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1. Introduction

Dry desulphurisation of gas streams using KCC-1
mesoporous silica functionalised with deep
eutectic solvents
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Sulphur dioxide, a toxic gas pollutant, is mainly generated by the combustion of fossil fuels and the
smelting of sulphur-bearing mineral ores. Removal of SO, gas or desulphurisation can be accomplished
in industries using a variety of processes; the most efficient is wet flue gas desulphurisation (FGD).
However, wet FGD has challenges, such as the requirement for wastewater treatment, excessive water
usage, and the necessity for chloride protective coating. Despite having a lesser adsorption capacity
than wet FGD, dry FGD can efficiently remove SO, from the effluent gas stream and avoid the issues
associated with wet FGD, provided that the sorbents are modified and regenerable. An alternative dry
desulphurisation strategy by using fibrous mesoporous silica (KCC-1) modified with deep eutectic
solvents (DES), choline chloride—glycerol (DES1) and choline chloride—ethylene glycol (DES2) is studied
in this paper. KCC-1 modified with DES1 is found to increase SO, adsorption capacity to 4.83 mg g%,
which is 1.73 times greater than unmodified KCC-1 and twice higher than KCC-1 modified with DES2
attributed to the sorbent’s high porosity. Increasing reaction temperature and SO, concentration reduce
the adsorption capacity to 1.73 mg g~ and 2.73 mg g2, respectively. The Avrami kinetic model and the
Toth isotherm model best reflect SO, adsorption on the modified KCC-1, indicating that SO, molecules
are adsorbed exothermically in multilayer adsorption on a heterogeneous surface through a
combination of physical and chemical processes. The higher SO, adsorption capacity of the modified
KCC-1 suggests that choline chloride—glycerol can provide additional sites for SO, adsorption in dry
FGD technology.

reactive air pollutants, including nitrogen oxides (NO,), carbon
monoxide (CO), particulate matter (PM) and sulphur dioxide

Clean air is vital for all living things in order to sustain human
health, protect ecosystems, and help preserve building struc-
tures. Unfortunately, fossil fuel utilisation in road transporta-
tion, power generation and industrial activities produces
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(SO,) that pose a significant threat to human health and the
environment." While CO has the most immediate impact on
health due to its capability to bind in red blood cells and
rapidly reduce oxygen delivery* and PM exposure has the most
significant long-term health risks for cardiovascular disease
and cancer,® SO, primarily affects the respiratory systems,
causing irritation, coughing and asthma. In addition, SO, also
contribute to the formation of acid rain, harming forests,
reducing soil fertility and damaging aquatic ecosystems.*
Since the late 1960s, flue gas desulphurisation (FGD) tech-
nology has reduced emissions from coal-fired power plants.
FGD systems typically comprise a vertical, cylindrical tower or
column in which the solvent is brought into contact with the
pollutants to be removed from the exhaust gas. These systems
are frequently employed in industry for gas stream purification
and separation, product recovery, and pollution management.
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Wet limestone, seawater-based, ammonia-based, and dry FGD are
common methods used in power stations to reduce SO, emis-
sions. These methods are proven technologies and commercially
available. The capacity to remove sulphur, dependability, spatial
requirements, and reagent availability are the primary technical,
economic, and commercial variables influencing the choice of a
suitable FGD technology.” Wet FGD systems generally achieve
higher SO, removal efficiency (exceeding 90%) than dry FGD
systems (approximately 80%). However, the large amount of
wastewater produced by wet FGD systems must be treated before
disposal, requiring additional cost and time.*’

Among the variety of sorbents in dry FGD, activated carbon
is a commonly studied material which can be derived from
various carbonaceous sources like agricultural wastes. Unfortu-
nately, the application of activated carbon in up-scaled SO,
treatment is frequently limited by high flue gas temperatures
and acidic gas compositions.® Mesoporous silica (MS) based
sorbents offer more extensive applications, including in med-
icine delivery, wastewater treatment, indoor air purification,
catalysis, and SO, removal from flue gas.” MS are superior
because of their unique features, which include organised pore
architectures, high specific surface areas, and the ability to be
synthesised in various morphologies, including spheres, rods,
discs, powders, etc.

One of the newest members of the MS materials group,
KAUST Catalyst Centre-1 (KCC-1), was initially synthesised in
2010 by Polshettiwar et al.'® In contrast to the conventional MS
materials such as Fudan University-12 (FDU-12), Korea Institute
of Science and Technology-5 and 6 (KIT-5, KIT-6), Santa Barbara
Amorphous-15 and 16 (SBA-15, SBA-16), Mobil Composition of
Matter-41 and 48 (MCM-41, MCM-48), KCC-1 has concentric
and regular fibres that developed radially from the centre of the
silica spheres to the outside of the spheres, which accounts for
its high surface area.""'* As a result, KCC-1 could be an excellent
alternative for catalysis applications and adsorption that require
easily accessible active sites.’**® Silica-based sorbents require
modification to enhance removal efficiencies and improve cata-
lytic activities, as limited active sites will reduce their accessi-
bility when significant mass transport is vital."® Modification of
silica-based materials has been shown to improve the adsorption
activity of the sorbents in a recent work by Lai et al."”

On the other hand, the use of deep eutectic solvent (DES) for
CO, capture and SO, sequestration has also grown in interest."®
DES has a high distribution coefficient of solutes, which means
it is particularly efficient in storing solutes with properties and
behaviours similar to ionic liquids (ILs). DES has been widely
employed in organic synthesis, metal electrodepositions
and extractions, and CO, absorptions due to its low cost, low
volatility, non-toxicity and ease of synthesis. Yang et al'®
reported that DES achieves high SO, sorption capacity through
significant charge transfer interactions between chloride anion
and SO, molecules. Furthermore, the interaction may be tuned
to control SO, desorption, so that the sorbent can be cycled
multiple times. In addition, DES is advantageous in FGD
applications due to its good thermal stability and the ability
to maintain stability.'® Motivated by the excellent properties of
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KCC-1 and DES, the suitability of KCC-1 modified with DES for
SO, removal was investigated in this work.

2. Materials and methods
2.1 Materials

2.1.1 Gases and chemicals. Synthetic gases, 0.3% sulphur
dioxide/nitrogen (SO,/N,) mixture and purified nitrogen (N,)
were supplied by Linde, Malaysia. Meanwhile, choline chloride
(=98%), glycerol (=99%) and ethylene glycol (>99%) were
from Sigma-Aldrich, Germany.

