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ARTICLE INFO ABSTRACT

Keywords: The rising atmospheric carbon dioxide (CO:) levels have driven interest in Carbon Capture and Storage (CCS)

CCUs technologies. Adsorption technology has gained significant attention because of its cost-effectiveness, high ef-

Activated carbon ficiency, and scalability. This study focused on producing activated carbon from Nannochloropsis gaditana

Ig[;:;zzliaiz);‘zdue microalgal residue (post-lipid extraction) using a one-step KOH activation and carbonization method. The

Adsorption resulting activated carbon was characterized using scanning electron microscopy combined with energy-
dispersive X-ray spectroscopy (SEM-EDX) to examine the surface morphology, Brunauer-Emmett-Teller (BET)
analysis to determine the surface area and porosity, and Fourier Transform Infrared Spectroscopy (FTIR) to
identify the surface functional groups. COz adsorption performance was evaluated at different temperatures (25,
40, and 55 °C) and inlet feed flow rates (200 and 400 mL/min). The kinetics of CO adsorption and regeneration
of activated carbon were examined. SEM results showed successful activation of the microalgae-residue with
mesopores and micropores, while EDX showed an increase in carbon content in the activated carbon compared to
raw microalgae residue. BET result showed that the prepared activated carbon has a surface area of 296.96 m2/g,
average pore diameter of 2.26 nm and total pore volume of 0.17 cm3/g. The presence of oxygen-containing
surface functional groups such as hydroxyl (OH) and carbonyl (C=0) in activated carbon were confirmed by
FTIR spectroscopy. The highest adsorption capacity of 0.55 mmol/g was obtained at 25 °C and 400 mL/min. The
longest breakthrough time (7 min) was observed at 25 °C and 200 mL/min. In this study, CO2 adsorption fol-
lowed pseudo-first-order kinetics, and a regeneration study showed good stability of activated carbon over four
cycles.

1. Introduction

In recent years, increasing awareness of climate change and its
associated impacts has driven global efforts toward reduce greenhouse
gas emissions (GHG). GHGs include carbon dioxide (CO,), methane
(CHy), nitrous oxide (N50O), hydrofluorocarbons (HFCs), perfluoro-
carbon (PFCs), sulfur hexafluoride (SFs,) and nitrogen trifluoride (NF3)
[1]. Each GHG varies in its sources, impact, and atmospheric lifespans,
which is quantified as Global Warming Potential (GWP). CO: is the

predominant GHG emitted from the combustion of fossil fuels in power
generation, transportation, and industrial processes. Despite having the
lowest GWP of 1, COz remains the leading contributor to climate change
because it accounts for approximately 64 % of the global warming effect
due to fossil fuel combustion and cement production [2]. CO: levels have
significantly increased from 340 ppm in 1980 to 415 ppm by 2020 and
are projected to reach 570 ppm by 2100 [3,4].

To address these impacts, international efforts such as the Paris
Agreement aim to limit global temperature rise to below 2 °C, and
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ideally 1.5 °C, compared to pre-industrial levels [5]. Malaysia, for
instance, has pledged to reduce the carbon intensity of its Gross Do-
mestic Product (GDP) by 45 % by 2030 compared to the 2005 levels [5].
In line with this, Malaysia introduced the National Sustainability
Reporting Framework (NSRF) to mandate the reporting of GHG emis-
sions and sustainability statements from listed companies and those with
a large market capital of at least RM2 billion [6]. This initiative aims to
support nationwide emission reduction goals. There are three main
approaches for lowering total CO: emissions in the atmosphere:
reducing energy intensity, lowering carbon intensity, and increasing CO2
sequestration. The first approach focuses on improving energy effi-
ciency, while the second involves transitioning to non-fossil fuel sources
such as hydrogen and renewable energy. The third approach focuses on
advancing technologies to capture and store more CO:z [7]. Recent
research has shifted its focus to developing technologies for CO: capture
and sequestration, aiming to curtail atmospheric CO: levels and mitigate
climate-related risks. Among these technologies, adsorption-based sys-
tems have emerged as a promising approach because of their efficiency,
cost-effectiveness, and relative simplicity of operation compared to
other methods such as cryogenic distillation and membrane separation
[8]. Although membrane separation is continuous and easy to operate,
its effectiveness is limited at low CO2 concentrations [9].

Activated carbon (AC) is widely used as an adsorbent in CO: capture
systems owing to its high surface area, porous structure, and favorable
chemical properties. It can be produced from any carbon-rich material
but traditional sources of activated carbon such as coal are non-
renewable and environmentally unsustainable [10]. Biomass feedstock
has been extensively explored as a sustainable alternative. These include
straw, wood, olive husk, fruit shells, Jackfruit peel, Borassus flabellifer
flower and corn cob, allowing for the utilization of a wide range of
biomass sources [11-13]. In addition, recent interest has shifted toward
microalgae owing to their unique advantages such as high photosyn-
thetic efficiency, rapid growth rate, and minimal nutrient needs [14,15].
These characteristics make microalgae a promising renewable source of
AC and other valuable products. Microalgae residues containing car-
bohydrates and proteins can be transformed into AC through pyrolysis
followed by activation processes. Additionally, microalgae cultivation
does not require arable land, making it a more sustainable option than
terrestrial biomass sources [16]. Furthermore, microalgae can be culti-
vated using wastewater which adds to their environmental appeal by
reducing their demand for freshwater resources. These advantages align
with SDG 6 (Clean Water and Sanitation) and SDG 12 (Responsible
Consumption and Production).

