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Abstract: The equilibrium and kinetics of CO2 adsorption at 273 K by coconut-shell activated carbon
impregnated with sodium hydroxide (NaOH) was investigated. Based on nitrogen adsorption
isotherms, porous properties of the tested activated carbons decreased with the increase of NaOH
loading, with the decrease resulting primarily from the reduction of pore space available for nitrogen
adsorption. Equilibrium isotherms of CO2 adsorption by activated carbons impregnated with
NaOH at 273 K and the pressure up to 100 kPa displayed an initial part of Type I isotherm with
most adsorption taking place in micropores in the range of 0.7–0.9 nm by pore-filling mechanisms.
The amount of CO2 adsorbed increased with the increase of NaOH loading and passed through
a maximum at the optimum NaOH loading of 180 mg/g. The CO2 isotherm data were best fitted
with the three-parameter Sips equation, followed by Freundlich and Langmuir equations. The
pore diffusion model, characterized by the effective pore diffusivity (De), could well describe the
adsorption kinetics of CO2 in activated carbons impregnated with NaOH. The variation of De with the
amount of CO2 adsorbed showed three consecutive regions, consisting of a rapid decrease of De for
CO2 loading less than 40 mg/g, a relatively constant value of De for the CO2 loading of 40–80 mg/g
and a slow decrease of De for the CO2 loading of 80–200 mg/g. The maximum De occurred at the
optimum NaOH loading of 180 mg/g, in line with the equilibrium adsorption results. The values of
De varied from 1.1 × 10−9 to 5.5 × 10−9 m2/s, which are about four orders of magnitude smaller
than the molecular diffusion of CO2 in air. An empirical correlation was developed for predicting the
effective pore diffusivity with the amount of CO2 adsorbed and NaOH loading.

Keywords: activated carbon; alkali impregnation; adsorption isotherms; adsorption kinetics; carbon
dioxide adsorption

1. Introduction

Global warming, a slow increase in the average temperature of the earth’s atmosphere,
has a severe effect on world climate change, which has widespread impacts on humans
and ecosystems [1]. This atmospheric warming is caused by the increasing concentrations
of greenhouse gases (GHGs) in the upper atmosphere that prevents the dissipation of accu-
mulated heat out into the space [2]. Recent figures show that the greenhouse gases consist
of 80% CO2, 10% CH4, 7% nitrous oxides, and 3% fluorinated gases [3]. Presently, carbon
dioxide (CO2), the largest contributor to the global warming effect, has the concentration
level in the atmosphere of 414 parts per million (ppm), a 47% increase since the beginning
of the industrial revolution era in 1750, and still rising at an alarming rate [4]. Carbon
dioxide is primarily generated from electricity power plants and large industrial processes
(e.g., cement production plants) burning fossil fuels (coal, oil, and natural gas). In 2018,
it is estimated that about 38 billion metric tons of CO2 was released into the atmosphere
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from fossil fuel utilization, which accounts for about 50% of total CO2 emissions from
anthropogenic human activities [5]. It is therefore obvious that CO2 capture at the point
source emissions should be the logical means to lower the CO2 level in the atmosphere,
albeit the energy penalties involved in the separation processes are relatively high.

Various processes have been developed for the separation and recovery of CO2 from
flue gas streams using this post-combustion CO2 capture, such as alkali solvent absorption,
adsorption with porous sorbents, membrane separation, and cryogenic distillation [6].
Of these separation processes, CO2 absorption using amine-based solvents such as mo-
noethanolamine (MEA), diethanolamine (DEA) and methyl-diethanolamine (MDEA) is
the most well-established and mature technology and has been widely used especially in
natural gas industry for quite a long time, with a reported removal efficiency of as high as
98% [7]. Despite its good performance, there are a number of drawbacks associated with
the use of chemical absorption system, including amine degradation through oxidative
reactions and thermal degradation, which results in solvent loss and the generation of many
toxic substances, such as organic acids, ammonia and amide, amine emissions producing
nitrosamines and nitramines, which are harmful to the environment, high corrosiveness
of the solvent, and high energy requirement for solvent recovery due to a strong inter-
action between CO2 and the alkali solvent [8]. Due to these inherent shortcomings, the
removal of CO2 from a combustion gas mixture using a solid adsorbent, including porous
carbon, zeolites, carbon molecular sieves, activated alumina and metal organic framework
compounds, has become an attractive alternative as compared to the conventional wet
scrubbing process [9]. The main advantages of the adsorption technology for CO2 capture
are the low energy consumption, choices of adsorbent selection, reasonably high adsorption
capacity based on a unit mass or a unit volume basis, and easy adsorbent regeneration
using the temperature-swing or pressure-swing adsorption processes due to the weak
adsorbent-adsorbate interaction forces. For these available adsorbents, activated carbon is
one of the most attractive choices for CO2 removal. It has many favorable characteristics,
for example, it has a high surface area and contains a large number of micropores, which
help increase the adsorption capacity of CO2, it is a low cost adsorbent because various
agricultural biomass wastes can be used for the preparation, it can be produced with a
desirable pore size distribution by controlling the type of precursors and the preparation
conditions, it is not sensitive to moisture in the treated gas stream because of the hydropho-
bic nature of the carbon surface, and the capability of surface chemistry modification for
improved adsorption affinity and selectivity [10].

In general, the adsorption performance of activated carbon is governed primarily by
its internal pore structure. The pore size distribution and pore connectivity will dictate
the diffusion rate (kinetics) of an adsorbate to the adsorption sites, whereas the internal
surface area will provide a number of active sites for adsorption to take place. Apart
from the effect of pore structure, surface chemistry, due to the presence of various surface
functional groups, also plays an important role on the adsorption behavior. Activated
carbon mostly contains oxygen functional groups on its surface, which can be acidic or
basic functional groups. These functional groups are introduced through the oxidation of
defective graphene surfaces containing unpaired electrons and the oxidation of surface
heteroatoms such as O, H, S, N, and Cl by the oxidizing gas (CO2, O2, or steam) during the
activation process [11,12].

Since CO2 is considered as a weak Lewis acid (electron acceptor), the increase in the ba-
sicity of carbon surface which acts as Lewis basic sites (electron donor) would help promote
the affinity and selectivity of CO2 due to a stronger acid-base interaction [13]. Therefore,
adsorption capacity of CO2 by the virgin activated carbon can be further enhanced by in-
creasing the basicity of the carbon surface. This is achieved by treating the activated carbon,
for example, by (i) heat treatment in an inert atmosphere at a high temperature (700 ◦C)
to remove the existing surface oxygen functionalities; (ii) chemical treatment to introduce
basic functional groups, for example, creating nitrogen functionalities by heating in NH3
atmosphere at a high temperature range (200–800 ◦C); and (iii) wet impregnation with
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alkali solutions [14,15]. Among these various treatments, the wet impregnation method has
received considerable attention because of its simplicity, low cost, and effective CO2 capture.
Various types of alkali impregnation chemicals have been investigated, including K2CO3,
NaOH, KOH, and ethanolamines. CO2 adsorption tests using these alkali impregnated
carbons were mostly performed in a fixed-bed system [16–21], with an observed increase of
up to twofold for CO2 adsorption capacity, as compared to the case of untreated carbons.