2.1.2 KCC-1 mesoporous silica. KCC-1 mesoporous silica
was obtained from Universiti Teknologi Malaysia (UTM) in
powder form and used as received. The synthesis of KCC-1
has been explained in other work.”®

2.2 Methods

2.2.1 Synthesis of deep eutectic solvent. Deep eutectic
solvent solutions preparation was adopted from previous studies
using the heating method.””** The KCC-1 samples modified
with choline chloride mixed with glycerol were denoted as DES1
and choline chloride mixed with ethylene glycol as DES2,
respectively. To prepare the materials, choline chloride was first
oven-dried at 80 °C for 12 hours due to its hygroscopic nature.
Choline chloride, a hydrogen bond acceptor (HBA), was then
mixed with a hydrogen bond donor (HBD), either glycerol or
ethylene glycol, to produce DES1 and DES2 samples, respec-
tively, at the molar ratio of 1:2 (HBA:HBD) by stirring for
60 min at 60 °C (with glycerol) and 70 °C (with ethylene glycol).
This specific ratio was selected based on preliminary findings
indicating optimal performance with minimised chemical
usage. A ratio of 1:1 is inapplicable as the produced DES will
self-crystallise during storage. The mixtures were agitated until
clear and homogeneous. Afterwards, the mixtures were allowed
to cool to room temperature and then stored in sealed vials, kept
in a desiccator.

2.2.2 KCC-1 modification. KCC-1 was modified with DES
solutions using the incipient wetness impregnation method.*
The process involved adding DES solutions into beakers con-
taining KCC-1 samples in powder form and mixing until the
samples appeared visibly wet but without excess liquid. The
samples were then oven-dried for 12 hours at 110 °C before
being calcined for 6.5 hours at 550 °C. The resulting powders,
designated as KCC-1/DES1 and KCC-1/DES2 depending on the
respective DES mixtures, were stored in a desiccator until
further use.

2.2.3 SO, removal study. A preliminary SO, breakthrough
study was conducted to compare SO, removal efficiency
between fresh and DES-modified KCC-1. For this purpose, a
0.3 g sample (with an average bed height of 20 mm) was placed
in the centre of a quartz tube reactor (ID = 8.8 mm, OD =
12.7 mm), with quartz wool filling the empty spaces.”* The
reactor was positioned inside a tubular furnace equipped with a
programmable controller (Vecstar VCTF SP, United Kingdom).
The sorbent bed was degassed with 100 mL min " N, flow at
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150 °C for 60 min to remove residual moisture and air. After
that, the reactor was left to cool to 40 °C. The SO, breakthrough
experiment was carried out with a 200 mL min~' flow of
1500 ppm SO, gas balanced in N,, and the concentration of
exit gas was continuously monitored using a Testo 340 gas
analyser (Testo, Germany) until the sorbent bed achieved at
least 95% saturation. The flow rate was chosen to achieve a
high gas hourly space velocity (GSHV) of 25000 h™*, character-
istic of an exhaust gas condition.

In this study, the breakthrough point was considered
achieved once the gas analyser measured 5% of the initial
SO, concentration in the exit gas stream. To ease comparison
with samples that took too long to reach complete saturation,
the capacity of SO, removal was computed at a fractional
concentration (C/C,) equal to 0.95 using eqn (1), assuming all
samples have reached bed saturation. C and C, are the SO,
concentrations at time ¢ and initial SO, concentration (mg L"),
respectively; y, is the gas molar fraction, Qf is the gas flow rate
(L min™"), and m, is the mass of the sorbent bed (g).

g= ConerDO (_E) de 1)

me  Jo Co

An important metric in fixed bed adsorption is the mass transfer
zone (MTZ), which quantifies the efficiency of sorbent utilisa-
tion, where adsorbate mass transfer occurs, resulting in adsorp-
tion. The MTZ started to move from the inlet to the outlet as
soon as the gas supply was activated and continued to progress
until saturation was achieved. The MTZ was computed using
eqn (2), where H is the sorbent length in cm, while #, and ¢ are
the breakthrough and saturation time in minutes, respectively.

MTZ:H(I—[—b) 2)

S

The samples were also tested under different operating condi-
tions, i.e., reaction temperatures and inlet concentrations. In the
former conditions, the reactor was set to achieve the desired
reaction temperatures (40, 80 or 120 °C) at a fixed SO, concen-
tration of 1500 ppm, while in the latter, the reactor was cooled to
a constant reaction temperature of 40 °C and the concentration
of SO, gas stream was varied from 1500 to 2000 ppm.

2.2.4 Sample characterization. The characterisation of
fresh and modified samples was conducted both physically
and chemically. The surface morphology was assessed using a
Zeiss Leo 1525 field emission scanning electron microscope
(FESEM) with Type II secondary electron image (SEI) at a
magnification of x50 000. Meanwhile, Fourier Transform Infrared
Spectroscopy (FTIR) via attenuated total reflection (ATR) was used
to examine the surface chemistry of the samples using a Frontier
PerkinElmer instrument, with polystyrene film NIST as the ver-
ification material. The surface area and porosity of fresh and
modified KCC-1 were determined through N, adsorption—-
desorption using Micromeritics 3Flex at —196 °C. Before measure-
ment, the samples were degassed at 150 °C for 1 hour. The surface
area, average pore size and pore volume of all samples were
determined by Brunauer-Emmett-Teller (BET) analysis and the
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Medek model as well as the adsorbed N, volume calculation at
standard temperature and pressure (STP), respectively.

2.2.5 Kinetic study. Adsorption kinetics provides insights
into the sorption mechanism and the rate of the adsorption
process, which involves adsorbent surface reaction, diffusion,
and mass transfer (i.e., external mass transfer at the active
centres over emergence (chemical or physical bonds) of the
adsorbate at the adsorbent pores, the diffusion film and diffu-
sion within the adsorbent particles).>>*® The adsorption capa-
cities obtained at varying reaction temperatures were fitted to
nonlinear pseudo-first-order (P1st), pseudo-second-order (P2nd)
and Avrami kinetic models as shown in eqn (3)-(5), respectively:

q: = ge[1 — exp(—Kyt)] (3)
_ Kaglt

" Kl .

q: = g1 — exp(—K¢™)] ()

where g, is the adsorption capacity (mg g~ ') at time ¢ (minutes),
and q. is the equilibrium capacity of adsorption (mg g™ ). The
P1st and P2nd reaction rate constants are K; and K,, respec-
tively, while the Avrami constant and time exponent associated
with the change in the adsorption mechanism are denoted by
K3 and N,, respectively.