Althouh Chlorella and Spirulina are commonly studied for CO:
adsorbent production, there is limited research on Nannochloropsis
gaditana. Nannochloropsis is a microalga known for its application in
wastewater treatment to adsorb heavy metals and dye [17,18]. Inves-
tigating the potential of Nannochloropsis gaditana residue obtained from
lipid extraction as a feedstock for COz-optimized AC could fill this
research gap and, offer a cost-effective and efficient alternative for in-
dustrial CO: capture applications. According to Huang’s research, a
significant amount of residue after lipid extraction from microalgae and
is considered a process waste [19]. During biodiesel production, nearly
50 % of the biomass is generated as a by-product after the extraction of
lipids, as microalgae usually contain up to 55 % of lipids [19]. Another
study stated that microalgae residues after lipid extraction make up
approximately 70 % of the dry weight of microalgae biomass and retain
a significant amount of carbohydrates and proteins [20]. According to
Toro Aedo et al. (2013), microalgae residues can range from 30 to 60 %
of the dry microalgae weight because the lipid content can vary from 25
to 75 % depending on the type of strain. This phenomenon offers an
opportunity to enhance resource efficiency by adopting the circular
economy paradigm, which focuses on smart and sustainable use of re-
sources. It aims to minimize resource extraction, waste generation, and
emissions by promoting closed-loop systems that ensure that materials
are effectively reused, recycled, and repurposed effectively [21].

Algal Research 91 (2025) 104271

Therefore, utilizing microalgae residues can promote circular economy
by minimizing industrial waste.

This study aimed to produce activated carbon from Nannochloropsis
gaditana microalgal residue. Chemical activation via potassium hy-
droxide (KOH) impregnation was used to increase the surface porosity of
the activated carbon. A one-step carbonation and activation method was
employed to reduce sample preparation time. The prepared activated
carbon was then characterized for surface morphology, elemental
analysis, surface functional groups, Brunauer-Emmett-Teller (BET) sur-
face area, pore width, and total pore volume. In addition, the CO,
adsorption performance of N. gaditana residue-derived activated carbon
was evaluated at various CO, temperatures (25-55 °C) and inlet gas flow
rates (200-400 mL/min) using breakthrough analysis. The data
collected were also used for the kinetic study of the CO2 adsorption
behavior of N. gaditana residue-derived activated carbon. In addition, a
cyclic CO, adsorption study was conducted to evaluate the stability and
regeneration ability of the samples.

2. Materials and methods
2.1. Preparation of raw materials

Hydrochloric acid (>99 %) and potassium hydroxide (>99 %) were
purchased from Sigma-Aldrich. Purified nitrogen (99.99 %) and carbon
dioxide (99.80 %) were supplied by Alpha Gas Solution (Sdn). Bhd.,
Malaysia. Nannochloropsis gaditana residue was purchased from Xi’an
Jenifer Technology Co.,Ltd., China. The residue was obtained by lipid
extraction using ethanol solvent.

2.2. Preparation of activated carbon

The Nannochloropsis gaditana residue (NR) was directly impregnated
with KOH (100 wt%) at a carbon-to-KOH mass ratio of 8:1 on a dry basis
[22]. The KOH pellets were ground and thoroughly mixed with the
microalgae-residue powder. The impregnated precursor was calcined in
a furnace at 400 °C with a heating rate of 10 °C /min for 30 min [22].
The resulting carbon material was cooled to room temperature and then
washed with 0.1 M hydrochloric acid and distilled water until reaching
pH 7 [23]. Lastly, the washed sample was dried at 103 °C for 24 h [24] to
produce black and dried Nannochloropsis gaditana residue-derived acti-
vated carbon (NRAC). The raw Nannochloropsis gaditana residue (NR)
did not undergo carbonization or activation. The yield of NRAC ranged
at 30-45 wt%.

2.3. Evaluation of CO2 adsorption performance

A packed-bed CO; column custom-made by Berqat Engineering Sdn
Bhd was used to study the breakthrough curve of COy adsorption by
activated carbon. The fixed-bed column was designed with a 15 mm
inner diameter of 350 mm effective length. The column was filled with
35 g of NRAC adsorbent up to an effective bed height of 6 cm. The
sample was then placed in the adsorption column, and pure N2 gas was
introduced to purge any residual CO: from the column. This step ensured
that no CO: remained on the surface of the NRAC before starting the
experiment. Flow meters were used to measure and control the flow of
N2 and COo, which entered from the bottom of the column. The gases
were mixed upstream using a stainless-steel T-junction to achieve the
desired inlet concentration of 15 vol% COs. The parameters for this
study were the adsorption temperature and inlet CO, flow rate, whereas
the variables of interest were CO5 adsorption capacity and breakthrough
time. The experiment was conducted at atmospheric pressure with an
initial 15 vol% CO- concentration. The flow rates of N5 and CO, were
controlled in the feed stream to produce the desired COy volumetric
concentration. The adsorption performance of the prepared activated
carbon was evaluated at different adsorption temperatures (22-55 °C)
and inlet CO, flow rates (200400 mL/min).
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Fig. 1. Experimental set-up for CO, breakthrough analysis.

A CO; analyzer (Model: Alpha Omega Instruments Series 9610) was
used to measure the COz concentration at the column outlet at regular
intervals of 60 s, and the measurements were recorded using a data
logger (Model: Graphtec GL820). Non-dispersive infrared (NDIR) sensor
was used in CO; analyzer that can detect up to 20 vol% and a resolution
of +£0.1 vol%. The sampling data was taken continuously and direct
from the outlet stream. The response time of the analyzer is less than 35
s. The experiment was continued until the outlet CO5 concentration (Cy)
was equal to the inlet CO, concentration (Cp). The breakthrough time, t;
was obtained from the graph of C¢/Cy vs time. In this study, t;, was
referred to when C/Cy = 0.05 whereas the saturation time, t; was when
Ci/Co = 1. At t, point, the adsorbent is completely saturated and may no
longer adsorb the incoming CO2 molecules. Fig. 1 shows the experi-
mental set-up of a fixed-bed CO, adsorption unit for a breakthrough
curve study.

2.4. Regeneration study

In the regeneration study, the adsorption procedure was performed
in a manner similar to that of the breakthrough study. After the adsor-
bent reached saturation and t; was obtained, desorption was performed
where the gas flow was switched to pure N at a flow rate of 200 mL/min
to remove CO5 completely from the column. The adsorbent was sub-
jected to four consecutive adsorption-desorption cycles. The regenera-
tion data were collected using a data logger at the end of the experiment
and tabulated to analyze the stability of the NRAC.

