 40% CO; as the gasifica-
tion medium and without the presence of gasification products (0% H; and 0% CO) at 850,
900, and 950 °C. The gasification with steam is slow at 850 °C and becomes faster when the
temperature is increased. The char is converted completely at all the three temperatures
with 40% HO + 0% Hy, although the gasification at 850 °C takes a longer time. In the case
with lower steam concentrations (e.g., 10% HyO), some char was not fully converted due
to slower gasification. In the case with COj,, the conversion is complete at 900 and 950 °C,
whereas the conversion is very slow at 850 °C and the conversion is still less than 30% even
after 1000 s of gasification. Therefore, in all the experimental conditions, the gasification
with HyO is faster than with CO,. In all gas concentrations with either HyO or CO; as the
gasifying agent, the promotion of the temperature on the gasification is much higher when
the temperature is increased from 850 to 900 °C than from 900 °C to 950 °C.

. (A) A B)
e 950C
900°C
08 900°C 08
0.6 850°C. 0.6
x x
0.4 0.4
02 02 850C
0.0 v v . . 0.0 - T - T
0 200 400 600 800 1000 0 200 400 600 800 1000
Time (s) Time (s)

Figure 4. Effect of temperature on the char gasification with (A) 40% H,O + 0% H; and (B) 40% CO, +
0% CO.

4.3. Effect of the Concentration of HyO and CO;

Figure 5 shows the effect of H,O and CO; concentration on char conversion. It is
clearly seen that H,O concentration has a stronger effect on the gasification rate than CO,
concentration. For example, an increase in steam concentration from 10% to 20% results in a
50% shorter gasification time (from 700 s to 350 s), leading to a clear increase in gasification
rate. The CO, gasification curve is less affected by the increase in CO, concentration. And
when the concentration of CO; is 10%, the time for achieving complete conversion is similar
to that with 10% H,O.

A

10 . -
40%H,0 ¥ 30%H,0
=y 20%H,0
y

08

08 10%H,0

X ()
X()

04

02 §

00

0 100 200 300 400 50 600 700 0 100 200 300 400 500 600 700
Time (s) Time (s)

Figure 5. Effect of the concentration of (A) H,O and (B) CO, on gasification without the presence of
H; and CO (0%) at 900 °C.

In addition, gasification with steam shows a relatively linear X-t curve when the char
conversion is lower than around 0.8 and the curve gradually levels off as the conversion
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approaches one. The gasification with CO, has a linear curve below the conversion of 0.3.
These linear curves mean that the reaction is not solely controlled by chemical reaction,
and the homogeneous model may not be suitable. Therefore, there should be a mixing
of several gasification regimes. After the liner segment, the curve shows an “S” shape
especially when gasifying with CO, and the conversion grows till it gradually levels off.
This part of the X-t curves may be described with a homogeneous mechanism and the
catalysis may have some mild and irrelevant effect.

4.4. Effect of the Concentration of Hy and CO

The gasification products CO and Hj are also inhibitors to the progress of gasification,
and the increase in their concentration usually leads to slower gasification, as seen in
Figure 6 below. The increase in H from 0 to 40% poses a clear inhibition to gasification
and this leads to a continuous and regular decline in the conversion rate. In the case of CO,
its inhibition is seen when the CO is increased from 0 to 20%, and the further increase from
20% to 40% does not have a clear inhibition on gasification. The presence of 20-40% CO in
40% CO, has a similar gasification rate and time for complete conversion.

0.8 M

0.6+ f

x0)
»\“"7:
X0

0.4+

024 | [/

0.0

0 100 200 300 400 "o 100 200 300 400
Time (s) Time (s)

Figure 6. Effect of (A) H, concentration with 40% H,O in steam gasification at 950 °C and (B) CO
concentration on the gasification with 40% CO, at 950 °C.