2.2.6 Isotherm study. Isotherms are typically used to char-
acterise and investigate the most significant features of an adsorp-
tion, including the quantitative distribution of adsorbate (bulk
solution) and the adsorbent, as well as adsorption capacity, mecha-
nism and affinity. The nonlinear Langmuir, Freundlich and Toth
coefficients were calculated from the adsorption data collected at
varying SO, concentrations, using eqn (6)-(8), respectively.

KL gmCe

=71 6

"=+ k) (©)

ge = KeCe'" )
K1gmC,

4= e Ve (8)

1

[1 + (CCKT)NT]
The Langmuir reaction rate constant is represented by Kj,
(mg g '), and the maximum adsorption capacity is denoted
as gm (mg g "). C. vs. g. describes the nonlinear isotherm
plots, where C. (mg L™') represents the equilibrium SO,
concentration and g. (mg g ') represents the amount of
adsorbate adsorbed by the sorbent at equilibrium (per unit
mass). As C. reflects the amount of SO, molecules not
adsorbed by the adsorbent, the value of C. is directly taken
from the analyser and converted to the appropriate units. The
value of ¢. is calculated using eqn (1) under equilibrium
conditions.

Freundlich’s reaction rate constant is denoted as Kg
(L mg™'), while the adsorption affinity is represented by
1/n (dimensionless). On the other hand, Ky (mg g ') and
Nr (mg g~ ") are Toth rate and isotherm constants, respectively.

This journal is © the Owner Societies 2024
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The adsorption process is evaluated based on the value of 1/n.
A 1/n < 1 indicates chemisorption, or alignment with the conven-
tional Langmuir isotherm, whereas a 1/n > 1 indicates cooperative
adsorption. The Toth equation describes a heterogeneous, multi-
layer adsorption system and serve as a specialised form of Lang-
muir isotherm with minimal validity. The system heterogeneity is
represented by the parameter Nr. The further its deviation from
unity, the greater the heterogeneity within the system.

2.2.7 Thermodynamic study. The adsorption thermody-
namic study was conducted to elucidate the thermodynamic
characteristics, which convey information about the adsorption
behaviour. Eqn (9) below is the thermodynamic definition of
chemical equilibrium where AG° is the change in Gibbs free
energy, AS° entropy change, AH® enthalpy change, T tempera-
ture in Kelvin, R: 8.314 J K ' mol ' is the universal gas
constant, and K7 (dimensionless) is the adsorption thermo-
dynamic equilibrium constant.*”

cew[()-C0 o

3. Results and discussion
3.1 DES synthesis

After heating, the initial attempt to prepare the DES solution
using a 1:1 molar ratio of HBA to HBD resulted in a colourless,
homogeneous liquid. However, a white precipitate formed in
both DES1 and DES2 mixtures after cooling to room tempera-
ture. As noted by Manurung et al., the formation of precipitates
in a DES mixture can be attributed to excess halide anions,
which can occur when the concentration of the HBA is insuffi-
cient to form hydrogen bonds with all the halide anions.”®
Furthermore, excess salts may also lead to an increase in the
freezing point of the mixture, resulting in precipitation, as
mentioned by Makos et al. and Qin et al., highlighting that
the molar ratio of the HBA to HBD significantly influences the
freezing point of the DES.*>*° By adjusting the molar ratio to
1:2, a clear and homogeneous DES solution was achieved at
room temperature, indicating a more balanced interaction
between the HBA and HBD components, as shown in Fig. 1(a).

3.2 KCC-1 optimization and characterization

The SO, breakthrough study produced a breakthrough-time
curve (C/C, versus t), where C, is the initial concentration (ppm)
of SO, passed through the adsorbent bed and C is the outlet
concentration (ppm) recorded by the gas analyser. Both fresh
and DES-modified KCC-1 samples (KCC-1/DES1 and KCC-1/
DES2) were screened, and the sample exhibiting the highest
adsorption capacity was selected for further optimisation by
varying reaction temperatures and inlet concentrations. Fig. 2
shows the breakthrough curves of all three samples under
200 mL min " flow of 1500 ppm SO,, while Table 1 summarises
the adsorption capacity and breakthrough data for these samples.

Table 1 and Fig. 2 show that KCC-1/DES1 has the longest
adsorption breakthrough time of 91 seconds compared to the
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KCC-1/DES1

KCC-1/DES2

Fig. 1 Physical appearance: (a) DES solution at room temperature,
(b) post-mixing of modified catalyst and (c) post-calcination of modified
KCC-1.

other samples under the same experimental conditions. On
the other hand, KCC-1/DES2 has a faster breakthrough time
than fresh KCC-1 and KCC-1/DES1, respectively, which is less
preferred, as the slower the breakthrough time, the longer the
adsorption bed can serve.

The breakthrough investigation of fresh and modified
KCC-1 samples reveals SO, adsorption capacities (at C/C, =
0.95) ranging between 2.41 and 4.84 mg g '. KCC-1/DES1
exhibits the highest SO, adsorption capacity, which is 1.73
times higher than that of fresh KCC-1 and 2 times higher than
KCC-1/DES2. The results also show that fresh KCC-1 has the
lowest MTZ of 87.21% compared to KCC-1/DES1 and KCC-1/
DES2, with MTZ values of 92.17 and 87.95%, respectively. A low
MTZ is theoretically caused by a high flow rate, which shortens
the time it takes for the adsorbate to diffuse into the pores of
the sorbent materials as the adsorbate solution (or gas mixture
in this case) leaves the column before reaching equilibrium,
causing breakthrough time to appear relatively faster.*

SOOOO-C-0-C—
/=200 ml/min
Cp = 1500 ppm
T=40°C
m=03g

c/C,

—0— KCC-1
—O0— KCC-1/DES1
—O—KCC-1/DES2

Y
r~rrr-rrr-17TrT7 LI T

T
0 20 40 60 80100 200 400 600

T T T T T
2400 4800 7200
Time (s)

Fig. 2 SO, breakthrough curves of fresh KCC-1 and DES-modified
KCC-1.
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Table1l Summary of SO, removal performance by fresh KCC-1 and DES-
modified KCC-1

Adsorption capacity

Breakthrough at C/Cy = 0.95

time at Time at MTZ (mg SO, per g
Sample C/Co = 0.05 (s) C/Co=0.95(s) (%) sample)
KCC-1 54 159 87.21 2.79
KCC-1/DES1 91 332 92.17 4.84
KCC-1/DES2 46 144 87.95 2.41