2.5. Sample characterization

The surface morphology and elemental composition of the samples
(NR and NRAC) were examined by Scanning Electron Microscopy (SEM)
with Energy Dispersive X-ray Spectroscopy (EDX) (Model: Tescan VEGA-
3, Brno, Czech Republic) at an accelerating voltage of 15 kV. The
presence of surface functional groups in both samples was identified
using Fourier Transform Infrared (FTIR) spectroscopy (Bruker, VERTEX
70v, Rosenheim, Germany). The surface area, total pore volume, and
pore diameter of the samples were measured by nitrogen adsorption-
desorption analysis at 77 K using a Micromeritics TriStar 3000 V6.06
A. Nitrogen adsorption isotherms were recorded over a relative pressure
(p/po) range of 0.005-0.99. The surface area and average pore width
were calculated using the Brunauer-Emmett-Teller (BET) method.

2.6. CO> adsorption kinetics

In this study, the experimental data for the CO5 adsorption kinetics
were fitted to pseudo-first-order (PFO) and pseudo-second-order (PSO)

models. Lagergren’s PFO kinetic model assumes that the adsorption rate
is directly proportional to the number of free active sites available on the
adsorbent surface [25]. In contrast, Ho and McKay stated that the rate of
adsorption in PSO model is proportional to the square of the number of
unoccupied active sites on the adsorbent surface [26]. The PSO model
has been widely used to fit the kinetic rate data for the adsorption of
metal ions, dyes, and other compounds from the liquid phase onto ad-
sorbents [27], and has also been employed by many researchers to fit the
kinetics data of CO4 adsorption [25]. The non-linear forms of the PFO
and PSO models are presented in Eq. (1) and Eq. (2), respectively:

g =q.(1-¢*) @
t 1 t

t_1 .t 2)
a kg g (

where q. is the adsorption capacity of the adsorbent at equilibrium
(mmol/g), q; is the adsorption capacity of the adsorbent at time t
(mmol/g), k; is the rate constant for PFO adsorption (min’l), and ks is
the rate constant for PSO adsorption (mmol/g. min), and t is time (min).
Given the initial conditions g = 0 at t = 0.

3. Results and discussion
3.1. Material characterization

3.1.1. Surface functional groups

FTIR analysis provided insights into the surface functional groups of
raw microalgae residue powder (NR), fresh AC (NRAC), and AC after
CO2 adsorption at flow rates of 200 mL/min (A1) and 400 mL/min (B1).
In terms of O—H stretching, NR exhibited strong O—H stretching peaks
at 3780 cm™ !, 3695 cm ™, and 3433 cm !, which are attributed to hy-
droxyl (-OH) groups from water, polysaccharides, or proteins in the
microalgae cell walls [28]. The NRAC retained these O—H bands at
3780 cm™}, 3684 cm™!, and 3452 cm™}, indicating surface hydroxyls
were still present even after calcination at 400 °C. This might be due to
the addition of -OH groups from the alkaline activating agent (KOH),
incomplete dehydration or the formation of new -OH groups on the
carbon surface [29]. Another reason is the presence of residual lipids in
the biomass after calcination. Previous research has identified the lipid
peak in the 3550-3200 cm ™ region resulting from the symmetrical and
asymmetrical stretching of CH2 groups [30]. Some researchers have
suggested the presence of O—H, carboxylic acids, alcohols, and phenolic
groups in the regions between 3100 and 3700 cm ™! [31,32]. After 200
mL/min CO: adsorption (A1), new O—H bands appeared at 3747 cm’l,
3679 cm™!, 3610 cm™!, and 3393 cm~!, suggesting additional
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interactions between CO: and surface hydroxyls, possibly forming bi-
carbonate or carbonate-like species. However, hydroxyl groups were
significantly reduced, where only a single broad peak at 3181 cm™!
remained in 400 mL/min CO: adsorption (B1). This suggests either the
displacement of weakly bound water molecules or chemical trans-
formations reducing the hydroxyl content at higher CO- flow rates.

Next, for C—H stretching in aliphatic hydrocarbons, NR showed
peaks at 2919 cm ™! and 2853 cm ™Y, indicating the presence of alkane
groups, likely from residual lipids or fatty acids in the biomass [30].
These peaks persisted in NRAC at 2919 cm ™! and 2850 cm ™}, implying
that some aliphatic structures survived the activation at 400 °C. In Al,
CO: adsorption did not significantly alter these groups as the aliphatic
C—H peaks remained at 2924 cm ! and 2853 cm™!. However, in B1, the
C—H stretching bands disappeared, indicating that at higher CO: ex-
posures, the aliphatic chains were either oxidized or rearranged, which
caused them to be eliminated from the surface.

For C=O0 stretching in carbonyl, carboxyl, ester, and lactone groups,
the raw sample exhibited a carbonyl (C=0) stretching peak at 1731
em ™}, which could be attributed to esters or carboxyl groups naturally
present in microalgae-derived lipids (triglycerides) and fatty acids [30].
Similarly, a previous study indicated that peaks within the 1700-1800
cm ™! range also confirmed an increased concentration of fatty acids
[33]. In NRAG, the similar appearance of the C=0 peak at 1736 cm !
suggested that these carbonyl functionalities remained after calcination.
This aligns with the FTIR results of a previous study on microalgae-based
activated carbon, prepared using KOH activation, which revealed the
presence of C=0 bonds, indicating a higher concentration of oxygen-
containing functional groups. These groups can significantly enhance
CO: adsorption capacity [34]. The presence of oxygen-containing
functional groups (such as hydroxyl, carboxyl, and carbonyl)
enhanced the CO: adsorption capacity because they increase the surface
polarity and provide active sites for CO2> molecules to interact through
stronger dipole-quadrupole interactions or hydrogen bonding, thus
improving the adsorption performance [35]. After 200 mL/min CO:
adsorption (A1), two C=0 bands appeared at 1741 cm ' and 1661
em™ L. This indicated the formation of new surface-bound carbonyl
species because of the CO: interaction, forming lactone, quinone or
carboxyl functionalities [36]. In B1, the carbonyl peaks shifted to 1821
em ! and 1677 em ™, which could correspond to anhydride-like species
[37]. This increase in intensity suggests that an increase in CO2 exposure
led to further restructuring of the surface-bound carbonyl groups.