4.5. Kinetics Model

Figure 7 displays the instantaneous gasification rate versus the char conversion. In
the case of gasification with H,O, the rate is roughly constant when the conversion is
lower than 0.43. After this conversion, the rate increases rapidly to around 0.015 1/s
until the conversion reaches 0.8. This new gasification rate is 1.5 times the rate (0.01 1/s)
when the conversion is in the range of 0-0.43. Another abrupt increase is also seen at
the end of gasification (X = 0.8-1), and this can be attributed to the calculation method
(Equation (6)) where the error becomes higher at the end of the conversion, especially
when the conversion approaches one. Similar phenomena are, however, not seen with CO,
gasification. This significant difference in the rate at different stages was also observed
in the previous work when gasifying with H,O in a batch fluidized bed reactor [22] and
has been observed with other biomasses in previous works [42,43]. In the case of CO,
gasification, an increase in gasification is also seen, but the increase is much slower than
H,O gasification. These clearly suggest the gasification cannot be solely described with a
homogeneous model, and the second high-rate period can be because of other reasons, like
alkali (Na and K) catalysis which is common in biomass gasification. Direct evidence of
the alkali’s performance requires in situ /operando studies with microscope, as well as XRD,
XPS, and FTIR characterizations, but there are some published works on this with other
high-alkali fuels [44,45]. The migration of these metals forms porous skeleton structures
and is reported to reach the maximal rate during the middle of reactions [46,47]. Based on
the findings of published works, we present below a possible mechanism of the microalgae
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alkalis migration and their catalysis on gasification. At the beginning of gasification, these
alkali components stay in the biomass ash which forms a hollow network. This hollow
structure offers a base for carrying the carbon, hydrogen, nitrogen, oxygen, and some
organic compounds, and these finally form a porous structure of char [48]. Thus, at the
beginning of gasification, the pores are small and the ash cannot be exposed to the gasifying
environment; thus, the alkali’s catalysis cannot take effect. But after certain extents of
gasification, the pores can be opened greatly, and the alkalis in the network start catalyzing
the gasification [49]. Therefore, some gasification with high-alkali fuels showed a faster
gasification at the end of the reaction [50], as also observed in the current work.
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Figure 7. Instantaneous gasification rate change as a function of char conversion with 40% H,O +
0% H; at 850 °C (purple dots) and with 40% CO; + 0% CO at 950 °C (yellow dots).

To properly describe the phenomena above, a model which can cover these phenomena
and elucidate the mechanisms behind is needed. Such a model is called three-regime
model [51] and it considers not only the non-catalytic and catalytic reactions separately but
also in a parallel fashion. This model is widely used in biomass gasification [51] and has
shown high precision in the modelling of gasification in complex reacting atmosphere. A
unique feature of this model is that it does not need structured data and it can be adjusted
to single-regime and dual-regime models as needed [51,52]. We present details of the model
below and how we adapted the model for use in the current work for kinetics analysis.

The three-regime model is seen in Equation (7), describing the gasification rate (r) as
a function of the char conversion. The first regime (1) represents a fast gasification with
deactivation of catalyst in the catalytic gasification, and the second regime (r;) corresponds
to a first-order gasification without catalysis; the gasification is slower than the first regime.
The third regime (r3) is a faster gasification than the second regime as a result of catalysis

of the alkalis in ash.
dX
r= ar " +r+r3 )

where 11, 17, and r3 take the empirical expressions below:

r = ke ¢ 8)
ro =ka(1-X) )
r3 = kp(1— X)-(c-X)? (10)

where k; and k; are the kinetics rates of gasification; {, c and d are constants as a function
of temperature.

