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Abstract: Solid sorbent from functionalized activated carbon (AC) could enhance the adsorption
capacity in CO, capture. This study emphasizes cyclic CO, capture using NiO functionalized AC.
Different loadings of NiO impregnated on AC were synthesized. This work showed that the most
efficient adsorbent of 0.05NiO/AC exhibits an adsorption capacity of 55.464 mg/g at the adsorption
temperature of 30 °C by using the temperature swing adsorption method. A slight loss of adsorption
capacity at 0.28 % for a five cycles CO, capture indicated consistency potential for large scales
application. The adsorbent exhibited a slightly lower surface area compared to AC, but the presence of
NiO improved the adsorption capacity by chemisorption phenomena. The NiO acts as the basic site for
CO; capture. Meanwhile, AC as support could increase the surface area of active sites and reduce the
sintering effect of the NiO. It was found that various adsorption temperatures had a good correlation
with the pseudo-second-order kinetic model. The magnitude of the sorption process was evaluated by
the activation energy of 48.09 kJ/mol, which implies a chemisorption process at various adsorption
temperatures. Thermodynamic studies explained the CO, adsorption process for this study was found
to be a spontaneous and endothermic process.
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1. Introduction

The greenhouse effect is one of the major environmental issues viewed as a serious
problem as it continuously alters the temperature of the earth’s surface. CO2 gas is one of the
major greenhouse gases that increased beyond its average. It has caused a major environmental
problem by which the amount of greenhouse gases grew extensively. Based on National
Oceanic and Atmospheric Administration (NOAA), the global monthly mean CO: level in
March 2021 was recorded at 416.34 ppm than 413.45 ppm in March 2020, which increased by
an annual growth rate of about 2.46 ppm [1]. The increasing CO- level is a never-ending
emission of anthropogenic gas to the atmosphere as it caters to diverse purposes in life. A total
CO- emission considers direct and indirect human activity such as burning various fossil fuels
for power generation, transportation, and green productivity growth [2]. Concerning this
continual increased CO, emissions, the effort towards zero-carbon management and mitigation
was studied through CO; capture technologies.
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CO; capture and storage (CCS) is a process where CO, emissions are captured without
releasing them into the atmosphere, including storage. Various methods such as adsorption,
absorption, membrane, and cryogenic were studied for post-combustion CO> capture [3]. The
most mature technology approach by absorption technology using an amine-based solvent such
as monoethanolamine (MEA) was so far reached to commercial scale for post-combustion CO>
capture in power plants [4]. Nonetheless, the major drawbacks were also reported in potentially
losing amines from the absorber column, releasing formation of toxic compounds, e.g.,
nitrosamines and nitramines; suffer degradation due to the presence of Oz dan SOz; equipment
corrosion, and high energy consumption. Therefore, solid sorbent in adsorption technology is
seen as a counterpart technology that has been extensively explored for energy storage and CO»
capture.

CO; capture in cyclic operation involved adsorption and desorption process in one
cycle. The insight of the adsorption-desorption processes uses the common application of
temperature swing adsorption (TSA) or pressure swing adsorption (PSA). These methods were
differed by using temperature or pressure during adsorption-desorption processes. For TSA,
temperature swings to desirable temperatures for CO> adsorption and heating the adsorbent
during the desorption process. Meanwhile, PSA uses high pressure during CO> adsorption, and
pressure is reduced in the desorption process. A vacuum pressure swing adsorption similar to
PSA will be applied for the CO. adsorption at lower than atmospheric pressure [5].
Nevertheless, TSA is attractive in CO capture due to the low heat supply in the process and
was predicted to be cost-effective than applying PSA [5].

Table 1 shows the efficacy of the solid sorbents from different sources. Various solid
sorbents were reported its modification, efficiency, and sorption mechanism towards CO;
adsorption. Adsorption is a process that involves two phenomena that is physisorption by weak
van der Waals forces and chemisorption by electron exchange [6]. Thus, modification of porous
materials by adding functionalized substrate could enhance the CO; affinity by chemical
bonding. For instance, adding MEA and tetraethylenepentamine (TEPA) onto kenaf showed
adsorption capacity improvement compared to raw kenaf (Table 1). The improvement was
achieved by involving several stages of chemical reaction of the primary and secondary amine
of MEA and TEPA with CO. by forming zwitterion, a carbamate molecule [7]. The amine-
based onto porous materials such as MEA supported AC [8] and a long chain of octadecylamine
supported silica gel (SG600) [9] were also reported (Table 1). Nonetheless, the amine-based
molecule causing pore blockage reduced the surface area of the adsorbent, leading to lower
adsorption capacity [10]. Goel et al. attempted using hexamethoxymethylmelamine (HMMM)
as the precursor for N2 enriched carbon adsorbent but faced limitations in the adsorbent surface
area [11].

lonic liquid (IL) functionalized SiO> was also showed an improvement of adsorption
capacity compared to SiO> alone (Table 1). The ionic liquid of 1-butyl-3-methylimidazolium
trifluoromethanesulfonate supported SiO2 (1%[bmim][CFsSOs]/SiO.) [12] exhibited higher
adsorption capacity than the 1-ethyl-3-methylimidazolium hydrogensulfate supported SiO> for
10%NiO/[emim][HSO4]/SiO2 and 10%[emim][HSO4]/SiO> [13]. However, this material is
rather complex, sensitive to moisture, and unclear information on the increase in the raw mass
of the packing will impact column performance in real carbon capture and storage scenario
[14].

