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Abstract

The adsorption of carbon dioxide (COy) in activated carbon modified by either physical or chemical
treatments was investigated in this study. The physical treatment was treated with nitrogen at room
temperature and then heated to 850°C under COy gas. The chemical treatment was carried out by
impregnation with either triethylamine (TEA) or ammonium hydroxide (NH4OH). Porous properties of
original and modified activated carbons were determined from Ny adsorption isotherm at 77K. The

nitrogen adsorption analysis revealed that the physical treatment increased the mesopore volume of
activated carbon. Conversely, for chemically impregnated with TEA samples, the Brunauer-Emmett-Teller
surface area decreased with increasing TEA concentration compared to the original activated carbon.
Fixed-bed adsorption experiments demonstrated an increase of CO; uptake with TEA-impregnated

activated carbon, while physically treated carbon exhibited similar COy adsorption capacity as the original

material. It was found that the maximum breakthrough time was observed for activated carbon
impregnated with 1% by weight TEA solution, and then it decreased with an increase in TEA
concentration (3 and 5% by weight in this study). In the study of the effect of NH4OH on the adsorption of

CO on activated carbons at 298K, the isotherm obtained from the original carbon was compared with
carbon impregnated with 0.05, 0.25 and 0.5% by weight of NH4OH solutions. The adsorption in activated
carbon treated with 0.05% NH4OH solution had the maximum adsorption capacity and the adsorption

capacity obtained from chemically treated activated carbons was greater than that of the original one. We
also analyzed the pore volume obtained from COy adsorption in carbon with and without NH4OH, the pore

volume derived from COy adsorption at 298K and 1 atm was less than that obtained from N 5 adsorption
isotherm at 77K. Because the saturated pressures of CO; at 298K and nitrogen at 77K are 64 and 1 atm,
respectively, the condensation inside the pore may not be observed in the case of COy. The pore volume of
activated carbons with NH4OH was greater than that without NH4OH, and this led to a greater adsorbed
amount in the case of activated carbon in the presence of NH4OH. The adsorption of COy in the activated
carbon with and without NH4OH at 273K was greater than that at 298K, due to its physical adsorption

behavior. In the simulation study, an early onset in the adsorption isotherm can be observed for the
heterogeneous pore, especially for a smaller pore width less than 0.8 nm. The simulation result and
experimental data for COy adsorption at 298K agreed quite well and they could be used to describe the
adsorption behavior in heterogeneous carbon. Despite this, the study identified an approach for
enhancing COy capture selectivity using a cost-effective preparation method that is scalable for industrial

applications and real-world COy capture processes.

Categories: Environmental and Sustainable Engineering, Environmental Engineering, Environmental Engineering and
Sustainability
Keywords: co2 capture, fixed-bed column, monte carlo simulation, activated carbon, adsorption capacity

Introduction

Carbon dioxide (COy) is one of the most significant anthropogenic greenhouse gases, which is a pressing
global warming concern. A large quantity of COj is released from power plants and industrial sections
burning fossil fuels [1,2]. An increase in the quantity of CO 5 in the atmosphere leads to a challenge for its

capture and storage (CCS). Typically, there are three different processes normally used in the carbon
dioxide capture: pre-combustion, post-combustion, and oxy-combustion [3,4]. For the more practical
post-combustion method, four technologies-absorption, adsorption, cryogenic, and membrane-are
currently employed for efficient CO, capture [5]. Among these, adsorption has garnered attention due to

its simpler system design and lower energy requirements for regeneration compared to chemical
absorption [6-9]. Although, CO absorption by liquid amine has been widely used due to its high removal

How to cite this article

Naksusuk S, Khongkhuntian T, Wongkoblap A (November 28, 2025) Effects of Triethylamine- or Ammonium-Hydroxide-Impregnated Activated Carbon

on Carbon Dioxide Capture. Cureus J Eng 2 : es44388-025-06679-y. DOI https://doi.org/10.7759/s44388-025-06679-y


https://doi.org/10.7759/s44388-025-06679-y
https://cureusjournals.com/users/30019-suravit-naksusuk
https://cureusjournals.com/users/30059-tanyarat-khongkhuntian
https://cureusjournals.com/users/30054-atichat-wongkoblap
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)

Cureus Journal of Engineering

efficiency [10], this process has many shortcomings, such as high corrosion, high power consumption for
amine recovery, and high cost.