According to recent studies in gas adsorption, choline
chloride-based DES is deemed more popular than the other
types for CO, adsorption. For instance, the modification of
mesoporous silica gel with choline chloride improved its
CO, adsorption capacity at 25 °C to 51 mg g *.*?> In addition,
a nano-composite adsorbent functionalised with DES mixture
(ChCl-urea)* also produced a maximum capacity of 23.0 mg g~"
in a comparable work. Zulkurnai et al.*' also investigated and
analysed the CO, adsorption capacity of choline chloride-based
DES. Compared to raw activated carbon, the DES-based activated
carbon had a higher CO, adsorption removal at 9.851 mg g~ *.>!
Chloride-glycerol DES showed a higher CO, adsorption capacity
(20.1 mg g ") than choline chloride-ethylene glycol at a capacity
of 18.8 mg g~ *.** In the case of SO, removal here, KCC-1/DES1
(utilising choline chloride-glycerol) also shows better perfor-
mance than fresh KCC-1 and KCC-1/DES2 (with choline chlor-
ide-ethylene glycol).

3.2.1 Chemical characterization using FTIR. The FTIR
spectra for all three samples before and after SO, adsorption
are shown in Fig. 3(a) and (b), respectively, while the possible
surface functional groups are listed in Table 2. The spectra
of blank KCC-1 prior to the adsorption process in Fig. 3(a)
show several peaks around 796 cm ™', 1058 cm™ " and 1206-
1228 cm™ ", corresponding to Si-O symmetric, asymmetric, and
stretching vibrations, respectively.*®> Upon modification with
DES, the transmittance of the peak at 1058 cm™ " increases due
to the presence of the O-H group, while the increment of the
peak around 1206-1228 cm™ ' can be ascribed to the appear-
ance of a C-O stretching bond.

Additionally, six new peaks appear on the FTIR spectra of
the DES-modified KCC-1 samples, corresponding to the
presence of various functional groups. A stretching bond can
be seen around 3455 cm ™', corresponding to SiO-H associated
with silanol, O-H group indicating the presence of water
and N-H stretching pertaining to amides and amine groups.*®
The peak around 3016 cm ' can also be attributed to water
adsorbed on the surface of the modified KCC-1.>” The presence
of water on the surface of the adsorbent may result in a slower
adsorption rate and limit the mass transfer capacity.*® Water
molecules can preferentially compete with SO, for adsorption
sites if the adsorbent has a higher affinity for water, leaving fewer
sites available for the SO, molecules.® In addition, a slower
diffusion rate can limit the overall adsorption capability as the
water molecules create a barrier of diffusion, hindering the
movement of SO, molecules into the pores of the adsorbent.*’
Nonetheless, based on the spectra, the transmittance intensity
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Fig. 3 FTIR spectra of all samples (a) before and (b) after SO, adsorption.

related to water is significantly lower than the other compounds;
therefore, it can be concluded that the effect of water on SO,
adsorption is minimal.

On the other hand, the observed N-H stretching proves the
presence of choline chloride on the surface of DES-modified
KCC-1 samples. The N-element is expected to aid in SO, capture
and successful bonding to the surface of KCC-1 samples.*!
A sharp, small peak corresponding to C-H symmetric and
asymmetric stretching vibrations associated with alkanes and
alkenes is detected around 2970 cm™ " across all samples.**

A significant peak is observed in the FTIR spectra of all DES-
modified KCC-1 samples at around 1738 em ™' corresponding
to C=O0 stretching, suggesting the presence of saturated ali-
phatic compounds from alkane groups probably originating
from both HBA and HBD elements of the DES.>*> Meanwhile,
due to the chemical nature of HBD component, all samples
show C-H bonding in the 1435 cm ™" range, possibly ascribed to
an alkane group.*?

The chemical heterogeneity of the sorbent’s surface also
determines the extent and feasibility of an adsorption mecha-
nism. The presence of heterocyclic compounds containing
sulphur (S), nitrogen (N) and oxygen (O) influences the surface
chemical heterogeneity. The specific quantity and form of

This journal is © the Owner Societies 2024
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Table 2 Possible functional groups on the surface of fresh KCC-1 and DES-modified KCC-1 before and after SO, adsorption

Peak wavelength (cm™ ")

KCC-1 KCC-1/DES1 KCC-1/DES2
Possible functional group Before After Before After Before After
Si-O-H, O-H group, N-H group — — 3455.69 3456.56 3456.37 3456.49
O-H group — — 3016.69 3016.67 3016.69 3016.68
C-H symmetric and asymmetric =~ — — 2970.90 2970.89 2970.88 2970.89
stretching vibration
-COOH group — — 1738.77 1738.67 1738.69 1738.70
C-H bending vibration — — 1435.62 1435.58 1435.52 1435.54
SO, — ~1200, ~1400 — ~1200, ~1360 — ~1200, ~1360
O-H group — — 1365.94 1365.96 1365.94 1365.96
Si-O stretching vibration, C-O 1228.86, 1217.09, 1228.86, 1217.11, 1228.41, 1217.05, 1228.77, 1217.10, 1228.64, 1217.07, 1228.76, 1217.10,
stretching vibration 1206.16 1206.16 1205.98 1206.04 1205.79 1206.01
Si-O asymmetric vibration, O-H 1058.85 1055.00 1058.89 1055.26 1058.72 1055.51
group
Si-O symmetric vibration 796.20 796.26 799.98 799.85 799.89 798.95

50-52

heteroatoms depend on the modification methods and materials
from which the atoms are derived. The presence of basic groups
with strong affinity improves interaction; however, this is not the
point at which adsorption becomes entirely chemisorption.*?
On the other hand, an acidic character is caused by oxygen-
containing functionalities that form during oxidation synthesis,
giving the sorbents electron-acceptor properties. In contrast,
N-containing functionalities are typically basic in nature. These
functionalities also have electron-donor properties, making
them attractive sites for the electron-deficient S-atom in SO,.**
At low temperatures, imines, amines, amides, imides, and nitriles
will predominate in specific N-functionalities produced during
modification. Although both O- and N-surface functional groups
can improve SO, adsorption, the presence of O prior to N-doping
can further enhance the effectiveness of N-functionalisation
significantly.*’