Metal-organic framework (MOF) can easily alter its pores, surface functions, and other
properties as desirable material by optimizing the structure [15]. Recent studies reported
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functionalized MOFs, notably the unique structures and comparable adsorption capacity. IL of
1-ethyl-3-methylimidazolium acetate, [Emim][Ac] functionalized MOF-177 [16] exhibited
higher adsorption capacity than 1-butyl-3-methylimidazolium Acetate [Bmim][Ac]
functionalized ZIF-8 [17] and MOF-177 alone [18] (Table 1). The high affinity of
functionalized MOF is ascribed to the synergistic effects due to the interactions between
acetate-based IL and MOF [17]. Meanwhile, a larger molecule of [Bmim][Ac]-based
drastically reduced the surface area of the adsorbent resulting in lower adsorption capacity
compared to [Emim][Ac]-based [16,17]. In the latter cases, the MOFs come with the crucial
issue related to the suitability in actual industrial CO, adsorption processes regards the high
cost of MOFs compared to the technology shift that would bring along [19]. Thus, the
traditional solid sorbent is still feasible and preferable for CO> capture.

Earlier studies stated that traditional sorbent from carbonaceous material of AC consists
of a single element that has many advantages such as high thermal/chemical stabilities,
electrical and heat conductivities, strength, elasticities, and bio-affinities [20-22]. These
properties are specifically desirable for gas adsorption or storage applications due to their
lightweight, and their textural properties display very high porosity and specific surface areas.
Besides, carbonaceous materials are insensitive to moisture content, relatively abundant
sources at a lower cost, suitable for atmospheric pressure, and low energy consumption.

CO- adsorption capacity is extremely sensitive to carbon-based adsorbents' textural
properties and surfaces [23-25]. ACs have varying pore distributions from micropore to
macropore, which is unsuitable for specific gas selectivity [21]. Thus, AC exhibited a weak
CO; affinity. A diverse in preparation, modification, and activation conditions, the pore
structures of ACs could be controlled. Surface modification incorporated with various metal
oxides has been investigated to improve the CO2 affinity and enhance the surface basic site
[26]. Besides, the adsorption capacity was significantly improved [26] instead of using metal
oxides alone as adsorbent [27-29]. It is also causing a sintering effect upon the cycle of the
adsorption-desorption process. Therefore, AC surface modification explored extensively using
oxides from alkaline earth metals e.g Mg [30], Ca [31]; transition metals e.g Cu [32], Co [33],
Ni [34], Fe [26], Bi [35], Zn [33]; and rare earth metals e.g Ce [33].

Table 1. Adsorption capacity from the various solid sorbent.

Adsorbent Adsorption Adsorption CO: Purity | References
Capacity (mg/g) | Temperature (°C)
Raw kenaf 27.46 30 99.99 % 7
50%MEA-Kenaf 34.36 30 99.99 % 7
50%TEPA-Kenaf 40.22 30 99.99 % 7
MEA/AC 15.40 25 15 % 8
35%0DA/SG600 30.68 25 99 % 9
N2 enriched carbon 35.2 30 100 % 11
SiO2 33.73 25 99 % 12
1%[bmim][CF3S03])/SiO2 66.71 25 99 % 12
10%NiO/[emim][HSO4]/SiO: 48.80 25 99 % 13
10%[emim][HSO4]/SiO: 26.70 25 99 % 13
[Emim][Ac]-Functionalized MOF-177 50.16 30 99.99 % 16
[Bmim][Ac]-Functionalized ZIF-8 36.52 30 99.99 % 17
MOF-177 44.00 25 70 % in CH4 18
Mg-MCs-12 53.68 40 15 % in N2 30
CeO2/AC 52.78 30 99 % 33
ZnO/AC 52.06 30 99 % 33
Co304/AC 43.17 30 99 % 33
0.1Bi203/AC 58.71 30 99 % 35
ACCu-HT 25.74 30 20% 37
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The impregnation of metal oxides onto carbon matrix could physically and/or
chemically enhance selectivity and adsorption capacity due to its acid-base and surface
properties [33,36].

The vibrational spectroscopy method was among the earliest studies that reported on
CO; adsorbed physically and chemically by forming CO. physisorbed and carbonate species,
respectively [38]. Fried and Dollimore had investigated nickel carbonate for the determination
of the carbonate decomposition mechanism [39]. Whereas NiO-loaded AC (NiO-AC) by Jang
et al.[25] used a post-oxidation method involving nickel electroless plating at 573 K in the air
stream. This method has increased the CO adsorption capacity of NiO-AC with increasing
oxidation time. The research proved that the CO. adsorption capacity of NiO-AC is higher
compared to the pristine AC. However, the study only considered the adsorption process
without investigates the cyclic performance. A further study reported CO: adsorption-
desorption by temperature-programmed desorption without conduct the cyclic CO2 capture
performance [34]. Therefore, in this study, the performance of cyclic CO2 capture will be
evaluated using NiO impregnated AC by the TSA method. The adsorption kinetics, activation
energy, and thermodynamic studies for CO. adsorption will develop an insightful
understanding of the CO> adsorption reaction mechanism.