The adsorption process is one of the interesting technologies for several reasons, i.e., the low cost of
materials used as adsorbents, low energy for adsorbent regeneration, and extremely high efficiency [11].
Porous materials known as adsorbents play a crucial role in the adsorption process. Common adsorbents
include metal-organic frameworks (MOFs), zeolites, activated carbon, and clays. Activated carbon is a
porous carbon material that is widely used as an adsorbent and stands out for its high internal surface
area, large amounts of micropores, high adsorption capacity, low cost, and ease of production from
biomass. Generally, activated carbon can be prepared by a two-step physical activation and chemical
activation methods. Many researchers have reported the preparation of activated carbon from a variety of
agricultural wastes such as coconut shells, walnut shells, eucalyptus, argan fruit shells, longan seeds, corn
stalks, and other biomass-derived materials [12-15]. Activated carbon, which consists mostly of
micropores, is typically used for gas adsorption, including carbon dioxide. To increase CO; capture
efficiency, the researcher has developed different preparation techniques to synthesize the activated
carbon with superior adsorption capacity [10,13]. However, its inherent lack of selectivity toward COo
requires surface modification to enhance capture efficiency. Many modification techniques are costly,
complex, and yield relatively low productivity [16-21].

Since CO is an acid gas, using an adsorbent with more active basic sites will help improve the capacity
and selectivity of COy adsorption. The simplest technique used for introducing basic sites on the surface
of an adsorbent is by impregnating the adsorbent with basic alkali solutions. To improve COj selectivity,

many engineers and scientists have been investigated the role and efficiency of various impregnation
solutions, such as sodium hydroxide (NaOH), potassium hydroxide (KOH), metal oxide and amine
solutions, on COy adsorption capacity [21,22]. In the case of amine-based solutions, such as

monoethanolamine (MEA), diethanolamine (DEA), and triethanolamine (TEA) have demonstrated
effectiveness in COy capture. While MEA and DEA have been extensively studied due to their strong

affinity toward acidic gases, TEA has received relatively little attention. This presents an opportunity for
further investigation, especially given TEA’s advantages such as lower volatility and reduced
corrosiveness. Therefore, this study explores the use of TEA for modifying activated carbon to enhance
CO9 capture performance. In the meantime, ammonium hydroxide (NH 4OH) as an alkaline solution, which

is composed of ammonium and hydroxyl groups, has been paid less attention to carbon dioxide capture.
Therefore, the effects of NH4OH on CO, adsorption with different impregnated alkaline concentration will

be revealed by using a Grand Canonical Monte Carlo (GCMC) simulation.

Therefore, the main purpose of this investigation is to improve the efficiency of commercial activated
carbon for CO; capture. The effectiveness of physical and chemical modification techniques for activated

carbon to enhance COy adsorption is performed in either a fixed-bed adsorber or an adsorption tube. The
surface modification by physical treatment involves the gasification of activated carbon with air and COy

while the chemical modification is conducted using TEA solutions of varying concentrations or the
impregnation of activated carbon in NH4OH solutions. Both treatments are selected for their potential

scalability in industrial applications. Furthermore, this exploration proposes a finite-length slit pore
model in the absence or presence of ammonium hydroxide with different loadings to investigate the
mechanism of COy adsorption in different pore widths. The measurement of N 5 adsorption isotherms of

prepared activated carbon was performed at -196°C (77K) for the porous structure investigation. The
adsorption of COy in activated carbon with and without TEA was measured at 35°C (308K) in the fixed-bed

adsorber to evaluate the impact of physical and chemical treatments on CO; uptake and adsorbate
diffusivity, assessed through breakthrough curve analysis. The adsorption of COj in activated carbon
containing NH4OH was performed in a surface area analyzer (ASAP2020) at 25°C (298K) to assess how

alkaline loading affected the adsorption capacity. The effects of temperature or ammonium hydroxide on
carbon dioxide adsorption in the slit pore model are also studied.

This paper presents the methodology for activated carbon modification, experimental, and GCMC
simulation procedures. It also provides the porous properties of activated carbon obtained from the Ny

adsorption isotherm and the effects of TEA loading on the adsorption of COy in a fixed-bed adsorber. The
effects of NH4OH on the adsorption behavior of CO5 obtained from the experiment and simulation are

also discussed. A comparison of experimental data and simulation results is provided. Finally, the
conclusion is summarized. The outcome of this study provides an alternative method for improving CO;

capture efficiency in activated carbon and understanding the adsorption behavior in porous materials.

Materials And Methods

Materials
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The activated carbon used in this study is a commercial activated carbon produced from coconut-shell by
steam activation. It was supplied by Right Reactivation Public Company Limited in Rayong, Thailand, and
an average particle size was reported as 1.29 mm (14 x 16 mesh screen size). COy and Ny gases, with a
purity of 99.9%, were purchased from Linde (Thailand). The TEA solution (99.9%) and ammonium
hydroxide (35%) was obtained from Chemipan Corporation Co., Ltd., Thailand.