Despite the significance of these surface modified adsorbents, it is surprising that
there have been virtually no reports on the study of both equilibrium and kinetics of
CO2 adsorption by alkali impregnated activated carbons. With this impetus, this work
was aimed to study and collect information concerning the effect of NaOH impregnation
loading in coconut-shell activated carbon on the equilibrium isotherms and kinetic data
of CO2 adsorption from a synthetic flue gas (CO2+N2) up to the pressure of about 1 bar.
Sodium hydroxide was used as the alkali impregnant in the present study due to the
fact that it is relatively cheap and easily obtainable. These isotherm and kinetic data are
essential for the successful design of an adsorption system for capturing CO2 from flue
gases at an ambient condition.

2. Theories
2.1. Adsorption Equilibrium Models

In this study, three isotherm models were employed for the analysis of adsorption
equilibrium of carbon dioxide by the prepared activated carbons, including Langmuir,
Freundlich, and Sips equations. Langmuir equation was first developed for pure gas adsorp-
tion on a flat surface based on the concept of dynamic equilibrium or kinetic approach [22].
The assumptions involved are that the adsorption energy is constant irrespective of the
amount of gas adsorbed (homogeneous adsorption), adsorption takes place at a definite,
localized site, and each site can accommodate only one atom or one molecule, thus leading
to the type of monolayer adsorption when all the adsorption sites are fully occupied. The
final form of Langmuir equation reads,

qL =
qm(bP)
1 + (bP)

(1)

where qL = amount of adsorbate adsorbed (mg CO2 adsorbed/g activated carbon),
qm = maximum monolayer adsorption capacity (mg/g), b = Langmuir constant or affinity
constant, and P = pressure (kPa). Freundlich isotherm is one of the most popularly used
empirical equations for describing the adsorption equilibrium data [23]. It was proposed
for monolayer adsorption on a heterogeneous surface, that is, the adsorbent-adsorbate
interaction energy is distributed and is grouped into patchwise areas with each patch
having its own adsorption energy. This equation takes the following form,

qF= KF(P)
1/nF (2)

where qF = amount of CO2 adsorbed (mg/g), P = pressure (kPa), KF = affinity constant and
nF = surface heterogeneity index.

Sips isotherm [24], a three-parameter empirical equation, has the following form,

qS =
qm(bP)1/nS

1 + (bP)1/nS
(3)

where qS and qm are in mg/g and P in kPa. This equation is a hybrid model of Langmuir
and Freundlich equations, thus showing a characteristic of saturation limit at a high
adsorption pressure.



Processes 2021, 9, 201 4 of 23

2.2. Adsorption Kinetic Model

The development of a kinetic equation for CO2 adsorption by activated carbon in this
study is obtained by writing a differential mass balance for the diffusion of an adsorbate
inside a spherical porous adsorbent [25], as shown in Equation (4).

∂q
∂t

= De

[
∂2q
∂r2 +

2
r

∂q
∂r

]
(4)

The solution derived by solving this equation with appropriate initial and boundary
conditions in spherical coordinates, that is, q(r,0) = q(0) and ∂q/∂r = 0 at r = 0, gives the
concentration of adsorbed phase (q) as a function of radial distance (r) and time (t). The
derived solution in terms of the fractional uptake (F) is given by Equation (5),

F =
q(t)−q(0)
qe−q(0)

= 1−
(

6
π2

) ∞

∑
n=1

(
1/n2

)
exp(−n2π2Det

R2
p

) (5)

For the adsorption time close to the equilibrium (F > 0.7), we may use only the first
term of the summation since the higher terms may be neglected. For this case, the fractional
uptake equation takes the form,

F =
q(t)−q(0)
qe−q(0)

= 1−
(

6
π2

)
exp(−π2Det

R2
p

) (6)

In linear form Equation (6) becomes,

ln(1 − F) = ln
(

6/π2
)
− (π2Det/R2

p) (7)

where q(t) = amount of CO2 adsorbed at time t (mg/g), q(0) = initial amount of CO2
adsorbed and is zero for a fresh adsorbent, qe = amount of CO2 adsorbed at equilibrium
(mg/g), Rp = radius of the spherical adsorbent = 6.45 × 10−4 m for activated carbon
particles used in this study, and De = the effective or average diffusion coefficient for CO2
diffusion inside the adsorbent pores (m2/s).

2.3. GCMC Simulation for Gas Adsorption

In this study, we use a Grand Canonical Monte Carlo (GCMC) simulation method to
obtain the adsorption isotherms of N2 and CO2 in a finite-length slit pore in the presence
and absence of NaOH group. Nitrogen is modelled as a spherical Lennard–Jones (LJ) fluid
and carbon dioxide is modeled as a 3-center-LJ molecule having LJ interaction sites and
point charges, as described in the literature [26,27]. The functional group used in this study
is taken as a sodium hydroxide (NaOH) molecule whose model parameters proposed by
Santoro et al. [28] is used in this study. The center of the oxygen of the NaOH group is
0.37 nm from the pore wall and perpendicular to the wall. The separation distance between
the hydrogen and oxygen atoms is 0.097 nm, and the separation distance between the
sodium and oxygen atoms is 0.2072 nm. The angle of Na-O-H is about 119.5◦. The solid or
adsorbent model is assumed as a slit-shape pore and has three graphene layers constituting
a solid wall, as described in the literature [29]. The graphene layers are assumed to be
square and equal in size with a linear dimension of 6nm and having a width of 1.5 nm,
which is the typical average micropore size observed for activated carbon. The molecular
parameters used for the simulation are summarized in Table 1. The interaction forces
between two particles (fluid–fluid or fluid–solid molecules) is estimated from the Lennard–
Jones 12-6 equation [26,30,31] and the interaction between two charges takes the form of a
Coulomb’s law of electrostatic interaction [26]. A cut-off radius of five times the collision
diameter of fluid is used in this study.
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Table 1. Molecular parameters and atomic partial charges of N2, CO2, C, and NaOH used in the
Grand Canonical Monte Carlo (GCMC) simulation.