Oxygen-containing groups influence two key properties of
sorbents: their hydrophilicity or hydrophobicity, and their
basicity or acidity. The number of polar O-groups influences
the degree of hydrophilicity. Carbon oxidation introduces
various O-functionalities and endows the surface with electron-
acceptor properties. For instance, lactone and phenol groups
contribute to surface acidity, whereas surface basicity is caused
by pyrone, carbonyl, benzopyran and alcohol groups.*>*” Nitrogen
surface functional groups are not the only species with basic
properties; other O-containing groups with basic properties include
alcohols, carbonyls, and ethers, which contain electron-donating
O-atoms capable of having electrostatic interactions with SO,
thereby enhancing adsorption.”*** The framework whereby SO,
is adsorbed due to these functional groups can be evaluated by
classifying them according to their intrinsic heteroatoms. These
functional groups are as complicated as the techniques utilised to
introduce them. It is difficult to assume that these groups are
entirely independent of one another, and further research is still
required to clarify any potential antagonistic effects among these
groups in the context of SO, adsorption.*®

Based on the literature, peaks related to SO, can be observed
in typical FTIR spectra around 1150-1210 ¢cm ™' and 1340-
1400 cm ' corresponding to the symmetric and asymmetric
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vibrations of SO, molecules, respectively. In this work, a
tiny peak can be observed in Fig. 3(b) around 1400 cm ™" on the
unmodified KCC-1 spectra, while a significantly enhanced
peak can be seen around 1365 cm™ ', corresponding to the
asymmetric vibration of adsorbed SO, molecules in both DES-
modified samples. The presence of these new vibrational peaks
may result from the formation of a charge-transfer complex
due to the interactions between SO, molecules and lone pair of
electrons on N (N:), leading to the formation of an antibonding
SO, orbital (N — S0,).”> On the other hand, the presence of
symmetric SO, molecules is more difficult to determine, as
the peak could have merged with the adjacent peaks around
1200 cm ™!, corresponding to Si-O and C-O stretching vibra-
tions. Nonetheless, the sharp increment of the transmittance
intensity at this frequency strongly suggests the presence of
symmetric SO, on the adsorbent. This is an indication that SO,
molecules are adsorbed on active sites comprising silica-based
radicals (=Si-0° and =Si®) on KCC-1, similar to that sug-
gested by literature.>® The minimal change in FTIR spectra of
the unmodified KCC-1 in comparison to the DES-modified
samples after SO, adsorption demonstrates the importance of
DES in the process as the interaction between SO, molecules
and unmodified KCC-1 is very weak®

3.2.2 Physical characterization using FESEM and BET. The
FESEM micrographs for KCC-1, KCC-1/DES1, and KCC-1/DES2
are shown in Fig. 4(a)-(c). It can be observed in Fig. 4(a) that
the KCC-1 spheres have average diameters of approximately
275.6-287.5 nm, which are similar to values reported by pre-
vious studies.'”*® However, the diameters increase to 288.4-
305.1 nm and 295.9-307.5 nm for DES-modified samples, KCC-
1/DES1 and KCC-1/DES2, respectively.

In each figure, the colloidal nanospheres reveal well-defined
fibrous structures made of three-dimensional arrangements of
dendrimeric fibres. Because of the existence of these dendrimeric
fibres, the available high surface area of fresh and modified KCC-1
samples may become easily accessible.'® As analysed in Section
3.1, KCC-1/DES1 (with choline chloride) has the highest adsorp-
tion capacity of 191.88 mg g~ ', surpassing the other samples.
On the other hand, KCC-1/DES2 modified with ethylene glycol has
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Fig. 4 FESEM micrographs for (a) KCC-1, (b) KCC-1/DES1 and (c)
KCC-1/DES2.

lower adsorption capacity despite having the largest size (average
diameter of 301.70 nm), as shown in Fig. 4(b), indicating that the
larger the diameter of the nanospheres, the lower the saturation
surface concentration. This is because larger particle sizes
have less curvature, lower deviation from a flat surface, fewer
number of active site densities, and thus less surface adsorbates.>*
In addition, unmodified KCC-1 has the smallest sphere diameter
with an average of 281.55 nm; however, the adsorption capacity is
also lower by 3.92 times than the modified KCC-1/DES1. This
indicates that the nature of interaction between unmodified
KCC-1 and SO, is weak, and there is a shortage of active sites.>

The surface properties of nanospheres are size-dependent,
with smaller particles having a higher affinity to adsorb SO,
and decontaminating more slowly, as evidenced by a longer
saturation time. A possible explanation of the increase in KCC-1
particle size upon DES modification, is that the high concen-
tration of the modified sample allows a faster rate of precursor
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hydrolysis. This rapid hydrolysis contributes more to particle
size growth than nucleation rate, causing mesoporous silica
particle to increase in size with higher concentration; one of
the major variables influencing particle size.*® Furthermore,
the catalyst molar ratio also contributed to the increase in the
particle size of the mesosphere.””

N, adsorption-desorption isotherm of KCC-1 and modified
KCC-1 samples are shown in Fig. 5, while the properties of the
samples (surface area, total pore volume and average pore size)
are summarized in Table 3.

The isotherm plots are offset along the y-axis for better
comparison among the samples. The N, adsorption-desorption
isotherm of KCC-1 and DES-modified KCC-1 shown in Fig. 5
can be classified as type IV(a) isotherm with H3 hysteresis loop
in P/P, range of 0.4-1.0. This implies that the pores of all
samples demonstrate mesoporous properties with characteris-
tics of capillary condensation and non-uniform slit-shaped
pores.”® The N, uptake by the samples follows the order of
KCC-1 > KCC-1/DES1 > KCC-1/DES2, where slight reduction
demonstrated by the DES-modified KCC-1 can be attributed to
blockage of interparticle pores due to the introduction of DES
onto the KCC-1 surface.”® As shown in Table 3, the surface area
and total pore volume of KCC-1 samples slightly decrease upon
modification with DES, possibly due to the dispersion of DES,

—=a— Adsorption
----Desorption

KCC-1/DES2

Volume adsorbed (cm/g STP)

KCC-1/DES1

T T
0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/P)

Fig. 5 N, adsorption—desorption isotherms for KCC-1 and DES-modified
KCC-1.
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Table 3 SO, removal performance of KCC-1 and DES-modified KCC-1
samples
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Table 4 SO, removal performance of KCC-1/DES1 at different SO,
concentrations

Surface area Total pore volume Average pore

Sample (m*g™) (em® g™ size (nm)
KCC-1 553.07 0.1170 2.186
KCC-1/DES1 528.78 0.1138 2.208
KCC-1/DES2 524.43 0.1123 2.201

which partially blocks the available pores, as mentioned earlier.
On the other hand, the average pore size of KCC-1 samples
shows a minor increment with the presence of DES, possibly
due to partial breakage of the silica framework, which may also
contribute to the reduced surface area.*