Physical and chemical treatment processes

For physical treatment, activated carbon was treated with N gas at room temperature and then heated to
850°C. Followed by a switch to COy and held at 850°C for 2 hours. This sample was called AC-P. For
chemical treatment, an impregnation process with a TEA solution was used. TEA-impregnated activated
carbon was prepared by mixing 50 g of activated carbon in 180 cm?® of TEA solution of the desired
concentration (1-5 wt% TEA). The mixture was then shaken in a water bath at room temperature using a
shaking speed of 180 rpm for 90 minutes to reach equilibrium. Next, the sample was dried in an oven at
110°C for 48 hours. Each impregnated carbon was given a sample name that consisted of the activated
carbon (AC), followed by the name of the impregnating substance (TEA), and the weight percentage of the
TEA solution used for the impregnation.

The chemical treatment for NH4OH impregnated activated carbon was prepared by soaking 50 g of the

activated carbon in 400 cm3 of NH4OH solution of the desired concentration (in weight% NH4OH) for 8
hours at 70°C and dried in an electric oven at 105°C for 12 hours. And then all samples were placed in the
Desiccator, until they were cooled at room temperature. The concentration of NH4OH solution varied in
the range from 0 to 0.5% by weight, corresponding to the NH4OH loading of 0-398 mg NH,4OH/g carbon.
The concentration of NH4OH solutions of 0.05, 0.25 and 0.5% was related to the amount of impregnated
NH4OH of 39, 199, and 398 mg NH 4OH/g carbon, respectively.

With the impregnation method, most of amine or alkaline will diffuse into the inner pores of activated
carbon at low concentration. When the concentration of solutions increases, the molecules of either TEA
or NH4OH will distribute not only inside the pores but also at the external surfaces of carbon as shown in

the literature [23].

Experimental adsorption isotherm and pore characterization

The porous properties of the original, physically treated, and TEA-impregnated activated carbon were
determined from the nitrogen adsorption isotherms measured at -196°C (77K) using the surface area
analyzer (ASAP2020, Micromeritics, USA). The resulting Ny isotherms were used to compute the total
surface area of each carbon sample using the Brunauer-Emmett-Teller (BET) equation [24]. The t-plot
approach was used to calculate the micropore volume [25]. The total pore volume was calculated using the
quantity of gas adsorbed at the relative gas pressure (P/PY) of 0.98, which was then translated to the
volume of Ny in the liquid form. The average pore diameter was determined using the equation 4V/A,
where V and A stand for the total pore volume and BET surface area, respectively, based on the assumption
that the pores were cylindrical in shape. The porous carbon model can be assumed to consist of pores of
different widths that can be either infinite slit pores or infinite cylindrical pores. It was reported in the
literature [26], that if the mesopore structure consists of a set of open-ended, non-intersecting cylinders,
the mean pore radius, r, is given by,

r=2V/A

based on the assumption that the specific surface area is confined to the cylindrical pore walls, in which,

2r =D = 4V/ ‘A . Therefore, in the evaluation of average pore size of activated carbon, the
cylindrical pore model is used, but in simulation study, activated carbon model is assumed to be slit pore
model.

Fourier Transform Infrared Spectroscopy (FTIR, Tensor 27) was used to characterize functional groups on
the surface of activated carbon. Scanning Electron Microscopy (SEM, JSM-6010LV) was used to
characterize surface morphology of samples.

The adsorption isotherm for COy in activated carbon in the presence and absence of NH 4OH at 25°C

(298K) was measured by the surface area analyzer (ASAP2020, Micromeritics, USA). The obtained isotherm
was used to determine the total pore volume and average pore size, and the surface morphology of carbon
samples was determined by SEM. The measured isotherm was optimized with the nonlocal density
functional theory isotherms of CO; at sub-atmospheric pressures, and t-plot method was used to

determine the pore volume. The characterization of fine microporosity of activated carbon, where CO,

was used as a probing molecule for the narrowest micropores at experimentally measurable pressures, and
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Conditions
TEA solution (wt%)

%CO3 in the feed gas (vol%)
Gas superficial velocity (cm/s)

Temperature (°C)
Amount of carbon (g)

Bed height (cm)

good agreement with adsorption capacity can be observed as described in the literature [27].

Nitrogen at 77K and pressures up to 1 atm were used to characterize the porous properties of both TEA
and NH4OH activated carbon series. In the case of TEA carbon series, we would like to study the kinetics

adsorption of COy using packed bed column, then the porous properties obtained by CO  adsorption
isotherms were not determined. But in the case of NH4OH carbon series, we intended to study the
equilibrium adsorption of CO; inside the pores, and some porous properties were determined, because the
CO, isotherms measured up to 1 atm were not sensitive to pores wider than 1 nm [27]. We also would like
to use simulation study to explain the adsorption behavior of COy in activated carbon in the presence and
absence of NH4OH.