In addition, NR showed a C=C stretching peak at 1599 cm !, which
is possibly due to aromatic rings from lignin-derived compounds or
polyphenolic structures [38,39]. Fresh NRAC displayed a peak at 1547
cm™! which showed some retention of aromatic structures after acti-
vation, even with slight modifications. Similarly, Al retained C=C
peaks at 1561 cm ™! and 1514 em ™! even after COz exposure. However,
the C=C stretching peaks in B1 disappeared completely. The absence of
C—C stretching in B1 combined with the presence of a new band near
1821 cm ! and 1677 cm™? proved that aromatic structures were
transformed into quinone-like species under high CO2 adsorption con-
ditions [36]. This suggests that prolonged CO: exposure disrupted the
conjugated n-electron system of the aromatic rings.

C—O stretching in carboxyl, phenol, and ether groups typically
ranges from 800 to 1300 em ! [32]. The raw microalgae powder (NR)
exhibited C—O stretching at 1219 cm ™' and 1075 cm ™}, which could be
attributed to ether, phenolic, or ester groups naturally present in the
biomass. In fresh NRAC, these peaks slightly shifted to 1217 cm™! and
1087 cm ™! because of the structural modifications from thermal acti-
vation. Al showed a peak at 1231 cm ™! indicating the possible forma-
tion of new oxygen-containing surface groups through CO: interaction.
The presence of C—O stretching in B1 at 1170 cm ™' suggested that the
surface underwent further oxidation that may form ether groups that are
highly stable under high temperatures [36].

The NR and NRAC samples exhibited aromatic C—H bending vi-
brations at approximately 670 cm™". This illustrates that the aromaticity
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Table 1
Surface functional groups on the adsorbent surface.

Assignment Wavenumber (cm’l)
NR Fresh After 200 mL/ After 400 mL/
NRAC min CO2 min CO:2
Adsorption (A1)  Adsorption (B1)
O-H stretching 3780, 3780, 3747, 3679, 3181
(hydroxyl groups) 3695, 3684, 3610, 3393
3433 3452
C-H stretching 2918, 2919, 2924, 2853 -
(aliphatic 2853 2850
hydrocarbons)
C=O stretching 1731 1736 1741, 1661 1821, 1677
(carbonyl,
carboxyl, ester,
lactone)
C=C stretching 1599 1547 1561, 1514 -
(aromatic,
conjugated C—0
groups)
C-O stretching 1219, 1217, 1231 1170
(carboxyl, phenol, 1075 1087
ether)
Bending vibrations 669 667 705 558, 476

(C—H, aromatic
rings, others)

of the structure is preserved even after activation. In the A1 sample, this
peak shifted to 705 cm ™!, which showed some degree of modification in
the aromatic rings while retaining their structure. The expected aro-
matic C—H bending vibrations were absent in sample B1, but new peaks
appeared at 558 and 476 cm ™, indicating a breakdown of aromaticity.
This transformation suggests that at a higher COz adsorption rate, the
aromatic rings may have undergone chemical alterations, which led to
the formation of quinone-like or other oxygenated surface species. The
observed spectral changes indicate that the increased CO: flow could
have induced structural modifications, resulting in the conversion of
aromatic structures into oxygen-containing functional groups.

The comparison of FTIR spectra before and after CO- adsorption
reveals spectral changes that indicate the active participation of the
functional groups of the adsorbents in the adsorption process [37].
Overall, the FTIR results suggest that KOH activation at 400 °C suc-
cessfully introduced oxygen-containing functional groups, including
hydroxyl, carbonyl, and ether groups, contributing to the CO- adsorp-
tion capacity [40]. In addition, the presence of alkanes, phenols, and
alcohols helped trap pollutants on the activated carbon [37]. The
adsorption process at 25 °C led to the formation of surface-bound car-
bonate or carboxylate species and promoted more extensive modifica-
tions in surface chemistry at higher CO: flow rates (400 mL/min). The
presence of stronger carbonyl peaks in B1 suggests that higher CO2 flow
rates facilitate greater interactions between CO: and the active sites on
the AC surface, potentially enhancing chemisorption mechanisms.
Meanwhile, the retention of hydroxyl groups in Al suggests a higher
proportion of physisorption at lower CO2 flow rate (200 mL/min). These
findings highlight the importance of oxygenated functional groups in
CO: adsorption and indicate that varying CO: flow rates can influence
the adsorption mechanism and surface chemistry of activated carbon
derived from microalgal residues.

Table 1 summarizes the functional groups on the adsorbent surface.
Fig. 2 shows the FTIR spectra of raw microalgae residue (NR), micro-
algae residue-derived activated carbon before COy adsorption (Fresh
NRAC), microalgae residue-derived activated carbon after CO adsorp-
tion at 200 mL/min (A1), and microalgae-derived activated carbon after
CO; adsorption at 400 mL/min (B1).