Type Interacting
Site

Collision
Diameter,
σ [nm]

Reduced
Well-depth,
ε/kb [K]

Atomic
Charge,
q [e−]

N2
(Spherical model) N2 0.3615 101.5 0

N2
(Multi-site model)

N 0.331 36.0 −0.482

Center site 0 0 +0.964

CO2
(Multi-site model)

C 0.2757 28.129 +0.6512

O 0.3033 80.507 −0.3256

Activated carbon C 0.34 28.0 0

NaOH

Na 0 0 +0.758

O 0.3804 1962 −1.056

H 0 0 +0.298

In performing the GCMC simulation, we specify the volume of the simulation box,
the pressure, or the chemical potential and the temperature of the system to obtain the
adsorption equilibrium. One GCMC cycle consists of one thousand displacement moves
and attempts of either insertion or deletion with equal probability. For the simulation
of adsorption isotherms, two thousand cycles are typically needed for the system to
reach equilibrium, and additional 20,000 cycles are used to obtain the ensemble averages.
Twenty million configurations are used for equilibration and additional twenty million
configurations are used for gathering statistical ensemble. To generate each isotherm
point, an empty box without any gas molecule is used as the initial configuration, and the
simulation computation is carried out until the number of particles in the box does not
change (in statistical sense). The pressure of the bulk gas corresponding to a given chemical
potential is calculated from the equation of state proposed by Johnson et al. [32].

2.4. GCMC Simulation for Determining Pore Size Distributions

In this study, we employ the GCMC simulation procedure proposed by Madani et al. [33]
and Cornette et al. [34] to obtain the pore size distributions of activated carbon samples.
For the determination of pore size distributions from nitrogen isotherms or carbon dioxide
isotherms, the following approach is applied. Initially, a set of 50 unit cells consisting of a
graphitic surface and 49 slit carbon pores with different physical pore sizes (Hi) ranging
from 0.60 to 3 nm are constructed and the solid-fluid interaction is modeled with Steele
10-4-3 walls [35]. To simulate the gas adsorption in the micropores of activated carbon, the
slit pore model with different pore sizes (Hi) varying from 0.60 to 3 nm (with 49 unit cells
having equal spacing of 0.05 nm) are specified to cover the entire micropore size range.
The fluid-fluid interaction force of nitrogen and that of carbon dioxide are considered as
multi-site model [34], as shown in Table 1. Two Lennard–Jones sites and three Coulombic
sites are for nitrogen-nitrogen interaction, while the interaction of carbon dioxide molecules
is modelled as three Lennard-Jones sites and three Coulombic sites [36]. Once the unit
cells are set, 50 local isotherms are then calculated using grand canonical Monte Carlo
simulation (GCMC) for nitrogen adsorption at 77 K or carbon dioxide adsorption at 273 K.
Each adsorption isotherm consists of 100 pressure points to cover the range of relative
pressure (P/P◦) from 1 × 10−4 to 1. The general procedure for GCMC computation is as
follows. The linear dimension of simulation box is 5 × 5 nm2 with periodic boundary
conditions being applied in those directions, and the cut-off radius is considered half of the
box length. In this GCMC simulation, 100,000 cycles are used in both the equilibration and
sampling stages. Each cycle consists of 1000 Monte Carlo moves with equal probabilities
for local displacement move, insertion, and deletion based on the conventional Metropolis
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rules. Therefore, 1 × 108 configurations in total are conducted to simulate the adsorption
isotherm. At the initial stage, a collection of local adsorption isotherms is obtained for
different pore sizes of carbon slit pores. The adsorbed density is expressed as the absolute
adsorbed amount in the pore per unit accessible volume ($A,i), while for the surface model
the density is represented as the excess amount per unit surface area (Γex). The porous
characterization of activated carbon is then determined using the mass balance method [35],
for which the total number of particles introduced in the adsorption cell is defined as

N = $gVg + SextΓex +
M

∑
i=1

vA,i$A,i (8)

where the first, second, and third terms in the right-hand side of the equation are the
number of particles in the gas phase, on the surface and in the pores of adsorption cell and
$g is the bulk gas density.

Analogous to the adsorption integral approach, the experimental N2 and CO2 isotherms
of activated carbons and local isotherms of simulated models are then matched by means
of Monte Carlo optimization to minimize the mean square error and root-mean-square
deviation between experimental isotherms and the isotherms calculated from Equation (8).
The obtained results are the accessible pore volume for each pore size (νA,i), external
surface area (Sext) and volume of gas phase in the adsorption cell (Vg). Finally, the de-
rived pore size distribution (PSD) of activated carbon is presented as the relationship
between the differential pore volume per unit pore width (dνA,i/HA,i) and the average
pore width (HA,i).

3. Experimental Method
3.1. Materials

Activated carbon used in this study, having an average screen size of 1.29 mm, was
commercially produced from coconut shell by steam activation and supplied by C. Gigantic
Carbon Co., Ltd. in Nakhon Ratchasima Province, Thailand. Two types of activated carbon
with BET (Brunauer-Emmett-Teller) surface areas of 766 m2/g (designated as AC1) and
1052 m2/g (designated as AC2), were employed for the CO2 adsorption tests. Nitrogen
gas (N2) and carbon dioxide gas (CO2) of high purity (99.99%) were purchased from Linde
Thailand. Sodium hydroxide in powder form of form of AR (analytical reagent) grade was
purchased from Carlo Erba Reagents.

3.2. Preparation of NaOH Impregnated Activated Carbon

For each batch of preparation, 50 g of the original activated carbon was mixed with
180 cm3 of NaOH solution of the desired concentration (3–15 wt% NaOH). The mixture was
shaken in a temperature-controlled water bath at 25 ◦C using a shaking speed of 100 rpm
for 120 min to attain the equilibrium condition. After that, the whole suspension was dried
in an electric oven at 110 ◦C for 48 h. With this method of total alkali impregnation, it is clear
that at a low NaOH concentration most of NaOH will reside inside the adsorbent pores
resulting from mass diffusion. As the concentration is progressively increased, NaOH will
distribute both inside the pores and at the external surfaces of the activated carbon, leading
eventually to the blocking of the pore entrance at a very high NaOH concentration. It is
noted that this impregnation technique is simple and more practical but the equilibrium
adsorption isotherm of NaOH (the equilibrium relationship between the concentrations of
NaOH in the solution and in the adsorbed phase) cannot be directly obtained, unless the
suspension is filtered out and the concentration of NaOH determined. The corresponding
amount of NaOH being adsorbed in the adsorbent pores at equilibrium is then calculated
from the initial and final NaOH concentrations.
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3.3. Measurement of Carbon Porous Properties

Porous properties of the original activated carbon and activated carbon impregnated
with NaOH were determined from the measured N2 adsorption isotherms at 77 K, using a
surface area and pore analyzer (ASAP2020, Micromeritics, Norcross, GA, USA). The BET
and Langmuir surface areas were calculated from the N2 isotherms using the BET equation
and the Langmuir theory, respectively, and the micropore volume was computed from the
t-plot theory [37,38]. The total pore volume was determined by converting the volume of
N2 gas adsorbed at the relative pressure (P/P◦) of 0.98 into the corresponding volume of
nitrogen in liquid state at 77 K, that is, to assume that nitrogen is adsorbed as a liquid-like
fluid in the narrow pores of the activated carbon due to a strong force field between pore
walls. The mesopore volume was derived by subtracting the micropore volume from
the total pore volume. The average pore size was calculated from the equation 4V/A,
where V and A are the total pore volume and BET surface area, respectively, assuming a
cylindrical-shaped pore. The pore size distribution of activated carbon was derived from
the GCMC simulation method as described in Section 2.4.