Fixed-bed adsorption

The research involved conducting COy adsorption in original, physically treated, and TEA-impregnated (as

a chemical treatment) activated carbons in the fixed-bed adsorber. The column used in this study was a
transparent acrylic column with a 1 cm diameter and 60 cm height. The adsorption temperature was
maintained at 35°C (308K) by circulating water from a temperature-controlled water bath through the
column jacket. The experimental procedure involved purging the column with nitrogen gas for 15 minutes

at a flow rate of 100 cm3/min, followed by filling the column with activated carbon to the desired height.
Then, a gas mixture of nitrogen and CO, was allowed to flow through the column, and the CO

concentration was adjusted to 13 vol% (the average CO; concentration in flue gas from solid fuel

combustion) using a portable gas analyzer (BIOGAS 5000, Geotech, UK). The gas flow rates were adjusted
to achieve this concentration level. The timing process started once the feed gas mixture was added to the
adsorption column. The exit concentration of COy was measured as a function of time until the

concentration began to approach the input concentration. The gas flow rates and the feed gas composition
were kept constant throughout the experiment. The experimental conditions for the adsorption
investigation were summarized in Table 1.

Values
0-5

13
3.03

35

28.2

TABLE 1: Experimental conditions for CO2 adsorption in the fixed-bed column

TEA, triethanolamine

The Monte Carlo simulation

In this investigation, the adsorption isotherms of CO in finite-length slit pore model at 273 and 298K

were obtained by using the GCMC simulation. The Metropolis algorithm in the Monte Carlo (MC)
simulation was applied to evaluate the adsorption equilibrium by specifying the pore volume (V), the
system's temperature (T), and the chemical potential () [28]. The activated carbon was modeled as slit
pore with two parallel walls, each wall consisted of three graphene layers and finite in length having a
linear dimension of 6 nm in X (Lx) and Y (Ly) axes [29,30]. The distance between these two walls in Z axis
was defined as pore width (H) and was specified in the range of 0.65 to 5.0 nm to form the kernel of
adsorption isotherms. Each graphene layer of the pore wall had an interlayer spacing (A) of 0.335 nm and
was composed of carbon atoms in a hexagonal arrangement with the bond length between carbon atoms
of 0.142 nm. The collision diameter of carbon atom (ogg) was 0.34 nm and the energy well depth (g 45/k)

was 28K.

The absence and presence of NH4OH molecules on the carbon slit pore model were shown in Figure I.In
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this investigation, NH4OH molecules were placed on the surface of slit pore near the pore mouth with
0.5% loading, for which the number of NH4OH molecules on two carbon surfaces determined by GCMC
simulation was 36. The molecular parameters for NH4OH were based on the similar behavior of NaOH as
follows: 0g-g = 0.3804 nm, £0-g/ B = 1962K, qo = - 1.056e, g = 0.298e, and then qny4 = 0.758e. The bond
length between the hydrogen and oxygen atoms was 0.097 nm, and that between NH4 and oxygen atoms

was 0.2335 nm. The bond angle of N-H-O was about 153.6° and the bond angle of H-N-H was about
107.29°. The center of the oxygen of the NH4OH group was far from the pore wall, about 0.37 nm and

perpendicular to the wall [31,32].

(a) (b)

FIGURE 1: Activated carbon models (a) without NH4OH and (b) with
NH40OH, where black sphere symbols are carbon atoms, purple sphere
symbols are NH4 molecules, red sphere symbols are oxygen atoms, and
blue sphere symbols are hydrogen atoms

One GCMC cycle consisted of one thousand moves with equal probability of displacement moves,
insertion of the new particle and attempt to delete the old particle. COy was modeled as three centers

Lennard Jones (L]) model and had molecular parameters as shown in Table 2 [33]. In each move, CO 5 was

also randomly rotated around the x, y, or z axes with equal probability. In each specified pressure, 40,000
GCMC cycles were required for the system to attain adsorption equilibrium and additional 40,000 GCMC
cycles were needed to establish ensemble averages. The equation of state proposed by Johnson et al. [34]
was used to predict the bulk pressure associated with a given chemical potential. The adsorbed amount at
each point in the simulation result was estimated as pore density (p) from equation (1).