3.1.2. Surface morphology
Scanning electron microscopy (SEM) was used to analyze the surface
morphology of raw microalgae residue powder (NR) and microalgae
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Fig. 2. FTIR spectrum analysis of raw microalgae residue (NR), microalgae residue-derived activated carbon before CO, adsorption (Fresh NRAC), NRAC after CO,
adsorption at 200 mL/min (A1), NRAC after CO, adsorption at 400 mL/min (B1).
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Fig. 3. SEM analysis of (a) raw microalgae residue (NR), (b) fresh NRAC and (c) NRAC after CO, adsorption.

residue-derived AC (NRAC) before and after CO, adsorption. Fig. 3
shows different magnifications of the raw microalgae residue powder
and activated carbon. As shown in Fig. 3 (a), NR exhibited irregular
spherical structures and a relatively smooth surface with no cavities.
Similar results have been reported for the surface morphology of raw
microalgae [41]. After carbonization and activation, the surface
morphology of fresh NRAC changed significantly. Fig. 3 (b) shows the
formation of a well-developed porous and fragmented structure, which
indicates successful activation. A rough surface with irregular cavities
and pores was expected to increase the surface area and facilitate COy
adsorption. The heterogeneous surfaces with developed micropores and
mesopores were likely attributed to the dehydration effect of KOH
during activation. This process disrupts the C-O-C and C—C bonds and
releases potassium oxide (K=0), hydrogen gas (H2), and potassium car-
bonate (K2COs), which contribute to pore development [42]. The
possible reactions that occur during KOH activation are as follows:

4KOH + C->K;0 + 2H, + K,CO3 3)

2KOH-K,0 + H,0 (€]
C+H,0->CO+H, (5)
CO + H,0-CO, + H, (6)
K20 + CO,>K,COs ™)

Fig. 3 (c) shows that after CO. adsorption, the NRAC exhibited
further morphological changes. The surface appeared to have less visible
pore structures than the fresh NRAC. This suggests that COz adsorption
might have led to structural modifications, potentially through in-
teractions between the functional groups of activated carbon and
adsorbed gas molecules. The presence of crystalline or agglomerated
deposits indicates the formation of stable surface complexes or
carbonate-related structures. Additionally, some pores were blocked,
possibly due to the accumulation of adsorbed CO5 molecules.
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Fig. 4. EDX spectrum of (a) raw microalgae residue (b) fresh NRAC (c) NRAC after CO, adsorption.

3.1.3. Elemental composition

EDX analysis provides insights into the elemental composition
changes of the raw microalgae residue, fresh NRAC, and used NRAC
after CO2 adsorption as shown in Fig. 4. The results showed that the
carbon content in this study was relatively higher than those reported in
the literature, for example, 34.8 % and 43.47 % for Scenedesmus and
Nannochloropsis residues, respectively [43,44]. The carbon content
increased from 73.23 % in the raw microalgae residue to 76.78 % in
fresh NRAC and 78.69 % in NRAC. This shows the successful carbon-
ization of NR and potential surface modifications in NRAC after CO:
adsorption. High carbon content facilitated the formation of aromatic
compound, carboxyl and carbonyl groups which enhanced the phys-
isorption of CO2 on NRAC [45]. This is because more condensed aro-
matic rings provide extended n-systems that enhances the interaction
energy between CO: and the carbon surface [46]. During CO2 adsorp-
tion, some CO, molecules might be physically or chemically adsorbed
onto AC, and some unstable oxygen-containing functional groups such

as O—H might transform into more stable carbon-oxygen structures,
such as quinones, lactones, or anhydrides. As these situations occur, the
relative oxygen content might decrease, while the proportion of carbon-
bound species increases, resulting in a higher detected carbon content
on the AC surface [47,48]. In contrast, the oxygen content decreased
from 18.92 % in the raw microalgae residue to 14.11 % in the NRAC
used, suggesting the removal of oxygenated functional groups during
KOH activation [22]. In addition, the decrease in oxygen content after
CO: adsorption might imply the transformation of certain oxygen-
containing species through interactions with CO2. Anhydrides or lac-
tones formed in fresh NRAC may be converted into COy during
adsorption, leading to a loss of oxygen content [49].

The chlorine content decreased from 2.62 % in NR to 1.40 % in the
used NRAC. This might be due to volatilization during thermal treat-
ment or leaching during activation. In addition, the increase in potas-
sium content in fresh NRAC could be attributed to the reaction between
acidic functional groups such as carboxyl and phenolic groups, and basic
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Table 2
EDX analysis of raw microalgae residue, fresh NRAC, and NRAC after CO,
adsorption.

Element Weight %
Raw Fresh NRAC Used NRAC

C 73.23 76.78 78.69
(0] 18.92 16.17 14.11
Na 2.00 1.29 1.68
Cl 2.62 1.62 1.40
Mg 0.79 1.00 0.65
P 0.77 1.36 0.71
S 0.71 0.50 0.34
K 0.41 0.65 1.76
Ca 0.32 0.43 0.36
Al 0.12 0.11 0.10
Si 0.12 0.09 0.07

KOH, which resulted in the formation of potassium salts [50]. On the
other hand, potassium increased from 0.41 % to 1.76 %, possibly
because of the surface adsorption of residual KOH during the activation
process, forming stable potassium [51]. Furthermore, the increase in the
P content in fresh NRAC could be attributed to the activation process,
where carbonization enhanced the retention of phosphorus by elimi-
nating other volatile elements [52]. Both aluminum (Al) and silicon (Si)
contents were relatively low and were considered negligible. This aligns
with the mineral composition found in another study of N. gaditana
species [53].

Furthermore, the presence of Mg in the raw N. gaditana residue could
lead to magnesium carbonate (MgCOs) formation during carbonization
and activation [54]. This is because Mg-containing minerals such as
MgO, in the N. gaditana residue could react with the CO; released from
the decomposition of organic matter during carbonization. This supports
the increase in Mg content in the observed fresh NRAC as some MgCOs
might remain on the activated carbon surface. The decrease in Mg after
CO4 adsorption might be due to the formation of new functional groups
such as quinones, lactones, or anhydrides, which could alter the surface
chemistry. A similar case can be applied to Ca, in which calcium car-
bonate (CaCOs3) is formed after activation and carbonization. In addi-
tion, the decline in sulfur content in fresh NRAC after KOH activation
could be explained by alkali-promoted sulfur release, where organic
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sulfur compounds decompose, followed by the formation and removal of
inorganic sulfur salts and SO gas [55]. Lastly, sodium (Na) showed an
increase in used NRAC, which indicated that some sodium species
participate in CO: adsorption [56,57].