3.3 Effects of different inlet concentrations

The effect of inlet SO, concentration was investigated using
KCC-1/DES1 (chosen based on the breakthrough study in
Section 3.1) at various concentrations ranging from 1500 to
2000 ppm, reflecting typical SO, concentrations released by
medium to high sulphur-content fossil fuels.®* Fig. 6 shows the
breakthrough curves of SO, adsorption at varying SO, concen-
trations, while Table 4 summarizes breakthrough time, MTZ
and adsorption capacity at different inlet SO, concentrations.
As the SO, concentration is already relatively high at 1500 ppm,
further increase to 2000 ppm with the same amount of adsor-
bent decreases the adsorption capacity of KCC-1/DES1 from
4.84 to 2.73 mg g~ *. The decrease in SO, adsorption capacity
with an increase in SO, concentration or the uptake of SO,
molecules supplied per g of adsorbent could be attributed to
the higher number of SO, molecules available, which may
remain unabsorbed at a constant adsorbent mass. This results
in quick occupancy of the available active sites, which subse-
quently causes rapid breakthrough and saturation of the
adsorbent bed.

A higher SO, concentration also results in a greater driving
force due to the steeper concentration gradient between SO, in
the gas phase and on the adsorbent’s surface. This gradient
acts as a driving force for diffusion, causing SO, molecules to

COOOT-C--C
/=200 ml/min
T=40°C
m=03g

cre,

—0— 1500 ppm
—O0— 1750 ppm
—<—2000 ppm

T
0 20 40 60 80 100 200 400 600 2400 4800 7200
Time (s)

Fig. 6 SO, breakthrough curves of KCC-1/DES1 at different SO,
concentrations.
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Breakthrough Time at
Inlet concen- time at C/Cy = C/Cy =

Adsorption capacity at
MTZ C/Cy = 0.95 (mg SO,

tration (ppm) 0.05 (s) 0.95(s) (%) pergsample)
1500 91 332 92.17 4.84
1750 53 250 90.80 3.49
2000 38 105 83.81 2.73

move from the gas phase towards the adsorbent,’” inducing an
effect similar to the influence of a high SO, flow rate on MTZ, as
mentioned in Section 3.2. The limitation in the capacity of the
adsorbent bed as the SO, concentrations increase has also been
reported by others.>*®* However, a fixed-bed desulphurisation
efficiency is also influenced by numerous other factors such as
the preparation method, activity, the type of desulphurising
agent, SO, concentration, pressure and bed temperature. Based
on the results, it can be concluded that an optimum capacity
for SO, removal could be attained under lower concentration
conditions, emphasising the crucial role that concentration
plays for effective adsorption.®*

3.3.1 Isothermal studies. Nonlinear methods were employed
to fit the experimental data to the Langmuir, Freundlich and Toth
adsorption isotherms. Fig. 7(a)-(c) show the isotherm plots, while
Table 5 summarises the calculated model parameters. The results
indicate that the experimental data are better correlated to
Toth and Langmuir isotherms than to the Freundlich isotherm.
Between the former two models, Toth isotherm shows a better fit
based on its correlation coefficient (R*) values exceeding 0.965 for
all studied SO, inlet concentrations (1500, 1750, 2000 ppm). In
addition, the maximum adsorption capacity (g.,) obtained from
the Toth model and the adsorption capacity achieved experimen-
tally show similar trends and magnitudes.

All samples fit well with the Toth isotherm, with Ny values
less than 1, which indicates localized multilayer adsorption of
interacting particles onto heterogeneous surface systems.®® The
N parameter quantifies the adsorption system’s heterogeneity,
and a deviation from unity suggests that the system is
heterogeneous.®® On the other hand, the Toth equation sim-
plifies to the Langmuir isotherm when Ny = 1. A study by
Avijegon et al.®’ also concluded that the adsorption of natural
gas may be well characterized by a Toth isotherm model, with
parameters derived from data regression for CO,, CH,, and N,
mixtures within the same pressure and temperature ranges,
along with the experimental binary and ternary adsorption
equilibrium data.®”

Based on Table 5, a fascinating trend can be observed
concerning the role of SO, concentration in the adsorption
process, i.e. Ny decreases with increasing SO, concentration
(0.92 at 1500 ppm, 0.53 at 1750 ppm, and 0.62 at 2000 ppm).
As mentioned earlier, an Ny value closer to 1 at a lower SO,
concentration signifies a relatively uniform surface, consistent
with the Langmuir model. However, the subsequent decrease in
Nr values with increasing SO, concentrations suggests a shift
towards a more heterogeneous surface. This trend indicates
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Fig. 7 Nonlinear fittings of SO, removal at (a) 1500 ppm, (b) 1750 ppm
and (c) 2000 ppm SO, initial concentrations with Langmuir, Freundlich and
Toth isotherm model.

that the higher SO, concentrations may be altering the surface
properties of the adsorbent as the SO, molecules preferentially
occupy the most favourable sites at lower concentrations,
leaving a wider distribution of lower-energy sites that contri-
bute to adsorption at higher concentrations.

Furthermore, the interaction of KCC-1/DES1 with SO, may
modify its surface chemistry, creating new adsorption sites with
varied energies. The observed decreasing trend in Nr values of
Toth isotherm provides compelling evidence that high SO,
concentrations lead to a more heterogeneous surface, resulting
in non-uniform adsorption behaviour. Similar interaction pat-
terns between adsorption behaviour and SO, concentration are
also observed in other studies.®®”*
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Table 5 Parameters of three isotherm models fitted with adsorption data
at different reaction concentrations

SO, concentration (ppm)

Isotherm model 1500 1750 2000
Langmuir

R? 0.9812 0.9580 0.9614
K, 35.424 25.320 41.089
dm 4.8635 3.5148 2.7359
Freundlich

R? 0.9355 0.9454 0.9650
Kg 4.1103 2.9195 2.2928
Toth

R? 0.9814 0.9650 0.9653
Kyt 40.409 115.84 117.64
Nr 0.9208 0.5301 0.6217
Gm 4.8801 3.7305 2.8049

3.4 Effects of different reaction temperatures

SO, adsorption was studied at various temperatures for kinetic
investigation, and the resulting breakthrough curves are pre-
sented in Fig. 8. The MTZ and adsorption capacity at all studied
temperatures are summarized in Table 6. The SO, adsorption
capacity is observed to decrease by 2.51 and 2.80 times with an
increase in the reaction temperature from 40 °C to 80 and
120 °C, respectively. This is expected as increased temperatures
generally inhibit gas adsorption; therefore, the greater the
temperature, the lower the gas adsorption capacity, whereas
elevated pressures promote adsorption.””> As the temperature
increases from 40 to 120 °C, the percentage of MTZ also
decreases after a contact period of 91, 36 and 29 s under the
three different temperatures, respectively, indicating that the
adsorption process is optimum at lower temperatures. Similar
findings was reported by Delgado et al.,*® who observed that the
rise in temperature from 298 K to 308 K decreased the break-
through time and adsorption capacity by 21.6% and 23.6%,
respectively.