_ N; inside

1)
‘/pore

where Njpsige was number of particles inside the pore, and the pore volume (V re) was defined as Lx x Ly
xH
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Parameter Value Parameter Value
e 0.2757 nm 0k 28.129K
° 0.3033 nm 070k 80.507K
o 0.6512e ¢ -0.3256¢
£o© 0.1149 nm

TABLE 2: Molecular parameters for carbon dioxide

where o is the collision diameter, € is the energy well depth, q is the electrostatic charge, and A is the separation distance between carbon atom and oxygen
atom of CO2 in the simulation model which is the bond length.

Results
Effects of triethylamine (TEA) on adsorption isotherm

Adsorption of Ny in Original and Modified Surface of Activated Carbons and Porous Properties

The typical nitrogen adsorption-desorption isotherms of the studied activated carbons are depicted in
Figure 2. The isotherms exhibit a Type I isotherm according to IUPAC classification, indicating a sharp rise
in adsorption at low pressures followed by a plateau at high pressures [35]. This suggests a predominantly
microporous structure, which is further confirmed by Table 3. The micropore area of all samples ranges
from approximately 70% to 88%. TEA-impregnated activated carbon shows lower Ny adsorption than AC-P
and AC. This is likely due to the TEA coating on the activated carbon surface, which may interfere with
nitrogen molecule adsorption onto the graphene layer. Similar behavior of nitrogen adsorption can be
observed in the case of AC-TEA1 and AC-TEA3 as shown in the insertion of Figure 7 and the adsorption
decreased with an increase of TEA to 5% (AC-TEAS). This may be due to the pore blocking effect of TEA
loading, hindering N diffusion to the inner adsorption sites. Increasing TEA loading leads to a decrease in
both surface area and pore volume. The surface area of TEA-impregnated activated carbon is reduced by
approximately 43.5% with increasing TEA loading.
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FIGURE 2: N2 adsorption and desorption isotherm of original activated
carbon (AC), physical treatment activated carbon (AC-P), and TEA-
impregnated activated carbons (AC-TEA)

Samples  BET surface area (m?/g)
AC 1,081
AC-P 1,118

AC-TEA1 756

AC-TEA3 749

AC-TEA5 649

1Micropore area (m?2/g)
960
986
502
504

416

1Micropore volume (cm3/g)
0.3765
0.3888
0.2482
0.2497

0.2053

2Total pore volume (cm?/g)
0.4117
0.4275
0.3238
0.3402

0.2946

TABLE 3: Porous properties of original, physically treated, and TEA-impregnated activated

carbons

1 t-plot
2DFT

TEA, triethanolamine

Functional Groups and Surface Morphology Determination for TEA-Impregnated Activated Carbons

FTIR spectra of AC, AC-P, and AC-TEA1 were collected to characterize their surface functional groups as
shown in Figure 3. These samples were compared to the original activated carbon, both physically and

chemically treated. AC exhibits a peak at 3700-3584 cm™L, attributed to O-H stretching, indicating the
presence of alcohol groups. Additionally, peaks at 1440-1395 cm™! and 1390-1310 cm™! suggest the
presence of carboxylic acid and phenol groups, respectively. C=C bending is observed at 995-665 cm™1. AC-

P shows COy groups at 2349 cm™!, likely due to the CO gasification treatment, and a strong peak at 1550-

1500 cm! indicative of nitro compounds. AC-TEA1 exhibits a C-N peak at 1250-1020 cm "1, suggesting the
presence of amine groups introduced by the TEA solution impregnation [35]. These findings confirm that
both physical and chemical treatments can increase active sites as functional groups on carbon surface
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which may enhance the adsorption capacity and selectivity for CO adsorption. Further investigation of

CO4 capture will be discussed in the next section.

8

8 J C-N

& N-O
- 0=C=0 c=¢
L
E AC-TEA1
e

| AC-P

P
" ™ " o~
A VW
PR [ O G G o N

T
4000 3800 3500 3400 3200 3000 2800 2500 2400 2200 2000 1800 1800 1400 1200 1000 800 60
W awenumber om-1

FIGURE 3: FTIR spectrum of original activated carbon, physical
treatment activated carbon, and TEA-impregnated activated carbon