3.1.4. Surface area, total pore volume and pore size

Brunauer-Emmett-Teller (BET) analysis was conducted to evaluate
the specific surface area, pore size, and pore volume of the synthesized
activated carbon. As shown in Table 2, the BET results of NR and NRAC
were compared with those of the other microalgae-derived adsorbents.
The NRAC exhibited a BET surface area of 296.96 m?/g with an average
pore diameter of 2.26 nm, and a total pore volume of 0.17 cm®/g. The
average pore diameter falls within the mesoporous range (2-50 nm),
indicating that the activation of Nannochloropsis gaditana residue using
KOH at 400 °C for 30 min successfully produced a mesoporous material,
similar to the other adsorbents in Table 3.

The BET-specific surface area of NRAC was mostly lower than that of
other microalgae-derived adsorbents, especially the KOH-activated
Nannochloropsis AC reported by Masoumi and Dalai, which achieved a
significantly higher surface area of 2099 m?/g with a larger pore
diameter of 5.90 nm [32]. This may be attributed to the higher activa-
tion temperatures (525-825 °C) employed in their study, which pro-
moted greater pore development and higher porosity. Additionally, their
higher total pore volume of 1.2 cm®/g compared to that of NRAC’s 0.17
em3/g indicated a more extensive pore network. Other study also
showed direct proportional relationship between activation temperature
and porosity (BET surface area and micropore volume) [58]. A lower
surface area (844 mz/g) and total pore volume (0.5 cm3/g) were also
reported by Masoumi and Dalai when a lower activation temperature
and a smaller amount of KOH were used [32]. Similarly, the relatively
low BET surface area of 296.96 m2/g observed for NRAC can be
attributed to the mild activation conditions employed in this study,
specifically at 400 °C with a KOH-to-biomass ratio of 1:8. Study has
shown that lower carbonization temperatures can lead to the formation
of oxygen-rich carbon structures, which may enhance adsorption ca-
pacity [59]. Additionally, other research indicates that effective carbon
activation can still be achieved under relatively mild conditions [60].

However, the NRAC produced in this study still demonstrated a
competitive performance compared to other algae-based adsorbents. For
instance, N-doped microwave activated carbon derived from Spirulina

Table 3
BET surface area, pore diameter, and total pore volume of different adsorbent.
Adsorbent precursor Type of adsorbent Activating Sper (m?%/ Average pore Total pore Micropore volume Adsorption References
agent g) diameter (nm) volume (cm®/g) (em®/g) capacity
(mmol/g CO2)
Chlorella Biochar KOH 5.0 3.00 0.01 - - [34]
Chlorella N-doped KOH (1:1) 396.5 2.24 0.22 - 3.44 [34]
microwave AC
Chlorella N-doped KOH (2:1) 602.8 2.57 0.37 - 4.21 [34]
microwave AC
Spirulina Biochar KOH 5.7 5.23 0.01 - - [34]
Spirulina N-doped KOH (1:1) 189.7 2.85 0.14 - 3.09 [34]
microwave AC
Spirulina N-doped KOH (2:1) 510.3 2.74 0.33 - 3.57 [34]
microwave AC
Nannochloropsis gladina AC KOH 2099 5.90 1.2 0.58 - [32]
(1.5:1,
675 °C)
Nannochloropsis gladina AC KOH 844 12.70 0.5 0.22 - [32]
(1:2, 550 °C)
Nannochloropsis gladina AC H3PO4 406 10.90 0.28 0.14 - [32]
Nannochloropsis gaditana Raw - 5.45 2.98 0.01 0.006 12.94 (em®/g This study
residue N»)
(NR)
Nannochloropsis gaditana AC KOH 296.96 2.26 0.17 0.13 0.55 (mmol/g This study
residue CO,)
(NRAC) 112.16 (cm®/g

N2)
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by Shi & Liu recorded a BET surface area of 189.7 m?/g, which is lower
than that of NRAC [34]. Similarly, KOH-activated Chlorella microwave
carbon (396.5 m?/g, 2.24 nm pore diameter, 0.22 cm®/g pore volume) is
comparable with NRAC having a higher surface area but similar meso-
pore structure. Overall, these comparisons highlight that although
NRAC exhibited a lower surface area owing to milder activation con-
ditions (more sustainable), the adsorbent still achieved a well-developed
mesoporous structure. Although the average pore diameter of NRAC was
2.26 nm, BET reported 0.13 cm®/g of micropore volume which
accounted for 76.47 % of the total pore volume. These micropores
significantly contributed to the CO3 adsorption by NRAC because COy
molecules have small kinetic diameter of 0.33 nm [61]. Mesopores were
serving as gas diffusion channels to transport CO2 molecules to adjacent
microporous regions. Comparing NR and NRAC, BET showed that both
total pore volume and micropores volume are directly proportional to
the adsorption capacity of the examined samples.

The nitrogen adsorption-desorption isotherm of the KOH-activated
Nannochloropsis gaditana residue-derived activated carbon shown in
Fig. 5 exhibits a Type IV profile with an H4-type hysteresis loop. Ac-
cording to the International Union of Pure Applied Chemistry (IUPAC)

classification, Type IV isotherms are characteristic of well-developed
mesoporous materials and are distinguished from Type II by the pres-
ence of a hysteresis loop associated with capillary condensation within
the pores [62-64]. This aligns with the measured average pore diameter
of 2.26 nm, further confirming the mesoporous structure of the activated
carbon. Fig. 6 shows the pore size distribution of NRAC.

The Type IV isotherm indicates that adsorption primarily occurs
within the micropores at lower relative pressures, where the formation
of a “knee” in the isotherm represents the completion of monolayer
adsorption. As the relative pressure increased further, the appearance of
a plateau reflected the development of multilayer adsorption across the
pore surfaces. At higher relative pressures, the sharp increase in the
adsorbed volume was attributed to capillary condensation within the
mesopores [65]. The H4 hysteresis loop indicates the existence of
asymmetric, narrow, and slit-shaped pore structures. Similar results
were reported by [66] in their study of activated carbon derived from
hemp bast fibers.