3.4. Study of Equilibrium and Kinetics of CO2 Adsorption

The study of adsorption equilibrium and kinetics of carbon dioxide by the original
and NaOH impregnated activated carbons was carried out using the surface area and pore
analyzer (ASAP2020, Micromeritics, Norcross, GA, USA) by measuring the amounts of CO2
adsorbed as a function of increasing pressure at 273 K(0 ◦C). The carbon sample of 0.25 g
was loaded into the sample tube and degassed at the temperature of 573 K (300 ◦C) and
the pressure of 1.3 kPa (0.0013 bar) for 720 min to remove any impurities remaining in the
pores of the adsorbent. Next, the sample tube was transferred to the measurement port for
collecting the adsorption data at a constant temperature. The sample was first dosed with a
certain volume of CO2 and the amount of CO2 adsorbed was then recorded as a function of
time until the equilibrium was attained, that is, the constant amount of CO2 adsorbed and
the constant system pressure were finally obtained. This measurement was performed for a
series of increasing CO2 dosage until the final equilibrium pressure reached approximately
one bar, which is the maximum pressure limit of the instrument. About 100–150 data points
of adsorbed amount vs time for each equilibrium pressure were obtained for each carbon
samples tested. Data of the amount adsorbed versus time during the adsorption kinetic
measurement were used for the analysis of adsorption kinetics, whereas the relationship
between the amount adsorbed at the equilibrium and the equilibrium pressure gave the
adsorption isotherm information.

4. Results and Discussion
4.1. N2 Isotherms of Original and Alkali Impregnated Activated Carbons

Figure 1 shows N2 adsorption-desorption isotherm curves of the original and NaOH
impregnated activated carbons at 77 K and the relative pressure (P/P◦) ranging from 0 to 1.
It is clear that all isotherms exhibited Type I isotherm based on IUPAC (International
Union of Pure and Applied Chemistry) classification [38], which is characterized by a
rapid increase in the amount of gas adsorbed over relatively low pressures, and followed
by a plateau region at higher pressures. This isotherm behavior signifies that the tested
activated carbons contain mostly micropores with the pore sizes smaller than 2 nm and the
adsorption taking place by the pore-filling mechanism [39]. There are small hysteresis loops
associated with the isotherms and the size of the loops tended to decrease with the increase
of NaOH loading. It is noted that the size of a hysteresis loop is indicative of the relative
volume of mesopores in the activated carbon; the larger the size of the hysteresis loop, the
larger the proportional volume of the mesopores. In addition, at the same pressure, the
amounts of N2 adsorbed for AC2 series were higher than those of the AC1 series, which are
ascribed to the larger surface areas of AC2, as compared to that of AC1, and the adsorbed
amount of N2 appeared to decrease with the increase of NaOH impregnation loading. This
last notion will be examined further in the next section.
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Figure 1. Effect of NaOH impregnation loading on N2 adsorption isotherms measured at 77 K for
AC1 and AC2 original activated carbons.

4.2. Porous Properties of the Original and Alkali Impregnated Activated Carbons

Table 2 shows porous properties of the tested activated carbons, as computed from
the N2 adsorption isotherms at 77 K. The surface area calculated by the Langmuir equation,
which is suitable for Type I isotherm, was consistently about 37% higher than the surface
area calculated from the BET equation, which is generally applied to the Type II isotherm
for the relative pressures (P/P◦) of less than about 0.3 [40,41]. It is observed that both the
surface area and total pore volume decreased continuously by about 48% as the NaOH
loading was increased from 0 to 540 mg/g. It is anticipated that eventually all the internal
pores will be completely blocked at a very high loading of NaOH. In principle, this
maximum amount of NaOH loading could be estimated from the total pore volume and
the state of molecular packing of NaOH inside the pores of activated carbon. Table 1 further
reveals that the average pore size tended to decrease with the increase of NaOH loading,
but the effect is not so pronounced, being less than about 3%. To observe the effect of NaOH
loading on the morphology of activated carbon surface, the SEM images of AC2 activated
carbon are shown in Figure 2 for increasing concentrations of NaOH solution used for the
impregnation. The porous nature of surface can be seen for the original activated carbon
with the absence of sodium hydroxide particles. At 3 wt% concentration, the appearance
of some NaOH particles residing inside the pores is discernible, indicating that most of
NaOH particles are present inside the internal pores. At a higher concentration of 5 wt%
NaOH, the deposited layer of NaOH appears to cover the outer surface but still with the
appearance of some small pore openings at the carbon surface. At a very high concentration
of 15 wt%, the external surface is completely covered by the thick layer of deposited NaOH
particles. To check for the presence of NaOH in activated carbon, a SEM-EDX (Scanning
Electron Microscopy with Energy Dispersive X-ray) instrument (model JSM-7800F, JEOL,
Tokyo, Japan) was employed for the analysis of elemental identification and quantitative
compositions of the activated carbon samples. As an example, the results of SEM images,
elemental spectra and X-ray maps are presented in Figure 3 for the AC2-3 sample and
Table 3 shows the concentrations of carbon, oxygen and sodium atoms for AC2, AC2-3,
AC2-5, and AC2-15 samples. It should be noted that the hydrogen atom is too small to
be detected by the EDX technique. The spectra indicated the peak of a carbon atom that
should belong to the graphene structure of activated carbon, while the peaks of sodium and
oxygen atoms should represent those of the sodium hydroxide molecule. The distribution
of sodium and oxygen atoms on the background of carbon surface is highlighted by the
X-ray- mapping results for the AC2-3 sample. It is further observed from Table 3 that the
atomic % of sodium and oxygen also increased with the concomitant increase of weight %
NaOH solution used for the impregnation, as would be expected.
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Table 2. Porous properties of the original and NaOH impregnated activated carbons.

Sample
NaOH

Concentration
(wt%)

NaOH
Loading
(mg/g)

Langmuir
Surface

Area (m2/g)
BET Surface
Area (m2/g)

Micropore
Volume
(cm3/g)

Mesopore
Volume
(cm3/g)

Total Pore
Volume
(cm3/g)

Average
Pore

Diameter.
(nm)

AC1 0 0 1055 766 0.375 (96.9%) 0.012 (3.1%) 0.387 0.202
AC1-3 3 108 908 663 0.324 (98.2%) 0.006 (1.8%) 0.330 0.199
AC1-5 5 180 817 596 0.291 (98.0%) 0.006 (2.0%) 0.297 0.200
AC1-8 8 270 726 529 0.259 (97.7%) 0.006 (2.3%) 0.265 0.200

AC1-10 10 360 723 527 0.257 (95.2%) 0.013 (4.8%) 0.270 0.205
AC1-15 15 540 593 433 0.212 (98.6%) 0.003 (1.4%) 0.215 0.199

AC2 0 0 1477 1052 0.393 (71.8%) 0.154 (28.2%) 0.547 0.208
AC2-3 3 108 1150 841 0.330 (78.6%) 0.090 (21.4%) 0.420 0.203
AC2-5 5 180 1137 827 0.319 (77.6%) 0.092 (22.4%) 0.411 0.203
AC2-8 8 270 1022 750 0.297 (80.3%) 0.073 (19.7%) 0.370 0.201

AC2-10 10 360 907 659 0.264 (80.2%) 0.065 (19.8%) 0.329 0.200
AC2-15 15 540 709 514 0.198 (76.4%) 0.061 (23.6%) 0.259 0.201

Figure 2. SEM images of coconut-shell activated carbon (AC2) impregnated with NaOH solutions of varying concentrations.