With the rate expression shown in Equation (7), the rate of a gasification can be
divided into four categories following a usual method used in the literature [53-55]. The
combinations are regime 1 + 2 + 3, regime 1 + 2, regime 2 + 3, and regime 2 after comparing
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between the experimental curve and the model patterns. The current work follows the
same method to select the suitable regimes and their combinations of the three-regime
model. The four categories of the three-regime model are schematically presented with
tinst Versus X in Figure 8. When comparing the model with the experimental curves of the
105 experiments, the initial fast gasification (regime 1) does not happen in any case (see
Figure 7 as an example). This means that the first scheme is absent and this is common
for the microalgae char. The absence of the first regime has also been observed recently
at a bigger scale during the gasification of 2 g microalgae with ZrO; in a batch fluidized
bed reactor [22]. In addition, a similar phenomenon has been found for the gasification of
several biomass chars, and the first regime was proven not relevant [52]. So, the regime
1+ 2 + 3 and regime 1 + 2 are not suitable for the current microalgae char. When comparing
the cure of the gasification rate with regime 2 + 3 and regime 2, the regime 2 + 3 agrees well
with the phenomenon of a first relatively constant gasification following with a rapid rising
of the rate. Therefore, in this work we neglect the first regime and consider just the second
and the third regimes (i.e., regime 2 + 3 in Figure 8).

Finst (1/5)

|
f
\4
f

|
/

regime1+2+3 regime 2 /l
/rsglme1+2 ‘ L“ /
~— L
0.0 02 04 06 0.8 1.0

X()

Figure 8. Four types of rate curves with the three-regime model.

Therefore, the three-regime formula in Equation (7) is now reduced to a two-regime
model (regime 2 + 3) as seen in Equation (11) below. In addition, Equation (11) also
considers the effect of the concentration of the gasification gas and product gas on the
constant ¢ (see the last two terms). And the modification of the last two terms proved
necessary when fitting the experimental results in this work.

r= % = kZ,i(1 - X) + k2,i(1 - X)'(CX)d'pgasin'pprodm (11)

where k; is marked with the subscript i to differentiate the types of gasifying agents; when i

is HyO, the gasification is with steam and when i is CO,, the gasifying agent is COp; pgas; is

the partial pressure of the gasifying agent and poq is partial pressure of the product gas; n

and m denote the exponential constant. For gasification with steam, pgasi is HoO and pproq

is Hp, and for gasification with COy, pgasi is CO; and pproq is CO. As seen in Equation (11),
ky i, ¢, and d need to be determined to finalize the model.

In addition, the effect of the concentration of gasifying agents and products is included

in the calculation of ky;. The widely used model of Langmuir-Hinshelwood (L-H) is

used for calculation of the rate constant k ;, as seen in Equation (12). The L-H model is
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extensively used in the modelling of coal and biomass gasification and has shown good
predictions of the rate constant under complex reaction conditions [56].

kip asi
ky; = & (12)
2 1+ Kgusipgasi + Kprodpprod
The L-H model can be rewritten to the following formula.
1 1 K,;i K
A Qasi + prod Pprod (13)
k2,i kipgasi ki kipgﬂsi

where the k; is the reaction rate constant of the gasification; Kgasi and K,poq are the sorp-
tion/adsorption constants. The k; is assumed following the Arrhenius law.

Ei

ki = k;pe  RT (14)

where k; ¢ is the pre-exponential factor and E; is the activation energy for the reaction.

The Kgasi, Kprod, ¢, and d constants are assumed following the Van’t Hoff correlation
as seen below. These assumptions are based on previous works [57,58] where more than
10 biomass gasification have been studied, and these equations proved to work well in
kinetics analyses.

Kgusi = Kgasipe KT (15)
Dprod
Kprod = Kprod,Oe RT (16)
c= Coe% (17)
A
d = doe®f (18)

where Kgasi 0, Kprod,0 Co, and dy are pre-exponential factors, and Dgasi, Dprod, Ac, and Aq are
rate constants for the sorption of the gasification agent, the adsorption of product gas, and
for the correction of the constants ¢ and 4.

4.6. Derivation of Kinetics Parameters

As discussed above, the whole gasification process of the microalgae char is composed
by two regimes; a first regime where non-catalyzed gasification dominates and a second
regime which is catalyzed by alkalis in the char.