2. Materials and Methods

2.1. Synthesis of NiO impregnated AC.

The powdered activated carbon (AC) and nickel(ll) sulfate hexahydrate
(Ni(NO3)2.6H20) were provided by R & M Chemicals, Essex (UK). Sodium bicarbonate
(NaHCO3) was obtained from Acros Organics (USA). The chemicals used in this research are
of analytical grade. They were used without any further modification and purification. The
adsorbent was synthesized according to the method reported by Lahuri et al. [35] with slight
modification. Generally, AC was heated for 2 hours at 110 °C in an oven, and it was cooled to
room temperature. Using a volumetric flask, the 0.05 M and 0.1 M of Ni(NO3)2.6H.O were
prepared in 50 mL of distilled water. The AC was mixed with respective salt concentrations,
and the solution was stirred for 8 hours at 200 rpm. This step was very significant to ensure
homogeneous mixing. The mixture was filtered and washed with 600 mL of 1% sodium
bicarbonate solution, NaHCOz3. The residue left was soaked in 400 mL of 1% NaHCOs3 solution
overnight. The mixture was decanted, and the residue was washed again with 400 mL of
distilled water. The residues of all samples were air-dried for 2 hours and then placed in an
oven for 6 hours at 110 °C. The samples were denoted as 0.05NiO/AC and 0.1NiO/AC.

2.2. Characterization.

The functional groups present in the adsorbents were determined by using Model Perkin
Elmer 2000 Fourier transform infrared (FTIR) spectroscopy with the KBr disc method at a
pressure of 180kPa. The wavenumber was recorded in the range of 4000-400 cm™. N
adsorption-desorption isotherm was performed at 77 K using a gas sorption analyzer, model
ASAP 2020Vv4.01 instrument, to determine the textural surface properties of the samples. The
micropore volume (Vmic), the surface area by Brunauer-Emmett-Teller (BET), Sget, micropore
surface area (Smic), mesopore surface area (Smeso), total pore volume (Viotar), micropore volume
(Vmic) and average pore size diameter were computed using the isotherm. Thermal stability was
evaluated by using Perkin ElImer STA 6000 Thermogravimetric analyzer (TGA) with a heating
https://biointerfaceresearch.com/ 4203
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rate of 30 °C/min and under the N> flow of 20 mL/min. The X-ray diffraction (XRD) patterns
were obtained with Bruker AXS D8 Advance by recording the 26 diffraction angles from 10°
to 90°. The scanning electron microscope (SEM) model Carl Zaiss Leo Supra 50VP Field
Emission equipped with Oxford INCA-X energy dispersive microanalysis system (EDX) was
used to examine the surface morphology and the elemental distribution.

2.3. CO; capture and cyclic studies.

The CO- capture studies were performed using the aforementioned TGA instrument at
1 atm. The humidity gases and moisture were removed through pre-treatment of the adsorbent.
It was conducted by heating from 30 to 350 °C at 30 °C/min N2 flow with 20 mL/min and held
the temperature of 350 °C for 30 minutes. It was cooled to 30 °C for the CO> adsorption process.
When the temperature was equilibrated, CO> gas was purged with a 20 mL/min flow rate for
20 minutes at 30 °C. The N2 gas was purged at 20 mL/min with a temperature swing from 30
to 400 °C at 30 °C/min for the desorption process. The most efficient adsorbent will be used to
study the effect of adsorption temperature by setting the adsorption temperature at 40 and 50
°C. The cyclic CO; capture was conducted by using the most efficient adsorption temperature
to study the recyclability of the adsorbent.

2.4. Adsorption kinetics, activation energy, and thermodynamic studies.

The study of adsorption kinetics expresses the rate of adsorbate uptake, and apparently,
this rate dominates the residence duration of adsorbate uptake at the solid-gas interface. The
kinetics of CO, adsorption for the most efficient adsorbent was investigated using pseudo-first-
order and pseudo-second-order kinetic models (chemical reaction models). The correlation
coefficients (R?, values close or equal to 1) expressed the conformity between experimental
data and the model predicted values. A relatively high R? value indicates that the model
successfully describes the kinetics of CO2 adsorption. The diffusion adsorption and mass
transfer models were analyzed by using the intraparticle diffusion and Elovich models. The
activation energy (Ea) of adsorption equilibrium can be obtained by using the Arrhenius
equation. It defines the minimum energy required by the adsorbate molecules for the adsorption
process. Meanwhile, the thermodynamic parameters of enthalpy change (AH), entropy change
(AS), and Gibbs free energy change (AG) were determined to define the adsorption process.