Table 3. Elemental compositions of NaOH impregnated activated carbons obtained from SEM-EDX (Scanning Electron Microscopy
with Energy Dispersive X-Ray) analysis.

Samples C O Na

Wt% Atomic% Wt% Atomic% Wt% Atomic%

AC2 92.18 94.01 7.82 5.99 - -

AC2-3 45.20 53.92 43.77 39.20 11.03 6.88

AC2-5 36.52 45.06 49.80 46.13 13.67 8.81

AC2-15 15.34 20.95 59.81 61.32 24.85 17.73
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Figure 3. Results of SEM-EDX analysis of NaOH impregnated activated carbons (AC2-3 sample).

It is interesting to understand the reason why the amount of N2 adsorbed, and, hence,
the porous properties of activated carbon, tended to decrease with the increasing amount
of NaOH impregnation. There are two likely effects, relating to the adsorbent-adsorbate
affinity, which could be responsible for this adsorption behavior. For the first effect, N2
could adsorb onto the NaOH sites and the increasing amount of NaOH would lead to the
reduction of volume of the pore space, thus giving less amount of N2 being adsorbed in
the remaining available pore space. The second effect could be related to the low affinity of
N2 towards NaOH adsorption sites. In other words, N2 molecules can only adsorb onto
the carbon surface. Therefore, the free surface area available for adsorption diminishes as
the amount of NaOH depositing on the surface is increased, leading also to a decrease in
the adsorbed amount of N2 inside the pores.

The first effect was proved by applying the grand canonical Monte Carlo (GCMC)
simulation to examine the adsorption behavior of N2 at 77 K in the slit- pore model with
the presence of NaOH active sites. Figure 4 shows typical snapshots of nitrogen adsorption
in the finite-length pores of 1.5 nm in width, with the presence of NaOH molecules at
increasing pressures from 10 to 105 Pa. A rather strong interaction between N2 molecules
and NaOH can be observed. The formation of two adsorbed layers along the pore surface
and one layer at the pore center at 10 Pa pressure can be noticed. At higher pressures,
three layers of adsorbed nitrogen can be clearly seen. Next, the accessible pore volume,
which is defined as the remaining pore volume available for N2 adsorption excluding the
volume of occupying NaOH molecules, was calculated based on the GCMC simulation as
a function of NaOH concentration (number of NaOH molecules on the slit-pore surfaces)
and the calculated results are presented in Table 4. The accessible pore volume did drop
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continuously as the number of NaOH molecules increased, with a reduction by almost
100% as the number of NaOH molecules was increased to 689 molecules. From the GCMC
simulation results, it can thus be inferred that N2 molecules showed a relatively strong
affinity with NaOH adsorption sites and the reduction of the amounts of N2 adsorbed
with the increase of alkali loading is clearly caused by the consequent decrease of the pore
volume available for N2 adsorption. As a result of this evidence, the second hypothesis of
low affinity of N2 towards NaOH adsorption sites should be disregarded.

Figure 4. Snapshots from GCMC simulation showing the adsorption of nitrogen molecules onto the
randomly distributed NaOH molecules on the graphene surface of the slit pore model of activated
carbon for various increasing adsorption pressures (green spheres, red spheres, and gray spheres
represent Na atoms, OH groups, and nitrogen molecules, respectively).

Table 4. Accessible pore volume for CO2 adsorption as a function of NaOH loading in a pore of
1.5 nm in width, computed from GCMC simulation.

Total Pore Volume = 1143 cm3/g

No. of NaOH
Molecules on the
Graphene Surface

%NaOH Molecules Relative to
Total no. of Carbon Atoms at

Two Opposite Walls

Accessible Pore
Volume (cm3/g)

%Volume
Reduction

3 0.1 1117 2.3
17 0.6 1077 5.8
31 1.0 964 15.7
89 3.0 711 37.8

138 5.0 477 58.3
278 10.0 275 75.9
419 15.0 171 85.0
689 25.0 26 97.7

The effect of NaOH loading on the adsorption of N2 was further examined by deter-
mining the pore size distribution (PSD) of the impregnated activated carbons, using the
GCMC simulation method as outlined in Section 2.4. The pore size distributions obtained
from the GCMC simulation are displayed in Figure 5 and Figure 6 for AC1 and AC2 acti-
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vated carbons impregnated with NaOH, respectively. The results show a multimodal pore
size distribution, consisting of five pore size intervals, 0.6–0.9 nm (denoted as range A),
0.9–1.2 nm (B), 1.2–1.5 nm (C), 1.5–1.8 nm (D), and 1.8–2.0 nm (E), with the pore size range
of 1.2–1.5 nm possessing maximum pore volume. The percentage volume of this pore
size range varied from 28.5–44.5% and 28.5–40.6% for AC1 and AC2 series, respectively,
depending on the amount of impregnated NaOH. It can be observed that the increase
in the amount of alkali impregnation tended to lower the pore volume of all pore sizes
in varying degrees, which supports the hypothesis of pore volume reduction effect, as
discussed earlier.

Figure 5. Effect of NaOH loading on the pore size distribution and local pore volume of NaOH
impregnated activated carbons AC1, computed by the GCMC simulation using N2 as a probe molecule.