First of all, the k; ; values were calculated using Equation (6) based on the experimental
data and then are used in Equation (11) to derive the kinetics constants. Figure 9 below plots
the 1/kp poo versus the 1/prpo and 1/k; cop versus the 1/pcoy for the four concentrations
of H,O and CO, (10, 20, 30, and 40%) at the three temperatures (850, 900, and 950 °C)
when the product gas concentration (H; and CO) is set to zero. The plot shows a linear
relation between 1/k; 1120 and 1/pmo and 1/k; cop and 1/pcop, and this agrees well with
Equation (13) and the linear fitting of these data is used to derive the corresponding kinetics
constants. With slopes of these plots, we can obtain the kijpo and kcop values at the three
temperatures; see Equation (13). At the same time, Koo and K¢, values can be derived
with the equation’s intercepts. As seen in Figure 10 later, the ko and kcop are plotted
versus the temperature to derive the rate constants and pre-exponential constants through
the Arrhenius equation as shown in Equation (14). Meanwhile, Kijpo and Kcop are used in
Van’t Hoff Equation (15) to calculate the constants Kgasi0 and Dgasi-
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Figure 9. Plots of (A) 1/ky 120 versus 1/pipo and (B) 1/ky cop and 1/pcop when the concentration
of Hy and CO is zero, see the L-H model in Equation (13).

With the ki2o, kcoz, Kizo, and Kcoy values derived above, we now plot the Ink; versus
1/T and InKg,s; versus 1/T plots as seen in Figure 10 below. By applying the Arrhenius law
Equation (14) and Van’t Hoff Equation (15), we obtain the ko value (3.99 s Latm™1)
from the slope of Inkgppo and 1/T plots and Koo o value (3.42 x 10~ atm™!) from the
slope of InKypo versus 1/T plots. The intercepts of the corresponding trend lines are used
to derive the values of Eppo (43.3 kJ /mol) and Do (318.5 kJ /mol). Similarly, we derive
the values of kcop,0, Kcoz,0, Ecoz, and Dco; for the gasification with CO, with the slopes
and intercepts of the trend lines presented in Figure 10B.
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Figure 10. Plots of Ink; and InKg,s; versus 1/T for the gasification with (A) H>O and (B) CO; see
Equations (14) and (15).

When the parameters (k; and Kgasi) with regard to the prpo and pcop are determined,
the kinetics constants (Kpr0q) with regard to the gasification products (H; and CO) can
be estimated via Equation (16). Figure 11 shows the plots of InKy, and InKco versus
the reciprocal of temperature (1/T). In the case of Hy, we have experimental results at
three temperatures (850, 900, and 950 °C), and the InKyy; has a linear relation with the
temperature (1/T) and the correlation gives a Pearson correlation coefficient of R? = 0.991.
In the case of CO, there are only two temperatures that can be used (900 and 950 °C); thus,
the InKco has only two data points shown in the figure. This condition is not desirable for
the Van’t Hoff correlation, because the uncertainty of the kinetics constants derived with
only two temperatures may be higher than the values from three or more temperatures.
Despite this, with the constants derived from the two temperatures, the final model can
predict the experimental data well as seen later in this work. This means the results from
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only two temperatures are good and have no significantly high uncertainty. With this
information, the Ky 0, Dr2, Kco0, and Dco are estimated and presented in Table 3 below.

ES
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L

InKy;, or InKgg (atm™'s™)

N}
L

R2=1

.- Ko m
82 84 86 88 9.0
1T (<104 K

Figure 11. Plots of InKy; and InK¢g versus the 1/T, see Equation (16).

Figure 12 below displays the effect of the c and d values on the model results. It is clear
that a higher value of ¢ leads to a steeper curve, while the effect of the d value depends on
the value of c. When c takes one, a higher d value results in a slower gasification, and the
opposite is seen when c is higher than one. This pattern helps us to find the proper values
of c and d when directly comparing the modelling results with the experimental data, and
this in turn helps us to determine the suitable values of ¢ and d. As seen in Figure 124,
when c is set to 2.4 and d is 1.8, the model predicts the experiments well with steam as the
gasification gas, and in the case of gasification with CO,, the ¢ and d values are determined
to 2.2 and 1.8; see Figure 12B.