3.2. Effect of inlet gas flow rate

The effects of the inlet CO, flow rate on the breakthrough time and
adsorption capacity were investigated. Fig. 7 shows that an increase in
the inlet CO, flow rate from 200 to 400 mL/min resulted in a shorter
breakthrough time when temperatures were kept constant at 25, 40 and
55 °C, respectively. This was because more CO5 molecules were intro-
duced into the column, causing faster saturation of the surface of the
activated carbon [67]. Similar results were reported by Hanh and Danish
[67,68]. Furthermore, the mass transfer zone (MTZ) became narrower at
a higher gas flow rate due to faster adsorption at the initial stage. This
phenomenon limited the time available for CO5 molecules to diffuse into
deeper layers of the adsorbent, resulting in an earlier breakthrough [69].

The increase in the gas flow rate theoretically results in higher
adsorption capacity owing to the presence of more CO5 molecules. The
amount of CO adsorbed per adsorbent increased with an increasing CO5
flow rate at 25°, as shown in Fig. 8. The adsorption capacity increased
from 0.39 to 0.55 mmol/g when the flow rate increased from 200 to 400
mL/min. A similar trend was observed at both 40 and 55 °C. As the gas
flow rate increased, the residence time of the gas within the activated
carbon decreased. However, a higher flow rate induced turbulence
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within the column, which enhanced the mass transfer between the COy
molecules and the activated carbon. More CO: molecules were effec-
tively transferred from the bulk gas phase to the gas-solid boundary
layer, resulting in an improvement in the mass transfer coefficient. This
phenomenon was demonstrated by Giil et al. [70] and Guo et al. [71].
In contrast, other studies have shown that lower flow rates result in
better CO adsorption capacity. For instance, Suratman et al. [72] found
that the adsorption capacity decreased after the optimum gas flow rate
because the interaction between the gas and adsorbent decreased when
the gas flow rate was too high. The gas molecules moved too fast and did
not have sufficient time to be effectively adsorbed by the activated
carbon. When the number of available adsorption sites remained un-
changed, additional CO2 molecules could no longer interact with the
saturated active sites; hence, the adsorption capacity remained un-
changed despite the increase in the inlet CO; flow rate, as illustrated in
the literature [71]. At higher flow rates, the adsorption sites on the
activated carbon might become saturated more quickly, leading to a
plateau in the adsorption capacity. A previous study [73] observed that
increasing the flow rate decreased the breakthrough time, indicating a
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faster adsorbent saturation. Another study showed that reducing the gas
flow rate could increase the contact time and enhance the mass transfer
between CO, molecules and activated carbon, leading to a higher
adsorption capacity [37].

3.3. Effect of CO, temperature

The CO: adsorption experiment was conducted at three different
temperatures (25, 40, and 55 °C) to examine the effect temperature on
the adsorption capacity of the activated carbon and its breakthrough
time. Fig. 9 (a) illustrates that the breakthrough time decreased from 7
to 4 min with increasing column temperature from 25 to 55 °C under a
constant CO5 flow rate of 200 mL/min. Moreover, Fig. 9 (b) shows a
similar trend at 400 mL/min, where the breakthrough time decreased to
4, 3 and 2 min at 25, 40, and 55 °C, respectively. These results align with
the findings of previous studies [25,74], as higher temperatures led to
faster desorption of CO, molecules, which then led to shorter break-
through times. Fig. 10 shows the adsorption capacity of 0.39, 0.33, and
0.24 mmol/g at 25, 40 and 55 °C, respectively when using a constant of
200 mL/min and 15 vol% CO,. Similarly, declined adsorption capacities
of 0.55, 0.42, and 0.32 mmol/g were observed at 25, 40 and 55 °C,
respectively, with a constant flow rate of 400 mL/min and 15 vol% COg,
The decrease in adsorption capacity with increasing column tempera-
ture was caused by the increase in the kinetic energy of the COy

molecules at higher temperatures, which could overcome the binding
force, thus causing them to desorb from the activated carbon. Another
reason was the exothermic nature of adsorption, where the high tem-
perature shifted the equilibrium to the reverse side of the process, which
meant that desorption would occur. Eventually, the instability of CO,
molecules owing to the increase in energy supply led to a faster break-
through and lower adsorption capacity [75]. Based on the results ob-
tained, the process can be expected to involve physical adsorption
between the CO5 molecules and the activated carbon surface [74]. The
reported effects of temperature on adsorption capacity in this work align
with previous studies reported by other researchers [76-78].

The highest adsorption capacity of 0.55 mmol/g was observed at the
lowest temperature, 25 °C and the highest flow rate, at 400 mL/min, in
Fig. 10(b), with corresponding longer breakthrough time in Fig. 9(b),
indicating an increased uptake of COy under these conditions [68].
These are attributed to the combined effects of (i) lowering the tem-
perature which reduces the CO, desorption rate and (ii) increasing the
gas flow rates, which introduces more CO, molecules to the process and
enhances the CO» adsorption efficiency. On the other hand, adsorption
capacity for all temperatures were expected to decrease because less CO4
molecules available at lower concentrations, such as 10 vol% or below,
leads to smaller uptake capacity. This was proven by Ibrahim et.al [79],
where approximately 15 % reduction of adsorption capacity when CO2
concentration decreased from 13.725 vol% to 10 vol%. Besides, author
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Fig. 11. Adsorption kinetics curve of CO5 on NRAC under 200 mL/min flow rate, fitted to (a) PFO and (b) PSO, and under 400 mL/min flow rate, fitted to (c) PFO

and (d) PSO.

Table 4

Pseudo first and second order kinetics model parameters of CO2 adsorption on NRAC.

Flow rate (mL/min) Temperature (°C) Pseudo-first-order Pseudo-second-order
Qe ki R? N ks R?
(mmol/g) (min’l) (mmol/g) (mmol/g.min)
200 25 0.4714 0.0893 0.9607 0.7041 0.0903 0.9500
40 0.4066 0.0939 0.9618 0.6184 0.1052 0.9526
55 0.2750 0.1291 0.9518 0.3987 0.2416 0.9370
400 25 0.6391 0.1228 0.9579 0.9142 0.1026 0.9427
40 0.4794 0.1454 0.9544 0.6750 0.1691 0.9367
55 0.3565 0.1695 0.9519 0.4846 0.2927 0.9287

reported the CO, adsorption amount decreased by 6 % for flue gas
mixture (CO2, NO, N3). Further study on the effect of CO, concentration
and flue gas mixtures are recommended.