TEA, triethanolamine; FTIR, Fourier Transform Infrared

Surface morphology studies of original (AC), physical treatment (AC-P), 1% TEA solution impregnated
(AC-TEA1), 3% TEA solution impregnated (AC-TEA3), and 5% solution impregnated (AC-TEA5) activated
carbons are illustrated in Figure 4 (a), (b), (c), (d) and (e), respectively. AC shows a porous structure, while
AC-P exhibits a higher number of pores within its structure. The amount of micropores in the AC-P is
greater than that observed in the original carbon (AC) because the pore collapse of mesopores occurs at
high temperature. While the TEA-impregnated activated carbon appears to have a glaze-like coating on
its surface, which may close the pore mouth at higher TEA concentrations (5%). As one can see, the pore
size of activated carbons treated with TEA becomes larger than the original and physical treatment
carbons. The growth of mesopores is developed because of the micropores widening during the chemical
treatment and the pore size becomes larger as an increase of TEA concentration. This leads to the lower
BET surface area, micropore area, micropore volume, and total pore volume as shown in Table 3.
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FIGURE 4: Scanning Electrons Microscope of original activated carbon,
physical treatment activated carbon, and TEA-impregnated activated
carbon. (a) AC, (b) AC-P, (c) AC-TEA1, (d) AC-TEA3, and (e) AC-TEA5

TEA, triethanolamine

COy Adsorption in ACs Using Fixed-Bed Adsorption

Adsorption behavior of CO; in the fixed-bed adsorber for the original AC, AC-P, and activated carbons

impregnated with 1-5% TEA loadings (AC-TEA) were carefully investigated, and the typical S-shaped
breakthrough curves were observed as shown in Figure 5. The breakthrough curve showed the correlation
between adsorption time in the X-axis and the value of outlet and inlet concentration ratio (C/Cp) in the

Y-axis. The "breakthrough time (tg)" itself refers to the point at which the downstream CO ; concentration
reaches 5% of its initial value (C/Cg = 0.05), which is a crucial threshold for industrial applications. At

breakthrough time, the operation of the adsorber column will be stopped and it needed to regenerate the
adsorbent. One of the main conclusions was that the observed breakthrough times and the TEA content
were directly correlated. The breakthrough curve analysis reveals that the AC-TEA1 had the maximum
breakthrough time, and it decreased with an increase of TEA (AC-TEA3 > AC-TEAS time). The
breakthrough time obtained for original activated carbon (AC) showed the lowest time and less than that
for modified activated carbon with physical treatment (AC-P). The breakthrough times for each type of
carbons were presented in Table 5. The mechanism of adsorption in a fixed-bed column was the diffusion
of gas molecules through the column bed and the pores of the activated carbon, and surface functional
groups had a significant influence on the placement of the curve. As one can see in Table 4 that the
adsorption capacity at the breakthrough time of TEA-impregnated activated carbons exhibited the greater
adsorbed amount than the original one (AC). TEA impregnation behaved as functional groups that
enhanced COy adsorption compared to unimpregnated carbons. For fixed-bed columns, the impregnation
with 1% amine solution had relatively constant diffusivity; however, the concentration of TEA loading
increased led to the diffusivity decreasing trend. Similar behavior can also be observed in the literature
[23]. This reduction is commonly attributed to the physical obstruction of pores by the impregnating
agent of TEA.
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FIGURE 5: Breakthrough curve of CO2 adsorption in a fixed-bed column

Breakthrough time (tg, sec) CO, adsorption capacity at tg (mg CO,/g carbon)
70 9.92
80 11.6
209 29.8
180 257
160 229

TABLE 4: CO2 adsorption capacity of all samples in fixed-bed absorber

To quantify the adsorption efficiency, the adsorption capacity at the breakthrough point (qg) was
determined via equation (2), a calculation that integrates the outlet (C) and inlet (Cg) CO concentrations,

the feed gas’s volumetric flow rate (Q), and the mass of the activated carbon (W)

CoQ /tB 1-C
== dt )
4B W/, Co

where C and Cg are the outlet and inlet concentrations of CO 9, respectively, Q is the volume flowrate of

the feed gas, and W is the weight of activated carbon.

Adsorption of CO5 in activated carbons impregnation with NH4OH

Experimental Adsorption Isotherm and Pore Structure

The adsorption of COy at 25°C (298K) for activated carbons with and without NH4OH impregnation is
shown in Figure 6. The adsorbed amount obtained for the 0.05% weight of NH 4OH solution is the

greatest, at 58.8050 cm3/g STP, which is close to that obtained for 0.5% NH 4OH solution, at 58.7648 cm3/g
STP. The original carbon without NH4OH has an adsorption capacity of 54.7059 cm3/g STP, which is the
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lowest adsorbed amount in this study. This may be because the initial adsorption occurred at the alkaline
group, where the interaction between CO, molecule and NH4OH is greater than that between fluid and

solid. When the alkaline concentration increases too much, it may cause a pore-blocking effect and lead to
the lower adsorption of COj. This is due to the difficulty of CO 3 molecules diffusing through the pore

mouth. Therefore, NH4OH can enhance the adsorption of CO; at low pressures, and this will be further

investigated in the molecular simulation section.