0.8+ 0.8

0.2 0.2

0.0 T T T T T 0.0 T T T T T
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200

Time (s) Time (s)

Figure 12. Effect of ¢ and d values on the model’s prediction of experimental results (A) with H,O as
gasifying gas; experimental data from 40% HyO without H; at 850 °C and (B) with CO; as gasifying
gas; experimental data from 40% CO, without CO at 900 °C.

Once the c and d values at different temperatures are found, we apply the Van't Hoff
correlation (Equations (17) and (18)) to determine the values of the pre-exponential factors
(co and dp) and the exponential constants (A. and Aq4). Figure 13 displays the plots of Lnc
versus 1/T and Lnd versus 1/T. Using the slopes of the linear trend line in Figure 13, we
estimated the values of A. and Aq4, and the intercepts were used to calculate the ¢y and dj.
It is observed that the d values are constant at all the three temperatures, so the A4 is zero
for both CO, and H,O.

Then we use the data obtained with the absence of the product in the reacting atmo-
sphere (when p,;04 = 0) to find a suitable value of n through in Equation (11) and the plots
are shown below in Figure 14. In the case of gasification with H,O, when 7 is four, the
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model fits the experimental data well. When 7 is smaller than four, the model returns
values higher than the experimental results, and a lower value is returned when a bigger
n is used. The similar trend is also seen for CO; gasification as seen in Figure 14B. The
model with n = 0.2 and 0.3 predicts the first part of the gasification well but overpredicts
the experimental results slightly when conversion is higher than 0.6. In contrast, when
n is set to 0.4, the model predicts the experimental results better at higher conversions.
Therefore, we select 0.4 as the value of n for CO; gasification. Following the same process,
we determined the value of m for the gasification model.

0.8 R?=0.97

Lnd

800 825 850 875 900 925 950

AT (<104 KY)
Figure 13. Correlation between Lnc, Lnd, and 1/T for gasification with 40% HyO and 40% CO,,
without presence of gasification products (Hp and CO). The Lnd values are the same for H, and CO.
c.f. Equations (17) and (18).
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Figure 14. Determination of the model’s #n and m values by fitting the model results and experimental
results; (A) gasification with steam (black dots: 20% H,O + 0% Hj; green dots: 10% HyO + 20% Hy);
(B) gasification with CO; (black dots: 30% CO, + 0% CO; green dots: 10% CO; + 10% CO). The lines
are modelling results with different n/m pairs at 900 °C.

Table 3 below summarizes the values of different kinetics parameters and constants.
The activation energy for gasification with steam is 43.3 kJ /mol and this is much lower
than the value with CO, (91.6 kJ/mol). This aligns well with the phenomenon that the
gasification with H,O is faster than the gasification with CO;. The activation energy of
gasification with steam is lower than the apparent activation energy (49 kJ/mol) reported
in An et al. [59], where in addition to using a microalga, a hematite was also used to
supply oxygen for the gasification. Although the reacting atmosphere is different as
compared to the current work and the hematite can enhance the gasification, it can be
seen that the intrinsic kinetics is faster than the apparent kinetics. In a similar reacting
condition, Wu et al. [60] reported an activation energy of 180-380 kJ/mol for a Chlorella
microalga gasification with Fe,O3 as an oxygen carrier without the presence of H;O or a
CO;, gasifiying agent in the reacting atmosphere. Bach et al. [26] studied the kinetics of a
slow char gasification with CO, and an activation energy of 300-360k]/mol was reported.
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This activation energy is also much higher than what we have obtained in the current work
with CO;. This shows that the fast char is much easier for gasification than the slow char.
The Do value (318.5 k] /mol) is much higher than the D¢y value (187.4 k] /mol), and this
suggests that the HyO has a better sorption than CO,. This again supports the phenomenon
that HyO has a faster gasification than CO,. Looking at the Dy and Dco values, we can
clearly see the value for Hj is positive whereas the value for CO is negative. And as seen in
Figure 11 above, the LnKyy; is higher than LnKcq in the studied temperature range; this
means the Hy has a slower adsorption from the char surface as compared to CO; thus, the
former has a stronger inhibition on gasification. This may explain the usually observed
stronger H, inhibition on the gasification than CO [61].