3. Results and Discussion

3.1. FTIR analysis.

The infrared spectra of AC and xNiO-ACs are shown in Figure 1. Several peaks were
observed from the AC at absorption bands of 3434, 1631, 1384, and 1114 cm™. The typical
broad absorption bands in the spectra between 3447 to 3417 cm™ could be assigned to the O-
H stretching (vO-H) vibrations for the chemisorbed water or the moisture content in the sample
matrix [40]. Another band at 1631 cm™ was associated with H-O-H bending (§ H-O-H) [41-
43]. Meanwhile, the weak bands at 1384 and 1114 cm™ were associated with the interacted
CO3% anions on OH [44] and vCO [45]. The addition of NiO on the AC was detected at
absorption bands below 1000 cm™ which was obscured by metal oxide. Thus, the signals at
688 and 451 cm™ corresponded to the vNi-O vibration mode of assignment [46,47]. Whereas
the position of the band at 606 cm™ was indicative of vOH for Ni-O-H [48]. It was noticed that

https://biointerfaceresearch.com/ 4204


https://doi.org/10.33263/BRIAC123.42004219
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC123.42004219

vibration for out-of-plane SOH contributed to the band at 877 cm™ [49]. The contribution bands
at 2933 and 2861 cm™ were ascribed from the symmetry vC-H and asymmetry vC-H [50,51].
The presence of these peaks after adding the substrate was agreed with Meera Mydin et al.
[50]. The presence of the NiO showed CO- affinity due to the absorption bands at 825, 1051,
1263, 1384, 1452, 1494, and 1568 cm™. The contribution bands identified the presence of
carbonate species at 1568 and 825 cm™ [27,52,53]. Other bands at 1494 and 1051 cm™ were
assigned to asymmetry O-C-O (vasOCO) of vibration mode for monodentate carbonate species
[27,52] and vCO [45], respectively. The signal of the band at 1263 cm™ was the indicative

structure of vC-OH vibrational mode.
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Figure 1. FTIR spectra of the AC, 0.05NiO/AC, and 0.1NiO/AC.

3.2. Thermal stability analysis.

Thermal stability analysis could monitor the sample mass versus temperature on a

controlled environmental furnace.
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Figure 2. TGA and derivative weight change curves of the adsorbents.
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The comparison analysis for thermal stability analysis of AC and xNiO-ACs was shown
in Figure 2. It was observed that the TGA curve exhibits a single decomposition reaction at
early temperature exposure. The water molecules from the moisture were liberated from the
adsorbents as the temperature rose from 30 to 145 °C. The 0.1NiO/AC showed an initial
gradual weight loss at 245 °C attributed to carbonate dissociation by a higher NiO loading.
Further weight loss above 600 °C was mainly related to the adsorbent degradation ascribed
from activated carbon combustion. Therefore, this result will be used as a guideline for the
desorption process for CO2 regeneration.

3.3. Textural properties.

N2 adsorption-desorption isotherms were described in Figure 3, whereas the textural
properties were tabulated in Table 2. Based on the International Union of Pure and Applied
Chemistry (IUPAC) classification, isotherms exhibit Type | isotherm for a typical microporous
material [54]. The hysteresis is located between adsorption and desorption branches which
indicates the capillary condensation in the mesopore. The porosity of the adsorbent was
affected by the nickel oxide in which has a uniform mesoporous structure. All adsorbents
showed Type H4 hysteresis, which is associated with porous material over a wide range of
relative pressure at which it exhibits a narrow slit-shaped pore of mesopores [55]. A large
hysteresis 0.1NiO/AC was ascribed from a higher NiO loading generating a high mesopore
structure. It is supported by the highest Smeso 0f 276.51 m?/g for 0.1NiO/AC compared to AC
only recorded at 170.99 m?/g (Figure 3). Nonetheless, the Sget, Smic and Viotal for AC loaded
NiOs were observed lower than AC which might be due to the presence of NiO blocked and/or
entered the pores of AC. Meanwhile, the Vmic also exhibited a similar trend with Smic for the
same reason. The average pore diameters were enlarged after AC loaded with NiO, indicating
the pores on NiO surfaces generated also contributing to the average pore of the adsorbents.
This could be a piece of evidence for the increment of Smeso for 0.1NiO/AC.
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Figure 3. N, adsorption-desorption isotherms.
Table 2. The textural characteristics and adsorption properties.
Adsorbent Surface area Pore volume Average pore
Seet' (m?/g) Smicro” (mzlg) Srmeso’ (mzlg) Viota” (cm?3/g) Vmicro® (cm3/qg) diameter (nm)

AC 1043.59 872.61 170.99 0.4587 0.3466 1.76
0.05NiO/AC 950.02 780.76 169.27 0.4431 0.3104 1.87
0.1INiO/AC 787.57 511.05 276.51 0.4457 0.2083 2.26

! The surface area by BET method; 2 Micropore surface area by t-plot method; 2 Mesopore surface area by t-plot
method; # Single point total pore volume; °> Micropore volume by the t-plot method
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3.4. COz Capture Study.