Figure 6. Effect of NaOH loading on the pore size distribution and local pore volume of NaOH
impregnated activated carbons AC2, computed by the GCMC simulation using N2 as a probe molecule.
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4.3. Equilibrium of CO2 Adsorption

Figure 7 shows the equilibrium adsorption isotherms of CO2 at 273 K (0 ◦C) by
coconut-shell activated carbon impregnated with sodium hydroxide solution of vary-
ing concentrations from 0–15 wt%, corresponding to the NaOH loading from 0–540 mg
NaOH/g carbon, for the pressure range up to about 100 kPa (about 1 bar). Since almost
all the pores of the original and alkali impregnated activated carbons are in the micropore
size range of smaller than about 2 nm; thus, the adsorption of CO2 in a low pressure range
of less than 100 kPa, corresponding to the relative pressure of 0.03, will occur in a very
narrow pores of size possibly two to three times larger than the molecular size of CO2.
Figure 7 shows that the amount of CO2 adsorbed increased with the increase of pressure
with the adsorption taking place in the smallest pores first at low pressures and progressing
to the next larger pore sizes by the pore-filling mechanism at higher pressures. Therefore,
the shape of the isotherm curves in Figure 7 represents the initial part of Type I isotherm,
according to the IUPAC classification [38]. Figures 8 and 9 show typical snapshots from
GCMC simulation of carbon dioxide adsorption obtained in finite length pores of 1.5 nm
width in the presence and absence of NaOH molecules at 273 K. At the same pressure, the
amount of CO2 adsorbed with the presence of NaOH was obviously greater than that for
the case of without NaOH, indicating a stronger interaction between CO2 and NaOH as
compared to the interaction between CO2 and the carbon surface. Figure 10 shows the
effect of temperature (0–30 ◦C) on CO2 adsorption isotherms. It is clear that the amount of
CO2 adsorbed tended to decrease with the increase of adsorption temperature for both the
original activated carbon (AC2) and activated carbon impregnated with NaOH (AC2-5).
This indicates that the adsorption of CO2 in activated carbon is by physical adsorption
involving the dispersive intermolecular forces.

Figure 7. Isotherms of CO2 adsorption at 273 K by coconut shell activated carbons, AC1 and AC2,
impregnated with different amounts of sodium hydroxide (saturation pressure of CO2 at 273 K is 3500 kPa).

To clarify the effect of NaOH loading on the adsorption behavior of CO2, the amounts
of CO2 adsorbed from the isotherms in Figure 7 were cross-plotted as a function of the
amount of impregnated NaOH in the unit of mg NaOH/g adsorbent for various pressures,
as shown in Figure 11. It is seen that NaOH loading showed a definite effect on the
adsorption of CO2. Consider first the effect of increasing NaOH loading from 108 to
540 mg/g, it was found that the adsorbed amount of CO2 increased with the increasing
amount of impregnated alkali and passed through a maximum at an optimum alkali
loading of 180 mg/g (5 wt% NaOH) for both the AC1 and AC2. At the maximum pressure
of 100 kPa (1 bar), the maximum CO2 adsorption were 205.8 and 206.1 mg/g, respectively,
for AC1 and AC2 impregnated with 180 mg NaOH/g carbon. At the same pressure of
1 bar, the amounts of CO2 adsorbed by the original activated carbons AC1 and AC2 were
181.2 and 184.6 mg/g. Therefore, the percentage increase of CO2 adsorption for the alkali
impregnated carbon compared to the original carbon was found to be 13.6 and 11.6% for
AC1 and AC2, respectively.
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Figure 8. Snapshots of carbon dioxide adsorption at 273 K in pores of width 1.5 nm with the presence of
NaOH molecules for various pressures, 100, 5000, 20,000, and 100,000 Pa. (green spheres, red spheres, and
gray spheres represent Na atoms, OH groups, and carbon dioxide molecules, respectively).

Figure 9. Snapshots of carbon dioxide adsorption at 273 K in pores of width 1.5 nm without the
presence of NaOH molecules for various pressures, 100, 5000, 20,000, and 100,000 Pa (gray spheres
represents carbon dioxide molecules).
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Figure 10. Effect of temperature on CO2 adsorption of AC2 and AC2-5 samples.

Figure 11. Effect of NaOH loading on the amount of CO2 adsorbed by coconut shell activated carbon
(AC1 and AC2) at various pressures.

The occurrence of the optimum NaOH loading can be explained by the competitive
effect between the rate of CO2 transport through pores (mass transfer resistance) and
the ability of CO2 to interact with the adsorption sites (adsorption affinity). For NaOH
loadings lower than the optimum loading of 180 mg/g, the pore size is still sufficiently
large in relation to the molecular size of CO2, thus giving no restriction on the transport
rate of CO2 to the adsorption sites. Therefore, in this regime the amount of CO2 adsorption
is controlled solely by the interaction between CO2 molecules and the adsorption sites.
For this reason, increasing the amount of NaOH will provide the increasing number of
adsorption active sites, thus allowing more adsorption of CO2 to occur. However, at NaOH
loadings larger than the optimum NaOH loading, the mass transfer resistance comes into
effect and becomes the rate-determining step because of the narrowing of the pores, caused
by the increasing amount of depositing NaOH molecules. As a result of this pore restriction
effect, the rate of CO2 transport to the adsorption sites, and hence the amount of CO2
adsorbed at equilibrium, diminishes continuously as the NaOH loading increases. It is
further noticed from Figure 11 that the amount of CO2 adsorbed at NaOH loading of
108 mg/g (3 wt% NaOH) was lower than that of the original unmodified activated carbon.
This indicates that the alkali addition for increased CO2 adsorption seems to be beneficial
only when an optimum alkali loading is used, which in turn depending on the porous
structure of the activated carbon employed. From this finding, it may be worthwhile to
synthesize activated carbon containing a larger proportion of mesopores so that a larger
amount of NaOH could be added into the pores, thus possibly enabling the increasing
amount of adsorbed CO2.

Figure 12 shows pore size distributions of AC2 series determined from GCMC sim-
ulation and experimental CO2 isotherms at 273 K. As seen, the pore size distributions
consist of several pore size intervals ranging from around 0.7–2.2 nm. It is clear that most
of the adsorption occurs in the smallest pore size range of 0.7–0.9 nm, due principally to
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the strong interaction potential in the very narrow pores. This pore size can be compared
with the optimal pore size of 0.8 nm for maximum CO2 adsorption by phenolic resin-
based activated carbon spheres [42,43], or with GCMC simulation of CO2 adsorption that
predicted the highest adsorption density for 0.4 nm slit pores [44].

Figure 12. Pore size distributions of the original and NaOH impregnated AC2 derived from CO2

adsorption isotherms at 273 K and computed by Monte Carlo optimization and mass balance method.

Next, the experimentally measured CO2 isotherms at 273 K of the tested activated
carbons (AC1 and AC2) were compared with those computed from the isotherm models of
Langmuir, Freundlich and Sips and a non-linear regression analysis was applied to obtain
the best set of model parameters by minimizing the sum square error (SSE) between the
experimental and the calculated isotherms. Table 5 shows the derived parameters of the
three adsorption models. Based on the values of regression coefficient (R2), the isotherms
were best described by Sips equation, followed by Freundlich and Langmuir equations,
respectively. Since the two-parameter Freundlich equation gave model prediction equally
well as compared with the three-parameter Sips equation, it is therefore more convenient
to use the Freundlich equation for predicting CO2 adsorption isotherms for the alkali
impregnated activated carbons in this study. The variation of affinity parameter (KF) of
Freundlich equation with NaOH loading for both the AC1 and AC2 followed the same
trend as that of the amount of CO2 adsorbed (Figure 11), with the maximum of KF value
occurring at the same optimum NaOH loading of 180 mg/g (5 wt% NaOH). There was
a tendency for the surface heterogeneity parameter (nF) to increase over a narrow range
from 1.79 to 2.77 for the increase of NaOH loading from 0 to 540 mg/g for both types of
activated carbons. The increasing value of nF is indicative of increasing degree of surface
heterogeneity (wider distribution of adsorption energy) as the number of NaOH adsorption
sites increases.