3.4. Kinetics of adsorption

The kinetics of COy adsorption by NRAC was fitted to PFO and PSO
using non-linear equations (Egs. (1) & (2)), which can reduce approxi-
mation errors and provide a better representation of the reaction
mechanism, and are compared based on the respective R? values. Fig. 11
shows the curves of non-linear CO5 adsorption kinetics at different inlet
CO;, flow rates and temperatures.
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A higher correlation coefficient, RZ, indicate that the data fit the
kinetic model more accurately. As shown in Table 4, The PFO model
exhibited a superior fit to the COz adsorption data compared with the
PSO model, especially at 293 K or when the inlet gas flow rate is lower.
This suggests that the adsorption process was physisorption, which
involved weak van der Waals forces or physical interactions rather than
chemical bonding. Lagergen’s PFO adsorption kinetics model, also
known as the linear driving force (LDF) model, suggests that the
adsorption rate is proportional to the number of unoccupied sites and is
commonly applied when physical adsorption is dominant [80,81]. This
process is typically fast and reversible [82].

The adsorption rate constant (k;) of the PFO model in this study
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increased with increasing temperature because of the enhanced mobility
and interaction of CO2 molecules with the activated carbon surface. This
contradicts the research conducted by Liu and Singh, where their
adsorption rate constants in PFO decreased with increasing temperature
[25,81]. Previous studies have suggested that the CO5 adsorption pro-
cess on activated carbon is primarily controlled by intra-particle diffu-
sion, which refers to the movement of CO5 molecules within the pores of
the adsorbent. In this study, when the temperature increased, the CO2
molecules gained more kinetic energy, leading to more frequent and
forceful collisions with the adsorbent surface. This increased interaction
enhanced the adsorption rate, resulting in a higher k; value. A similar
trend was reported by Saha et al. [83] in research on the adsorption of
methyl orange onto chitosan adsorbents, although PSO was identified as
the best fit in their case. Because the correlation coefficients (R%) of PFO
and PSO models in this study are relatively close, it is likely that both
chemisorption and physisorption are involved in CO; adsorption by
NRAC, with physisorption being the dominant mechanism.

In addition, the CO5 adsorption capacity decreased as the tempera-
ture increased at both flow rates of 200 and 400 mL/min. Desorption is
expected at higher temperatures, which reduces the overall adsorption
capacity. This phenomenon further confirms the physisorption
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mechanism. In line with this study, other studies on CO; adsorption also
discovered that the PFO kinetic model was better at describing the
adsorption process than PSO using olive waste-derived AC and amine-
functionalized KIT-6 [81,84].

3.5. Cyclic adsorption/desorption performance

The stability of an adsorbent is crucial for its successful practical
application in an industrial setting. An effective CO, adsorbent must
retain its adsorption performance over multiple adsorption-desorption
cycles to ensure long-term functionality and reusability. The stability
of the adsorbent was assessed based on the decline in the adsorption
performance (%) over multiple cycles of adsorption-regeneration
testing. As illustrated in Figs. 12 and 13, NRAC demonstrated strong
adsorption capacity and stability throughout several adsorption-
desorption cycles. In the second cycle, the adsorption capacity
increased from 0.39 to 0.41 mmol/g, likely due to moisture loss from the
NRAC surface during the initial regeneration step, resulting in more
available active sites for COz adsorption.

A slight decline was observed in the third cycle, with the adsorption
capacity decreasing back to 0.38 mmol/g and remaining constant
through the fourth cycle. This indicates that no significant changes
occurred in the mass transfer region, confirmed the stability of the NRAC
adsorbent. This structural stability was due to carbon-rich structure
where strong cross-linking occurred between the crystallites, making the
AC resisted pore collapse [85]. A similar trend was observed and re-
ported by other researchers and also in Liu and Yu’s study, where a 6.5
% decrease in adsorption capacity after 10 cycles was still considered
relatively stable [81,86,87].

4. Conclusion

This study aimed to produce activated carbon from microalgae res-
idues after lipid extraction and evaluate its CO, adsorption performance
through breakthrough curve experiments. Activated carbon was suc-
cessfully produced by one-step KOH activation and carbonization of
Nannochloropsis gaditana residue with a carbon-to-KOH ratio of 8:1.
Carbonization was performed at 400 °C for 30 min. The characterization
results revealed that the NRAC sorbent had a rough, complex surface
with irregularly shaped pores developed as a result of chemical

0.41
0-39 I 0.38 0.38
1 2 3 4

Cycle number

12

13. NRAC adsorption capacity in several adsorption—desorption cycles.
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activation with KOH, while the raw microalgae residue (NR) exhibited a
smooth surface without obvious pore structures. EDX analysis also
proved the successful treatment of NRAC with an increase in the carbon
content compared to NR. The presence of oxygen-containing surface
functional groups such as OH, C—O, and C—=O0 was confirmed in the
FTIR spectra. BET analysis showed an increase in the specific surface
area of NRAC (296.96 mz/g) compared to NR (5.45m2/g). Moreover,
NRAC had the longest breakthrough time at the lowest temperature
(25 °C) and inlet gas flow rate (200 mL/min). The highest adsorption
capacity of 0.55 mmol/g was recorded at 25 °C and 400 mL/min as the
lower temperature can reduce the desorption of CO2 molecules from the
adsorbent surface, whereas a higher flow rate allows more CO3 mole-
cules to enter the adsorption column. In addition, the regeneration study
demonstrated that NRAC maintained a stable performance over four
adsorption-desorption cycles. According to the kinetic data, the PFO
model provided the best fit for the adsorption of COy on the NRAC
adsorbent. The observed decrease in adsorption capacity with increasing
temperature supported the exothermic nature of the process and sug-
gested that physisorption was the dominant mechanism for CO,
adsorption using NRAC.
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