The CO: capture for the adsorbents at the adsorption temperature of 30 °C using TGA
is presented in Figure 4. The abrupt decrease in weight for the first 30 minutes was due to the
adsorbents' loss of moisture and humidity gases. Pre-treatment was performed at an isothermal
temperature of 350 °C to ensure the adsorbents have better adsorption. The weight gain section
indicated the CO- adsorption process at 30 °C upon the probe molecule was introduced to the
adsorbents. Finally, CO> regeneration was conducted by thermal exposure up to 400 °C [25],
which follows the decomposition equation of Ni(CO3) - NiO +CO.. The desorption process
was started by removing CO> physisorbed and then carbonate species at temperature ranges of
30-250 °C and 250-400 °C, respectively [39].

From the TGA profiles for CO, capture (Figure 4), the adsorption capacity of the
adsorbents was calculated using Equation 1 to compare the adsorption capacity towards Sger

(Figure 5).
Adsorption capacity (%) = Wlradsmg) = whiaas(mg) (1)
where Wtiadgs (MQ) is the final weight of CO2 adsorption and wtiags (Mmg) is the initial weight
right before CO> adsorption based on the weight gain curves in Figure 4. A common desirable
feature in CO> capture using microporous solid sorbent requires a high surface area to provide
space in trapping CO, molecules. Nevertheless, the highest Sger for AC (1043.59 m?/g)
exhibited a lower adsorption capacity (54.66 mg/g). Inversely, the 0.05NiO/AC obtained the
highest adsorption capacity of 55.46 mg/g with Sger was lower than AC only (950.02 m?/g).
Due to surface modification, adding NiO onto AC surfaces could enhance the adsorption
capacity by providing active sites from NiO, which led to the formation of CO, physisorbed
and carbonate species [6]. A higher NiO loading on AC showed depletion of adsorption
capacity (52.58 mg/g). It is ascribed from NiO particles tends to agglomerate, causing the poor
distribution of active site which is inefficient for CO2 and active site interaction. Therefore, the
most efficient adsorbent of 0.05NiO/AC was chosen to study the effect of adsorption
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Figure 4. TGA profiles for CO, capture at the adsorption temperature of 30 °C.
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Figure 5. Adsorption capacity against the Sger.

CO; capture was performed using 0.05NiO/AC at adsorption temperatures of 40 and
50 °C, wherein CO> adsorption curves were equalized at the origin (Figure 6) to study the
sorption kinetics. The initial steep increase region indicates that the adsorption temperature of
30 °C possessed fast kinetics compared to 40 and 50 °C. It demonstrates that the CO2 adsorption
has reached equilibrium at 5 minutes for all adsorption temperatures. Further CO2 adsorption
has gradually decreased when the adsorption process reaches equilibrium. The initial steep
increase region corresponds to CO: filled into AC’s micropores and stronger interaction forces
between CO; and NiO. The knee-shaped region was indicative of multilayer CO2 adsorption
formation on the adsorbents by creating CO2-CO; interaction upon CO; adsorbate uneven
bonded onto CO; surfaces. A higher adsorption temperature at 50 °C causing the adsorption
rate and desorption rate to occur simultaneously for the physisorbed CO,. Hence, the CO>
adsorption was inhibited to further increase at the initial steep region. Based on the CO:
adsorption trend against adsorption temperature, the adsorption process is favored to the
exothermic reaction in which heat released upon CO; interacted with NiO, CO2-CO;
interaction, and CO. onto AC surfaces.

In this study, the adsorption capacity for 0.05NiO/AC is comparable to microwave
radiated synthesis of MgO on microporous carbon (Mg-MCs-12) [30] and 0.1Bi>Os/AC [35]
as tabulated in Table 1. The attempt of using NiO supported AC exhibited a better adsorption
capacity than similar type sorbent of metal oxides supported AC (CeO2/AC [33], ZnO/AC [33],
Co0304/AC [33], and ACCu-HT, which CuO onto AC by using hydrothermal treatment [37])
and other solid sorbents too (Table 1). Besides, the performance of this work showed an
improvement compared to bi-metal oxide composites such as CaO/Fe203 [56], BeO/Fe203
[57], and SrO/ Fe;0z [58]. The fine powder of 0.05NiO/AC based on primary particle size and
material density in this work which is under 50 um can be categorized under Geldart’s group
C classification [59]. Although the fine adsorbent could be easily measured by a static analysis
system (TGA, gas sorption analyzer, etc.), the application to the dynamic system such as fixed
or fluidized bed reactors can be a challenge. A fixed bed reactor enquire pelletization steps to
overcome the prohibitive pressure drops related to fine particle beds [60]. The shaping process
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negatively affects the adsorption performances ascribed to the pelletization, leading to
additional intraparticle resistance and reducing the adsorption Kkinetics [59]. In addition, the
pelletized fine particle also leads to a significant decrease in surface area and pores blockage,
which declining the adsorption capacity. Meanwhile, it is difficult to employ a fluidized bed
reactor due to the existence of cohesive forces (such as van de Walls, electrostatic, and
moisture-induced surface tension forces) between particles become more prominent as particle
size decreases [61]. Thus, it can be suggested by applying a non-conventional externally
assisted fluidization technique to improve and handle the dynamics of the adsorbent.
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Figure 6. Adsorption capacity for 0.05NiO/AC at different adsorption temperatures.