Processes 2021, 9, 201 17 of 23

Table 5. Fitted parameters of isotherm equations for CO2 adsorption at 273 K by the original and NaOH impregnated
activated carbons.

Samples NaOH Loading
(mg/g)

Langmuir Freundlich Sips

qm (mg/g) b R2 KF nF R2 qm (mg/g) b nS R2

AC1 0 237 0.027 0.99 17.7 1.98 0.99 517 3.64 × 10−3 1.58 1.00
AC1-3 108 148 0.138 0.92 26.8 2.62 0.99 7388 4.66 × 10−7 2.60 0.99
AC1-5 180 245 0.038 0.98 27.8 2.30 0.99 4365 1.16 × 10−5 2.24 0.99
AC1-8 270 170 0.061 0.97 26.3 2.58 0.99 886 2.81 × 10−4 2.32 1.00

AC1-10 360 152 0.081 0.96 27.8 2.75 0.99 728 3.47 × 10−4 2.44 0.99
AC1-15 540 141 0.082 0.96 26.1 2.77 0.99 796 1.91 × 10−4 2.51 1.00

AC2 0 272 0.019 0.99 14.1 1.79 0.99 955 1.01 × 10−3 1.59 0.99
AC2-3 108 176 0.051 0.96 24.6 2.48 1.00 2447 1.67 × 10−5 1.39 0.99
AC2-5 180 235 0.045 0.97 29.9 2.39 0.99 4126 1.03 × 10−5 2.33 0.99
AC2-8 270 170 0.062 0.96 26.5 2.58 0.99 1291 2.59 × 10−5 2.41 0.99

AC2-10 360 178 0.046 0.97 22.8 2.39 0.99 2387 2.14 × 10−5 2.31 0.99
AC2-15 540 151 0.060 0.96 23.6 2.59 1.00 2550 7.61 × 10−6 2.52 0.99

Attempt was made to correlate the affinity constant (KF) and the heterogeneity index
(nF) of the Freundlich isotherm equation with the type of activated carbon (AC1 and
AC2) in terms of BET surface area (m2/g) of the original activated carbons and NaOH
loading (mg/g), using the polynomial function. The empirical equations obtained, for CO2
adsorption at 273 K, are as follows.

KF = 0.462 + 1.53 × 10−3X2 − 6.59 × 10−8 X2
1 − 2.20 × 10−6 X2

2 − 1.11 × 10−7 X1X2, R2 = 0.6847 (9)

and nF = 2.13 + 3.66 × 10−3X2 − 1.55 × 10−7X2
1 − 3.51 × 10−6 X2

2 −6.38 × 10−7 X1X2, R2 = 0.7297 (10)

where X1 = BET surface area of the original activated carbons in the range from 766–1052 m2/g,
X2 = amount of NaOH loading in the range from 0–540 mg/g

The proposed correlation for KF is less satisfactory than that of nF. The maximum
error and the average error are 21.6 and 8.8%, and 0.107 and 0.05% for the prediction of KF
and nF, respectively.

4.4. Kinetics of CO2 Adsorption

Figure 13 shows typical kinetic data collected during the transient measurement of
CO2 adsorption at 273 K by activated carbon, in terms of CO2 uptake versus adsorption
time for various increasing pressures. For each pressure, the amount of CO2 adsorbed
increased with increasing time and finally approached an equilibrium adsorbed amount
(qe). For each equilibrium pressure, the adsorption kinetic data (F vs. t) were fitted with
Equation (5) using the non-linear regression to obtain the value of effective diffusivity
(De). SCILAB, a free and open source software, was used in this study for the regression
analysis. Since Equation (5) gives the solution of the fractional uptake (F) as infinite
series, the approximate number of terms (n) in the summation must be chosen to facilitate
the regression.

Figure 14 typically shows that there was virtually no change in the computed diffu-
sivity when using the number of summation terms in Equation (5) larger than 3 (n > 3).
Therefore, the effective diffusivity for all the kinetic data were computed via Equation (5)
using only three terms in the summation. It was noted that the average regression co-
efficient (R2) for fitting all the experimental kinetic data of CO2 adsorption by the pore
diffusion model was found to be about 0.987. With the aid of the Freundlich isotherm
equation (Equation (2)) and its derived model parameters (Table 5), the amount of CO2
adsorbed at equilibrium (qe) for each pressure can be computed, thus giving information
on the relationship between De and qe. Figure 15 delineates the effect of CO2 adsorbed
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amount at equilibrium (qe) on the effective pore diffusivity (De). The variation of De with
respect to the changes in qe can be approximately divided into three consecutive regions
for all carbons, that is, for qe < 40 mg/g (Region I), 40 < qe < 80 mg/g (Region II) and
qe > 80 mg/g (Region III). For the original activated carbon (AC2), the effective diffusivity
decreased sharply in Region I followed by a continuous decrease at a much slower rate
over the Regions II and III. Obviously, this behavior is caused by the increasing thickness
of the adsorbed layer of CO2 that retards the diffusion of CO2 inside the adsorbent pores.
For activated carbons with different impregnation loadings of NaOH, the variation of De is
somewhat different from that of the original carbon. The diffusivity decreased abruptly as
the amount of CO2 adsorbed increased over Region I, followed by Region II of relatively
constant De, and again, a continuous decrease of the diffusivity in Region III. It is noted
from Figure 15 that the effective diffusivity of CO2 in activated carbons impregnated with
NaOH varied in the range from 1.1 × 10−9 to 5.5 × 10−9 m2/s and these numbers can be
compared with the molecular diffusivity (D12) of CO2 in air of 1.38 × 10−5 m2/s, estimated
from the Chapman–Enskog equation for the gaseous state at low density [45]. Obviously,
the resistance to mass transfer for pore diffusion of CO2 in activated carbons is about
four orders of magnitude higher than that for molecular diffusion of CO2 outside the
adsorbent particles.

Figure 13. Typical adsorption kinetic data collected at various pressures.

Figure 14. Typical effect of number of terms (n) in the summation solution of Equation (5) on the
calculated effective diffusivity (De) of AC2-5 carbon sample.
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Figure 15. Effect of CO2 adsorption loading (qe) on the effective pore diffusivity of CO2 (De) for AC2
activated carbon impregnated with varying NaOH loading.