At higher temperatures, the breakthrough time and total
adsorption rate decrease faster than the growth rate. As a result,

SO~
/=200 ml/min
Cp = 1500 ppm
m=03g

crc,

—o—40°C
—o—80°C
—o—120°C

0 20 40 60 80 100 200 400 600 2400 4800 7200
Time (s)

Fig. 8 SO,
temperatures.

breakthrough curves of KCC-1/DES1 at different

This journal is © the Owner Societies 2024


https://doi.org/10.1039/d4cp03248a

Published on 23 September 2024. Downloaded on 5/3/2026 1:27:46 AM.

Paper

Table 6 SO, removal performance
temperatures

of KCC-1/DES1 at different

Breakthrough Time at
Temperature time at C/Co = C/Cy =

Adsorption capacity at
MTZ C/C, = 0.95 (mg SO, per

(°Q) 0.05 (s) 0.95(s) (%) g sample)
40 91 332 92.17 4.84
80 36 106 83.02 1.93
120 29 87 76.00 1.73

the adsorption capacity and breakthrough time decrease by
34.3% and 27.8%, respectively, as the temperature rises from
40 °C to 120 °C. It can be inferred that the temperature increase
has a negative impact on the adsorption performance,® influ-
enced by two main factors: the exothermic nature of the
adsorption process and kinetic effects. As the temperature
increases, the system becomes less favourable for the adsorp-
tion reaction. The adsorbate molecules (SO,) have additional
thermal energy, making them less likely to adhere to the
adsorbent surface and increasing their tendency to desorb into
the gas phase. Moreover, the adsorbate molecules have higher
kinetic energy at high temperatures, leading to more frequent
collisions with the surface, making it harder to achieve success-
ful adsorption as they may collide and bounce off the surface
instead of forming stable interactions.””*

3.4.1 Kinetic studies. As mentioned earlier, to study the
kinetic parameters, the breakthrough experimental data was
plotted using non-linearised kinetic models: P1st, P2nd and
Avrami. The nonlinear P1st, P2nd and Avrami kinetic plots of
SO, adsorption on KCC-1/DES1 at temperatures of 40, 80 and
120 °C are shown in Fig. 9(a)-(c), respectively, while Table 7
summarises the estimated parameters and R” values.

The adsorption rate for Pist, K;, increases from 1.040 to
2.930 with the temperature increase. A similar rise in adsorp-
tion rate is also recorded for P2nd’s K, and Avrami’s K;. The
nonlinear Avrami kinetic plots show R* values above 0.99 across
all tested temperatures, higher than P1st (above 0.96) and P2nd
(between 0.85 and 0.88), indicating that the experimental data
fit better to the Avrami model. The Avrami model assumes that
adsorption happens through both chemisorption and physi-
sorption pathways. Avrami exponents (N,) that range from
1.576 to 1.642 indicate a one-dimensional growth of adsorbed
SO, molecules on the accessible active sites of the KCC-1/DES1
surface. In SO, adsorption mechanisms, N, > 1 also implies
the coexistence of physisorption and chemisorption.®®

Previous studies on gas adsorption, including CO,, NO
and H,S have demonstrated the suitability of explaining the
adsorption kinetics using Avrami kinetic model.”>”® However,
the validity of this model in SO, adsorption study is limited. In
addition, SO, adsorption is mutually reported by various stu-
dies as exothermic, implying that the process is negatively
governed by the reaction temperature.>’

The Pist kinetic model is generally suitable to describe
purely physical adsorption processes characterised by low
surface coverage and fairly describe the reversible interactions
between the adsorbate and adsorbent surfaces, without
accounting for chemical bonding or interactions®® between

This journal is © the Owner Societies 2024
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Fig. 9 Non-linear fittings of SO, removal at (a) 40 °C, (b) 80 °C and (c)
120 °C with P1st, P2nd and Avrami kinetic models.

Table 7 Parameters of three kinetic models fitted with adsorption data at
different reaction temperatures

Kinetic model

Pseudo-first- Pseudo-second-order

order (P1st) (P2nd) Avrami
Temperature (°C) R* K, R* K, R? K Na
40 0.961 1.040 0.887 0.278 0.995 0.986 1.642
80 0.963 2.681 0.857 2.484 0.996 2.486 1.640
120 0.969 2.930 0.862 3.105 0.997 2.728 1.576

SO, molecules and the surface of KCC-1/DES1. The model’s
fit improves as the adsorption temperature increases and the
surface coverage is reduced due to the thermodynamic limita-
tions associated with the exothermicity of the adsorption
process. On the other hand, Fig. 9(a)-(c) and Table 7 reveal
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that the P2nd model does not fit well with the experimental
data compared to the P1st model. As the P2nd kinetic model is
more suitable to describe chemisorption processes induced by
strong chemical bonds between molecules and the sorbent
surface rather than a process with simultaneous occurrence
of physisorption and chemisorption,®" the model is not exam-
ined further for SO, adsorption on KCC-1/DES1.

Meanwhile, the Avrami model fits well with the experi-
mental data across all studied temperatures. The excellent fit
is believed to be due to its capacity to account for both physical
and chemical adsorption mechanisms.?” Since the SO, adsorp-
tion mechanism on KCC-1/DES1 is neither purely chemi-
sorption nor physisorption, the SO, uptake may originate
from two different pathways.®° Initially, SO, molecules may
adsorb onto the surface through weak van der Waals interac-
tions (physisorption). As the surface coverage increases, some
of these molecules may undergo a transition to chemisorption,
forming stronger chemical bonds with the surface.®>** This
hybrid adsorption mechanism is further supported by the
comparable fit of the adsorption data to both Pist (R* ~ 0.96)
and Avrami (R* ~ 0.99) kinetic models, suggesting contribu-
tions from both physical and chemical interactions. In addi-
tion, the kinetic constants (k;, k, and k;) reported in Table 7
show that the kinetic parameters increase with temperatures,
indicating that the adsorption rate is favoured at higher tem-
peratures. However, the adsorption rate becomes faster (lower
amount of SO, is adsorbed on KCC-1/DES1; lower adsorption
capacity) at high temperatures, as tabulated in Table 6. There-
fore, the adsorption of SO, onto KCC-1/DES1 is characterized by
a kinetic-thermodynamic trade-off. At higher temperatures, the
adsorption rate increases due to kinetic factors, but the ther-
modynamically unfavourable exothermic process limits the
overall adsorption capacity.