The performance of the 0.05NiO/AC was evaluated by cyclic CO, capture at the
adsorption temperature of 30 °C. Five cycles of CO> capture (Figure 7) were conducted using
temperature swing adsorption with the desorption temperature at 400 °C. The loss in adsorption
capacity was insignificant at 0.28 % after 5 cycles of CO2 capture with a decrease from the first
to fifth cycles is 53.25 mg/g to 53.10 mg/g, respectively. This suggests the adsorbent can be a
potential for a large-scale application due to the stability performance. The AC as support for
NiO could reduce the sintering effect of NiO and prolong the adsorption efficiency over the
cyclic reaction. Thus, the adsorbent was used to characterize further and study the adsorption
kinetics and thermodynamics.
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Figure 7. Cyclic CO; capture at adsorption temperature of 30 C using 0.05NiO/AC.
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3.5. Surface analysis.

The graphitic structure of AC with 26 has the characteristic of broad peaks for AC
diffractogram (Figure 8a). It indicates a common amorphous phase of AC which is detected at
26.3° and 44.1°. A weaker graphitic structure pattern of the diffraction peaks was observed
with increasing metal loadings. The diffractogram for 0.05NiO/AC showed almost similar
broad peaks with AC only without the additional peak. Hence, it explains that NiO is well-
dispersed on the AC but unable to confirm the presence of NiO on the AC surfaces. Therefore,
the adsorbents were further analyzed using SEM-EDX to clarify the presence of NiO on the
AC surfaces. SEM observations of AC and 0.05NiO/AC are shown in Figure 8b. The SEM
micrographs revealed the irregular granular and porous structure of AC. The 0.05NiO/AC
surfaces have many fine particles with some overgrown clusters caused by the deposition of
NiO on AC. The EDX results showed the elemental composition for the nickel with 0.44 %.
Meanwhile, the EDX spectra for AC contained carbon and oxygen only. Thus, the presence of
nickel depicted that the modification process was successful.
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Figure 8. Surface analysis by (a) XRD; (b) SEM-EDX for the adsorbents.
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3.6. Adsorption kinetics.

Various CO; adsorption temperature data for the most efficient adsorbent of
0.05NiO/AC were used to evaluate the adsorption kinetics. Adsorption kinetics could describe
the adsorbate uptake rate and time required for the adsorption process to reach equilibrium.
The kinetic study was conducted using the above kinetic data (Figure 6) by employing linear
pseudo-first- and pseudo-second-order kinetic models. The intraparticle diffusion model and
Elovich model were applied to describe surface diffusion-controlled processes and adsorption
in a non-ideal state, respectively.

The linearized form of pseudo-first- and pseudo-second-order kinetic models were
plotted using Equations 2 and 3, respectively [35].

K
log(g. — q¢) = logq. — (2.323) t @
t 1 1
@ T (q_e) ‘ ¥

Based on Equation 2 and 3, ge (mg/g) is the adsorption capacity at equilibrium, g
(mg/qg) is the adsorption capacity at the time, t (min), ki is the pseudo-first-order constant with
unit 1/min and k2 (g/mg min) is the pseudo-second-order rate constant. The linear plot for
pseudo-first-order Kinetic in Figure 9a was presented by plotting log (qe — qt) versus time.
Meanwhile, the linear plot for pseudo-second-order kinetic in Figure 9b was described by
plotting t/q¢ versus time. The rate constants (ki, k2) and other kinetic parameters for each
temperature and its corresponding correlation coefficient (R?) were determined from the slope
and intercept of the plots (Table 3).

In the case of the Lagergren pseudo-first-order kinetic model, it describes the rate of
adsorption as directly proportional to the number of available free active sites on the adsorbent
surfaces [35,62]. On the basis of the correlation coefficient, the adsorption temperature for 30,
40, and 50 °C possessed R? of 0.9607, 0.9380, and 0.9585, respectively. Although it has a high
R?, the relative error percentage between actual de (Qeact) and calculated e (Qe.cal) Showed
significant deviation, especially for the adsorption temperature at 40 and 50 °C. The adsorption
rate (minute) decreased against the temperature ascribed from the higher kinetic energy of CO»
adsorbate at elevated temperatures. Hence, it causes an increased tendency for CO; to escape
from the adsorbent.

2 = = 0.3
a) + 30°C y=-00843x + 17142 b) + 30°C y=00164x +0.0103
B2 =029607 BZ=00%19
+ 40°C v=-02755x +1.3231 + 40°C y=10.02x +0.0083
1.5 E*=00938 Bz=10098%3
TE 50°C  y=-02261x +1.0801 0.2 S0°C y=0.0444x +0.0236
El Ri=08385 ) RZ=0.8993
S o
. 3
= = 0.1 e
203 =
D T T T T 1 [} - T T T T
0 1 2 3 4 5 ] 1 2 3 4 3
Time. t (minute) Time, t (minute)}

Figure 9. Linearized form of (a) pseudo-first- and (b) pseudo-second-order kinetic models for various CO,
adsorption temperatures onto 0.05NiO/AC.