Table 3. Kinetics parameters obtained for fast microalgae char gasification.

Steam CO,
ko, (s~ 1-atm™1) 3.99 kcozo (s~ !-atm™1) 460
Erpo (k] /mol) 43.3 Ecoz (k] /mol) 91.6
Koy (atm™1) 342 x 10714 Kcop (atm™1) 5.67 x 1078
Do (k] /mol) 3185 Dcoz (K]/mol) 187.4
Ky (atm™1) 4.23x10710 Kco, (atm™1) 315
Do (K] /mol) 244.9 Dco (k] /mol) —421
o (atm™1) 7.42 x 1072 co (atm™1) 5.6 x 1073
Ac (KJ /mol) 32.7 Ac (k] /mol) 58.5
do 1.8 do 1.8
Aq 0 Aq 0
n 4 n 0.4
m 0 m —0.6

4.7. Evaluation of the Model

Figure 15 below displays that the model predicts the steam gasification better at a
higher temperature. At temperatures of 850 and 900 °C, the conversion curve below X = 0.4
can be well-captured by the model, while above this conversion, the model returns a lower
value as compared to the experiments. Particularly, when the temperature is 850 °C, there
is a speed-up trend as the conversion goes higher than 0.4, and this is not fully captured
by the model. But the experiments at 900 and 950 °C are well-predicted with the model.
Figure 15B,C compares the model predictions and experiments under various reacting
conditions. It can be seen that the model gives satisfactory predictions for steam gasification
of the fast microalgae char in a complex reacting atmosphere.
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Figure 15. Comparison of the carbon conversion (X) between experiments (dots) and model (lines):
(A) 40% H,0 + 0% H; at 850, 900, and 950 °C; (B) 40% H,O with five H;, concentrations (0, 10, 20, 30,
40%) at 900 °C and (C) Hy:H,O = 1:1 (10% H; + 10% H,0O, 20% H, + 20% H,0, 30% Hj; + 30% H,O
and 40% Hj; + 40% H,O) at 900 °C.

https://doi.org/10.3390/en19010276


https://doi.org/10.3390/en19010276

Energies 2026, 19, 276

17 of 21

In the case of CO, gasification, again at higher temperatures, the model predicts better,
and at 850 °C, the model captures the initial conversions well but cannot bring accurate
predictions for the remaining conversion; see Figure 16. With presence of CO in the gasify-
ing atmosphere, the model predicts the experimental data well and captures the effect of
CO’s inhibition well; see Figure 16B. In Figure 16C, the model results are compared with
the experiments under conditions with a CO,-to-CO ratio of 1:1. It is seen that the model
predicts the data very well with 40% CO + 40% CO, or 20% CO + 20% CO; in the gasifi-
cation mixture, but returns underestimations for the gasification with 10% CO + 10% CO,
and 30% CO + 30% CO,. The discrepancy is considered a result of uncertainties from the
experiments. But overall, the model can estimate the experimental results of the gasification
with CO, well.
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Figure 16. Comparison of the carbon conversion (X) between experiments (dots) and model (lines):
(A) 40%CO, + 0%CO at 850, 900, and 950 °C; (B) 40%CO, with five CO concentrations (0, 10, 20, 30,
40%) at 950 °C and (C) CO:CO; = 1:1 (10% CO + 10% CO,, 20% CO + 20% CO;, 30% CO + 30% CO,
and 40% CO + 40% CO,) at 950 °C.