Moreover, the N, values shown in Table 7 are always larger
than 1, suggesting that SO, adsorption is not homogeneous
(not adsorbed with the same probability over different regions
of the sorbent surface).**®> These results are consistent with
the findings reported in previous thermodynamic study,?
confirming that SO, adsorption on KCC-1 is heterogeneous.
Most likely, the initial occupation of adsorption sites is uni-
form; however, as the adsorption proceeds, additional adsorp-
tion preferentially occurs near existing adsorption sites,
resulting in deviations from the uniformity of adsorption sites
and a value of N, greater than 1.%*%” More specifically, N, is
always around 1.6, indicating that the adsorption rate
decreases gradually with the one-dimensional growth of the
adsorbed nuclei, and the little variations of N, with increasing
temperatures suggest that the underlying adsorption mecha-
nism does not change.

3.4.2 Thermodynamic study. The SO, adsorption isotherm
data at various reaction temperatures ranging from 40 to 120 °C
were used to calculate the adsorption thermodynamics para-
meters. Fig. 10 plots the thermodynamic equilibrium constant
(K?) versus temperature (T), while Table 8 lists the adsorption
thermodynamics parameters. The adsorption process can be
assumed spontaneous based on the negative Gibbs free energy

27998 | Phys. Chem. Chem. Phys., 2024, 26, 27988-28001

View Article Online
Pa per
13

12 .
1.1 ‘

104
0.9
0.8 4
0.7 4

Ke°

0.6
0.5
0.4

0.3 ®m Experimental data

02— Non-linear fitting (R? = 0.98774)
1 AS° =-58.34 J/mol

017 AH® =-18.685 ki/mol

0.0

T T T T
300 320 340 360 380 400
Temperature (K)
Fig. 10 Non-linear Van't Hoff plot of SO, adsorption onto KCC-1/DESL.

(AG°), indicating a favourable interaction between SO, and the
KCC-1/DES1 adsorbent.®® The AH® value for KCC-1/DES1 adsor-
bent is —18.685 kJ mol ', which aligns with values reported in
other SO, adsorption studies using siliceous-based materials
(—4.59 to —20.2 kJ mol ").%>°° The AH° value suggests that
physisorption is the primary adsorption mechanism as physical
adsorption has been defined in literature as having an activa-
tion energy of less than 40 kJ mol ".°“°* However, since
findings from the kinetic and isotherm studies have indicated
that the SO, removal process may occur through both physical
and chemical adsorptions, it may be safe to assume that SO,
removal occurs through both pathways, but the physical route
predominates.

In general, adsorption of molecules on an adsorbent surface
minimises the degree of irregularity. The stronger contact
between adsorbed SO, molecules and the adsorbent surface
compared to interactions with free SO, molecules may be
responsible for the observed negative AH° value. The adsorp-
tion process is exothermic, as evidenced by the negative AH®
value, while the low AH° absolute value indicates a weak
connection between the adsorbent and adsorbate, characteris-
tic of physisorption. The negative entropy change (AS°) sug-
gests that the adsorption process is becoming more ordered
with temperature.®?

The calculated Gibbs free energy (AG®) for SO, adsorption on
KCC-1 at different temperatures range between —0.4224 and
4.2454 KJ. The adsorption process at 40 °C can be assumed
spontaneous based on the negative AG® value.®® However, the
process becomes non-spontaneous with an increase in tem-
perature to 80 °C and 120 °C as evidenced by the shift to
positive AG® values. The sorption process is driven by both
entropy and enthalpy, according to the values of AG°, AH®, and
AS°.°* The term enthalpy-driven process refers to a process in
which the system achieves a more stable state through releas-
ing heat energy. Entropy-driven processes, in addition, indicate
that the system evolves in such a way that the arrangement of
molecules becomes more random or chaotic. The comparison
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Table 8 Thermodynamic parameters of SO, removal by KCC-1/DES1

Temperature Temperature AS° AH®

(‘o) (K) (mol™ K™  (mol™) AG” (K])
40 313 —0.4224
80 353 —58.347 —18.685 1.9115
120 393 4.2454

of the absolute values of AH® and AS° serves as the selection
indicator. It should be noted that the value of AG® increases
when the temperature rises, implying that the adsorption
process is more feasible at lower temperatures.’”

4. Conclusions

The possibility of using modified fibrous mesoporous silica,
KCC-1, as an alternative sorbent for dry removal of SO, is
evidenced in this study. The modified sorbent is shown to
outperform the unmodified KCC-1 due to a shortage of acces-
sible active sites and the weak interaction between KCC-1 and
SO,. KCC-1 was impregnated with deep eutectic solvents (DES)
to compensate for this weakness. The presence of DES1 (cho-
line chloride and glycerol) produces a higher number of acces-
sible active sites, resulting in 3.91 times higher SO, removal
capacity over unmodified KCC-1 and 4.97 times over KCC-1
modified with DES2 (choline chloride and ethylene glycol).
Choline chloride and glycerol based DES impregnation results
in more significant mesoporosity growth and higher SO,
adsorption capability. The Avrami kinetic model, which
assumes numerous physisorption and chemisorption path-
ways, best represent SO, adsorption on optimised KCC-1/
DES1 across all studied reaction temperatures. The adsorption
process progresses from a random stage on the surface of
KCC-1 to a more ordered stage with higher degrees of freedom
as the adsorbed SO, becomes more dispersed. Based on the
Gibbs free energy, the process is spontaneous and highly
favourable at lower reaction temperatures. The experimental
data at varying inlet SO, concentrations are consistent with the
Toth isotherm model, indicating the presence of localised
multilayer adsorption onto a heterogeneous surface. Overall,
these findings suggest that SO, adsorption is favoured at lower
reaction temperatures and incoming SO, concentrations, due
to the exothermic nature of the process and the slower sorbent
saturation.
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