CO, ADSORPTION ISOTHERMS AT 298K

70

ADSORBED AMOUNT (CM3/G STP)

0 100 200 300 400 500 600 700 800

PRESSURE (MMHG)

—o—OriginalAC —#—0.5% NH4OH —#—0.25% NH40H -—+—0.05% NH40H

FIGURE 6: Experimental isotherms for CO2 adsorption in activated
carbons with various NH4OH concentrations at 298K

The adsorption of COy can be used to study the porous properties of adsorbent, and the porous properties
of carbon in the presence and absence of NH4OH is presented in Table 5. The total pore volume of

activated carbon impregnated with NH4OH is greater than that of the original carbon, about 12%

(increases from 0.0800 to 0.0910 cm3/g). However, the average pore size for carbon with NH 4OH

impregnation is greater than that without chemical treatment, which is similar to that observed in the
case of TEA treatment. The surface morphology of activated carbons revealed a significant change in the
case of NH4OH impregnation, the micropore volume increased due to some mesopores collapsing by

chemical treatment and led to the total pore volume increasing. Figure 6 shows the particles of NH4OH on

the carbon surface allocated at the pore mouths, which may lead to the average pore size becoming
greater. It is noted that the porous properties obtained from CO; adsorption isotherms at 298K are less

than those from Ny adsorption isotherm at 77K, because the adsorption capacity of CO 5 does not reach the
saturated condition as Ny. The saturated pressure of COy at 298K is 64 atm while that of Ny at 77K is 1
atm. In this study, the adsorption in activated carbon for CO; at 298K and that for Ny at 77K were carried

out at 1 atm. Therefore, the condensation inside the pore cannot be observed and it does not reach the
saturated condition in the case of COy at 298K. Thus, all pores are not filled with the condensed phase of

COy. But Ny can condense inside the pore at 77K due to approaching the saturated pressure. The larger
average pore size in the case of carbon with the presence of NH4OH may be due to the widening of

micropores with an increase of alkaline concentration, as observed in Figure 7 (a)-(d) of SEM images.
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CO3 adsorption
Activated carbon

AC original

AC + NH40H 0.05%
AC + NH4O0H 0.25%

AC + NH40H 0.5%

Pore volume (cm?/g) Pore size average (nm)

0.0800 1.00040
0.0910 1.23510
0.0890 1.18400
0.0909 1.20830

TABLE 5: The porous properties of activated carbon obtained from CO2 adsorption isotherm

Figure 7 (a), (b), (c) and (d) present the SEM images of original carbon and carbon with 0.05, 0.25, and 0.5%
of NH4OH solutions impregnation, respectively. It is found that an increase of NH 4OH loading can

increase the pore volume. A glaze-like coating on carbon surfaces was similar to that observed in the case
of TEA series when the NH4OH loading increased. Although the average pore size become larger than that

of the original carbon, the total pore volume is greater than the original carbon volume too. The greater
pore volume can enhance the greater adsorbed amount of COy, and therefore the impregnation of

activated carbon in NH4OH solution can be used to modify the carbon surfaces for CO 5 capture and
storage.

FIGURE 7: Scanning Electron Microscope images of original activated
carbon: (a) original, (b) 0.05% NH4OH, (c) 0.25% NH40OH, and (d) 0.5%
NH40H

Molecular Simulation Results

Figures 8 and 9 illustrate the COy adsorption isotherms versus pressure by using the GCMC simulation

method at 273 and 298K, respectively. Each figure showed the set of isotherms obtained for single carbon
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slit pore in the presence of NH4OH for pores having widths of 0.65 to 5.0 nm. The continuous isotherm of
a monolayer was attained for a width of less than 0.8 nm and the maximum capacity can be observed for
pore width of 0.65 nm because CO; can fit tightly inside the pore as a single layer. As pore sizes increased,
the adsorption capacity decreased because of the packing effect which caused the different maximum
densities in each pore width. In the case of pore widths between 0.9 and 1.2 nm, a gradual increase of
adsorption isotherm can be observed; CO, molecules can form a monolayer along each pore wall. For slit
pores larger than 1.2 nm, the slight change of adsorption isotherm can be observed because, after the
formation of monolayer, the additional layers adjacent to the monolayer can be formed until it reaches
saturation. For the larger pore widths of 2.0 to 5.0 nm, the layering followed by pore-filling mechanism
was visible. The adsorption isotherms gradually increased because of the layering phenomena, and at high
pressures, the adsorption isotherm showed a small jump due to pore-filling behavior. When the
adsorption of the fluid occurs in the larger mesopores, capillary condensation can be observed.

CO, adsorption at 273K

30

Adsorbed amount (kmol/m?)