Figure 17 further displays the overall confidence interval of the model when compared
with the experimental results. As discussed above, this uncertainty may come from TGA’s
measurement (+3.3%), artificial error, and data fluctuation. The overall uncertainty shown
in this figure considers all these factors. It can be seen that the model predicts almost
all the experimental data when the error is within +25% for gasification with H,O and
CO;. Around 1/3 of the data can be well-captured by the model within an error of £10%,
and there are also several data beyond the £25% interval. Overall, the model has a good
capability in predicting the experimental results, and when applied, a confidence interval
of +25% should be noticed.
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Figure 17. Confidence interval of the kinetics model for the gasification with (A) H,O and (B) CO,.
The x-axis shows the value of gasification rate from the experiments and y-axis is the model results.
The lines represent the interval of confidence with error of £10% and £25%.
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4.8. Implication to CLG Application

The intrinsic kinetics model can be implemented in a complete reactor model, process
model, and CFD model for not only a CLG but also CLC (chemical looping combustion)
process which also involves char gasification. It can also be used to calculate key parameters
for use in system design and operation, for example, the char residence time in the fuel
reactor. Figure 18 below presents the time needed for reaching a char conversion of X = 0.99
with H,O and CO; as gasifying agents. Obviously, when the concentration of gasifying
agent is higher, the time needed is shorter. And the inhibition by H, and CO is also clearly
seen; a longer gasification time is needed when the concentration of H, and CO becomes
higher. The contour can be used to estimate the residence time of char in the fuel reactor of
a CLG system. For example, if we use 70% steam as gasifying gas in the fuel reactor, the
outlet gas can contain around 15% Hj, 8% CO, and 7% CO, based on our experience in the
operation of continuous CLG units. In this case, a char residence time of around 5 min can
ensure a complete char conversion; see Figure 18A. In this condition, the gasification with
CO; is not relevant because its concentration is low (7%) and needs a longer char residence
time (around 10 min), as seen in Figure 18B. Notably, the contour presented in Figure 18
does not consider the presence of the toxygen carrier, and thus the time shown here is
expected to be longer than real CLG process. In the real CLG process, the gasification
will become faster because the oxygen carrier can react with Hy and CO, removing the
inhibition and accelerating the gasification. How fast the gasification can be will depend
on the type of oxygen carrier.
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Figure 18. Contour of residence time in seconds for reaching a conversion of X = 0.99 of the fast
char gasification at 950 °C (A) with H,O and (B) with CO; as the gasification agents considering the
inhibition of H, and CO.

5. Conclusions

Intrinsic gasification kinetics of a fast microalgae char is studied with steam and CO,
in a TGA apparatus covering a wide range of reacting atmosphere for the CLG process.
A modified two-regime kinetics model is employed for kinetics analysis. The Langmuir—
Hinshelwood model is used to describe the rate constant, considering the inhibition of
gasification products (Hy and CO). The model has a first relatively constant gasification
and a second catalytic accelerating gasification and was found fitting the experiments well,
with both H,O and CO; as the gasifying agents. The values of kinetics parameters are
derived. The activation energy Eppo and sorption and desorption constants Dyypo and
Dsp during steam gasification are 43.3, 318.5, and 244.9 k] /mol, and the corresponding
pre-exponential factors koo 0, KH20,0, and Kpp o are 3.99 s hatm1,342 x 107 atm ™!,
and 4.23 x 10710 atm~1. For the gasification with CO,, the activation energy Ecp,; and
the constants Dcoy and Do are 91.6, 187.4, and —42.1 kJ/mol, and the pre-exponential
factors kcop,0, Kcon,o, and Kcoy are 460, 5.67 x 10~8, and 315 atm 1. The model predicts
the experimental results well and is proved having an overall uncertainty of +25%, and
can be used for the Spirulina microalga in the temperature range of 850-950 °C. Based on
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the model, a contour of char residence time is mapped, and this is useful for reactor design
and optimization. In addition, to be applicable in the CLG process, the model can also be
used in other gasification/combustion processes where HyO or CO; is used as a gasifying
agent. Future work will focus on how to implement the kinetics in different reactor models.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/en19010276/s1, Figure S1. Gasification conversion in 40% H,O
at 950 °C with 3 mg, 5 mg, and 7 mg char.
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