Next, the pore sizes that accommodate the CO2 adsorption of 40 and 80 mg/g were
determined. This is achieved by first converting each amount of CO2 adsorbed to the corre-
sponding volume of liquid CO2 that fills up the pores by dividing the amount adsorbed
with the density of liquid CO2 at 273 K (0.927 g/cm3). This is to assume that CO2 exists in
the adsorbed phase as a liquid-like adsorbate. The estimated volumes were found to be
0.0431 and 0.0863 cm3/g for the amount of CO2 adsorption of 40 and 80 mg/g, respectively.
Next, the pore sizes corresponding to these pore volumes can be obtained from the data
of cumulative pore volume less than size calculated from the pore volume of each pore
size range in Figure 12. Typical pore sizes for AC2-5 corresponding to the cumulative pore
volume of 0.0431 and 0.0863 cm3/g were determined and were found to have the values
of 1.41 nm and 2.8 nm, respectively. Therefore, referring to Figure 15, the transition of De
from Region I to Region II and from Region II to Region III occurred at the approximate
pore sizes of 1.41 and 2.8 nm, respectively.

The drastic decrease of De in Region I occurs because the pore is relatively narrow
being smaller than 1.41 nm as compared to the molecular diameter of 0.334 nm for CO2.
For this reason, a slight increase in the amount of CO2 adsorbed will drastically increase
the resistance for the diffusion of CO2 through the pores, thus giving a large decrease of
the effective pore diffusivity. This effect is intensified with the alkali impregnated carbons
since there is a general tendency for De to decrease with the increase of NaOH loading in
this region. For Region II, with pore sizes in the range from 1.41 to 2.8 nm, the diffusivity is
almost unaffected by the increase of CO2 adsorption because the pore size is sufficiently
large to accommodate a constant diffusion rate of CO2 through the pores to the adsorption
sites without a significant effect of mass transfer resistance, even with the presence of
NaOH molecules. However, for the adsorption of CO2 in Region III of pore sizes larger
than 2.8 nm, the effective pore diffusivity was lower than that of Region II and decreased
with the increase of CO2 adsorption. This appears to indicate that the diffusive flux of CO2
in Region III is smaller than that of Region II. It is likely that most of NaOH molecules
(collision diameter of 0.38 nm) may concentrate in the smaller pores of Region I and II. The
presence of NaOH in these pores could increase the concentration driving force for CO2
transport in the pore space due to the removal of CO2 molecules from the bulk gas by the
strong affinity between CO2 and the NaOH active sites. This will lead to the consequent
increase of diffusion rate of CO2, hence giving higher value of the effective diffusivity in
Region II as compared to Region III. Obviously, the decrease of De in Region III should
result from the increasing mass transfer resistance caused by the reduction of average
pore size (pore restriction effect) when the amount of CO2 adsorbed increased. It is also
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noted from Figure 15 that for the alkali impregnated carbons, the maximum diffusivity
(De) occurred at the optimum NaOH loading of 180 g/g coinciding with the maximum
amount of CO2 adsorbed at the same optimum loading, as shown in Figure 11.

An empirical correlation was proposed to correlate De with the amount of CO2
adsorbed (qe) and the amount of NaOH impregnation (qa) for Regions II and III using
the second-order polynomial equation for adsorption pressures up to about 100 kPa. The
final derived equation, for AC2 activated carbon impregnated with sodium hydroxide and
adsorption temperature of 273 K, is shown as follows.

De =
(

C1+C2qa+C3q2
a

)
+

(
C4+C5qa+C6q2

a

)
qe+(C 7+C8qa+C9q2

a)q
2
e (11)

where qe = amount of CO2 adsorbed at equilibrium = 40–200 mg/g, qa = amount of impreg-
nated NaOH = 108–540 mg/g, The values of the best fitted constants are, C1 = 2.28 × 10−9,

C2 = −1.90 × 10−12, C3 = 1.15× 10−15, C4 = 6.00× 10−12, C5 = 9.97× 10−15, C6 = −3.00 × 10−17,
C7 = −6.30 × 10−14, C8 = −3.00 × 10−17, and C9 = 1.10 × 10−19.

The regression coefficient of curve fitting (R2), the maximum error, and the overall
average error of prediction are 0.8721, 15.01%, and 6.09%, respectively. The comparison
between the measured and the computed values of De is shown in Figure 16 and the
general agreement is reasonably satisfactory.

Figure 16. Comparison of experimental and computed effective pore diffusivity (De) in Region II
and III as a function of CO2 adsorption capacity for AC2 carbon impregnated with various loadings
of NaOH.

In summary, the presence of NaOH inside the pores of activated carbon can affect
the adsorption affinity of CO2 (adsorption capacity) and the mass transport behavior of
CO2 (adsorption kinetics), the extent of which is determined by the amount of NaOH
impregnation and pore structure of the original activated carbon. Furthermore, infor-
mation on the equilibrium and kinetics of CO2 adsorption at 273 K by the two types
of coconut-shell activated carbons impregnated with NaOH can be readily obtained via
Equations (2), (9), and (10) and Equations (6) and (11), respectively. These adsorption data
are of importance for the successful design of an adsorption unit used for CO2 adsorption
with alkali impregnated activated carbons, particularly for a fixed-bed unit which is one of
the most widely used adsorption systems in industry.
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5. Conclusions

The following conclusion can be drawn from the study of equilibrium and kinetics of
CO2 adsorption at 273 K and a maximum pressure of 100 kPa (1 bar) by the original and
NaOH impregnated activated carbon prepared from coconut shell.

All of the tested activated carbons contained mostly micropores in the range of 76
to 97% of total pore volume. The increasing of NaOH impregnation from 0 to 540 mg/g
decreased continuously the specific surface area, total pore volume, and the average pore
size. The reduction in these porous properties was proved to result from the decrease in
the pore space due to the increasing amount of the alkali impregnant inside the pores.

Over the pressure of 100 kPa (relative pressure of 0.03), the adsorption of CO2 at
273 K showed an initial part of Type I isotherm with the adsorption taking place by
pore-filling mechanism. The amount of CO2 adsorbed at equilibrium increased with the
increasing amount of NaOH impregnation and passed through a maximum at an optimum
NaOH loading of 180 mg/g, and most of adsorption occurred in the pore size range of
0.7–0.9 nm. The appearance of maximum CO2 adsorption was hypothesized to result from
the competition between the mass transfer resistance of CO2 and the affinity of CO2 towards
NaOH adsorption sites. The CO2 isotherm data were tested with three adsorption models
and were best described by the three-parameter Sips model, followed by the Freundlich
and Langmuir models. It was also noted that the adsorption of carbon dioxide in coconut
shell activated carbon (with and without the impregnation of sodium hydroxide) displayed
the type of physical adsorption since the amount of CO2 adsorbed tended to decrease with
the increase of temperature.

The pore diffusion model characterized by the effective pore diffusivity (De) was used
for the analysis of CO2 adsorption kinetics of NaOH impregnated activated carbons. Three
regions for the variation of De versus the amount of CO2 adsorbed could be identified which
were characterized by the relative importance of pore size and the amount of impregnated
NaOH. An empirical equation was proposed to correlate the effective pore diffusivity of
CO2 with the amounts of CO2 adsorbed and the NaOH loading.
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