The pseudo-second-order kinetic describes the control of the chemisorption in the speed
of progress [33]. Based on Table 3, shows a high correlation coefficient of R? for all adsorption
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temperatures of 30, 40, and 50 °C. These R? values were supported by the CO, adsorption
capacity using 0.05NiO/AC. In addition, the relative error percentage was observed lower than
that of the pseudo-first-order kinetic model for 40 and 50 °C. It has the relative error percentage
for adsorption temperature of 30, 40, and 50 °C at 9.94, 6.68, 4.69 %, respectively.

Table 3. Kinetic parameters for pseudo-first- and pseudo-second-order kinetic models for various CO,
adsorption temperatures onto 0.05NiO/AC.

Kinetic Model Parameter Adsorption temperature (°C)
30 40 50

Pseudo-first order kinetic model Qe-act (MQ/Q) 55.464 46.869 | 21.959
log(du — 40) = log g — ( ky ) ¢ |k (Wmin) 0.0366 | 0.1196 | 0.0982
8lde = 84e 7 \2303 Je.cal (MQ/Q) 51.784 | 21.043 | 31.739
log (qe — qt) versus time R? 0.9607 0.9380 | 0.9585
Relative error (%) 6.63 55.10 44.54
Pseudo-second order kinetic model | k2 (g/mg min) 0.0256 0.0471 | 0.0835
¢ 1 1 Qe.cal (Mg/g) 60.976 50.000 | 22.523
—= ()t R? 09819 | 0.9895 | 09995

A kaqc  \de Relative error (%) 9.94 6.68 4.69

t/qt versus time

The intraparticle diffusion model is comprised of two main steps for the adsorption
process: 1) the migration of probe molecules from gases to the adsorbent surfaces and 2) the
diffusion of the adsorbate molecules into the interior pores of the adsorbent [63,64]. The
Werber-Morris intraparticle diffusion model (Equation 4) was applied to study the CO:
adsorption process [65].

4o = kiat? +C 0
where kiq is the intraparticle diffusion rate constant (mg/g min'/?), and C (mg/g) is a constant
related to the boundary layer's thickness. The kig value was calculated from the slope of the
linearized plots of g versus t2 (Figure 10a). It was noticed that the straight line fitted by the
model for all adsorption temperatures without passing through the origin. This suggests that
the adsorption process was unlimited by the intraparticle diffusion only but also by other
adsorption processes. The C constants were generally decreased with the increase of adsorption
temperature, which might be due to the decrease of the boundary layer thickness (Table 4). A
higher C constants (for adsorption temperature of 30 and 40 °C) showed that external diffusion
of CO2 molecule on 0.05NiO/AC was significant in the initial adsorption duration.
Nonetheless, this model is not well fitted to the adsorption kinetic profiles based on the R?
values.

The Elovich model (Equation 5) of the adsorption process is divided into fast and slow
adsorption [66].
qt = %lna8+%lnt (5)

Based on Equation 5, a represents the initial adsorption rate (mg.g™*.min%) and  is the
desorption coefficient (mg/g). The Elovich model was presented by plotting g: against In t as
presented in Figure 10b. The kinetic parameters of « and S were obtained from the slope of 1/4
and 1/8 In (af). It was found that the R? for adsorption temperatures at 30, 40, 50 °C at 0.9345,
0.9370, and 0.9747 (Table 4), respectively. The data fitted to the Elovich kinetic model exhibits
the adsorption temperature for 30 and 40 °C were described not well in observations.
Nonetheless, the experimental data for a higher adsorption temperature of 50 °C was best
described by the Elovich model. It indicates that the rate-limiting step was the intraparticle
diffusion process but it is not the only process present [67].
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From the R? values and relative errors, the pseudo-second-order kinetic model has fit
better for the CO; adsorption kinetic profiles using 0.05NiO/AC at adsorption temperatures of
30, 40, 50 °C. It implies the chemisorption dominates the CO, adsorption, besides the
physisorption that existed in the sorption phenomena. The chemisorption was attributed to the
CO- adsorbed strongly on the available oxygen of NiO surfaces. However, the existence of the
physisorption remains undoubtedly because the adsorbent is AC-based material which weak
interaction of VVan der Waals forces could be present with CO> [33].

60 1 40°C 50°C
B) _ 45 4 20 A
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w° B30 4 = L1765 | 2
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i .
Ty
48
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Figure 10. The (a) intraparticle diffusion; (b) Elovich models for various CO; adsorption temperatures onto
0.05NiO/AC.

Table 4. The parameters for intraparticle diffusion and Elovich models for various CO; adsorption temperatures
onto 0.05NiO/AC.

Model Parameter Adsorption temperature (°C)
30 40 50
Intraparticle diffusion model kia (mg.gt.min"*?) 20.251 14.772 7.329
1
> Ci 14.277 17.655 5.9865
qe = kidt2 +C 2
g versus 12 R 0.7989 0.7584 0.8832
Elovich model a (mg.gt.min?) 287.75 446.05 138.32
1 1 B (mglg) 0.0859 0.1146 | 0.2443
9 = plnap+ Fnt R? 09345 | 09370 | 0.9747

gragainst In t
3.7. Activation energy.

The activation energy is an important parameter that helping in elucidate the adsorption
process that occurred, whether by physisorption or chemisorption [68]. The linearized form of
the Arrhenius equation was expressed as Equation 6, and the In k> against 1/T was plotted
(Figure 11).

—E
ln kz = 4
RT

—Ink, (6)
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According to Equation 6, k» is pseudo-second-order kinetic constant (g/mg min), Ea is
the adsorption activation energy (J/mol), T is the adsorption temperature in Kelvin, R is the gas
constant (8.314 J/mol.K), and ko is the temperature-independent factor (g/mg min). The
parameters were calculated from the slope of —Ea/R and y-intercept of In ko. The Ea was
calculated to be 48.09 kJ/mol, which is in the range of 40-800 kJ/mol, indicating the CO-
adsorption process was a chemisorption process [69]. Hence, the surface modification by
adding NiO improved the CO. affinity of the adsorbent through the chemisorption process.

224 v =-5784.1x + 15.424
2 25 | R2=10.9999
o
A£32
Y
_.1
0.003 00031 0.0032 0.0033 0.0034

VT (K1)
Figure 11. Linearized plot of Arrhenius equation for CO, adsorption onto 0.05NiO/AC.

3.8. Thermodynamics.

The effect of CO2 adsorption temperature and sorption mechanism was further explored
in the study of adsorption thermodynamics. From the adsorption thermodynamics method, the
CO; adsorption was analyzed in the aspect of energy and studied the adsorption dynamic,
which reveals the spontaneity of the adsorption process. The thermodynamic formulas are
shown in Equation 7-10 [70].

AG = —RT Ink (7

k= (8)
AS AH

Ink = F - E (9)

AG = AH —TAS (10)

where AG is the Gibbs free energy change (kJ/mol), AH is the enthalpy change (kJ/mol), AS is
the entropy change (kJ.mol1.K™?) and k is the thermodynamic constant. The thermodynamic
parameters of AH, AS and AG (Table 5) were obtained from the graph by plotting In k against
1/T (Figure 12) using Equation 9, wherein the slope is AH/R and intercept are AS/R.

48
475
e —1'? n
T 465 |
y=-79561x+ 72128
46 4 1=0.9086
4355
0.003 00031 00032 00033 00034
LT
Figure 12. Plot of In k against 1/T for estimation of thermodynamic parameters for the CO; adsorption onto
0.05NiO/AC.
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The feasibility and spontaneity of the CO2 adsorption process on 0.05NiO/AC were
determined by the negative values for AG. This reaction is an exergonic reaction which is due
to a spontaneous reaction without the addition of energy. The more negative of the AG values
as adsorption temperature increases was attributed from the heat supply in energy to a readily
favorable reaction. A positive value of AH (6.614 kJ/mol) at various adsorption temperatures
demonstrates the reaction was endothermic [65]. Meanwhile, the AS value of 0.05997 kJ.mol
! K described that the randomness of the gas/solid interface increased during the adsorption
process [71].

Table 5. The thermodynamic parameters.

Temperature Thermodynamics
T (K) AG (kJ/mol) AS (kJ.molt.K? AH (kJ.mol?)
303 -11.56 0.05997 6.614
313 -12.16
323 -12.75

4. Conclusions

Surface modification of AC by adding NiO was synthesized at different NiO loading.
The CO; capture study showed the 0.05NiO/AC to be the most efficient adsorbent. The
adsorption temperature of 30 °C showed an effective adsorption temperature with adsorption
capacity was measured at 55.464 mg/g. Five cycles of CO; capture exhibited a minimum
adsorption capacity loss at 0.28 % from the first to fifth cycles. Although it has a lower Sget of
950.02 m?/g than that of AC, the addition of NiO on AC enhanced the sorption through CO>
chemisorbed on NiO. The XRD described the NiO well dispersed on AC with a confirmation
by SEM-EDX indicating the NiO particle in the form of irregular granularity and Ni on AC’s
surfaces. CO> adsorption at various adsorption temperatures was further analyzed by
adsorption kinetics. The CO> adsorption possessed fast kinetic sorption with 5 minutes to reach
equilibrium at all adsorption temperatures. It demonstrates the experimental data best fit the
pseudo-second-order kinetic model based on the higher R? values and low relative error
percentages. The activation energy was calculated to be Ea = 48.09 kJ/mol, implying that
adsorption is a chemisorption process. The negative value for AG and positive value AH)
indicated that CO, adsorption at various adsorption temperatures was a spontaneous and
endothermic process.
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