0 1000000 2000000 3000000 4000000 5000000 6000000 7000000 8000000
Pressure (Pa)

<©—0.65nm -O0-0.7nm ~A—08nm ~X-09nm -%¥-10mnm -O-12nm —+—15nmm
= 18nm —=—20nm —©0-25nm O-30nm -A-40nm X 50nm

FIGURE 8: Simulation results for CO2 adsorption in activated carbons
with NH40H loading at 273K

2025 Naksusuk et al. Cureus J Eng 2 : es44388-025-06679-y. DOI https://doi.org/10.7759/s44388-025-06679-y 13 0f 18


https://assets.cureusjournals.com/artifacts/upload/figure/file/21474/lightbox_18ee7840481511f09e634dcc30b3e356-Picture1.png

Cureus Journal of Engineering

CO, adsorption at 298K
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FIGURE 9: Simulation results for CO2 adsorption in activated carbons
with NH40H loading at 298K

The CO; adsorption isotherms for each pore width at 273K showed in Figure 8 were compared with those

at 298K presented in Figure 9 to investigate the effect of temperature on adsorption isotherms. Based on
our observation, the adsorption isotherm decreases as the temperature rises, as is the typical behavior in
the case with physical adsorption. The reason for this is that adsorption is an exothermic process,
meaning that the molecules that are adsorbed gain more energy to evaporate. The discussion for the effect
of NH4OH on adsorption isotherm and the comparison between homogeneous and heterogeneous

pores will be discussed in the next section.

Discussion
Effects of NH4OH on adsorption isotherm using the GCMC

The adsorption isotherm of COy in pores having widths of 0.65, 1.0, 1.5 and 2.0 nm were also shown in

Figures 10 (a)-(d), respectively, to study the adsorption behavior of the fluid in different pore widths in the
presence and absence of NH4OH at 273K. Effects of NH4OH on adsorption isotherm for CO; in different

pore widths at 273K can be summarized as follows:

(a) An early onset in adsorption isotherm can be observed in pore with NH 4OH, especially in the case of

pore having widths less than 1.5 nm. This is similar to that observed in the experiment.

(b) The initial adsorption occurred at NH4OH due to the stronger interaction between CO5 and NH40OH,

and it occurred at lower pressures when the pore was smaller.

(c) At high pressures, after pore filling occurred, the adsorption isotherm obtained for CO 5 in

heterogeneous pore became less than that in the homogeneous pore. This may be due to the less
accessible volume than the pore volume specified in the simulation box. Then, the number of CO,

molecules adsorbed in the heterogeneous pore was less than that in the homogeneous pore, while the
specified pore volume was the same. This leads to a lower value of adsorbed amount in the case of
a heterogeneous slit pore at high pressures.

(d) The smaller pore with NH4OH can enhance COy adsorption better than the larger pore not only the
effect of NH4OH but also the effect of confined space.
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FIGURE 10: Simulation results for CO2 adsorption in carbon slit pores
having widths of (a) 0.65, (b) 1.0, (c) 1.5, and (d) 2.0 nm at 273K in the
presence and absence of NH4OH

Comparison between experimental data and combined isotherm
The GCMC simulation results obtained for finite-length carbon slit pore varied from 0.65 to 5.0 nm,
together with the experimental data for CO5 adsorption in activated carbon containing 0.5% NH4OH, were

used to determine the pore size distribution (PSD) by using the optimization solver of the Excel
program. Figure /7 shows a comparison between the combined adsorption isotherm (symbol with line)
and experimental data (symbol) for CO5 adsorption at 298K. The combined isotherm agreed quite well

with the experimental result, with the regression coefficient (R2) greater than 0.95. Figure 12 presents the
pore size distribution obtained for activated carbon with 0.5% NH4OH. The result showed

a bimodal distribution, with most micropores in the range of less than 1.0 nm and the mesopores between
1.5 and 3.0 nm. The total pore volume obtained from the optimization method using the GCMC was
0.0801 cc/g, which was quite close to that obtained from experimental data of 0.0909 cc/g. Therefore, the
simulation results using GCMC can be used to determine the PSD of the absorbent and to describe the
adsorption mechanism of COy into the activated carbon quite well. The micropore of activated carbon

appeared to have a significant effect on CO5 adsorption.

CO2 adsorption isotherm for carbon with NH4OH

—
25 2

15 A

Adsorbed amount (mmol/g)

0 10000 20000 30000 40000 50000 60000 70000 80000 90000 100000

Pressure (Pa)

& experimental data —a— combined isotherm

FIGURE 11: Comparison between experimental data (symbol) and
combined adsorption isotherms (symbol with line) for CO2 adsorption in
activated carbon at 298K
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FIGURE 12: Pore size distribution obtained for activated carbon with
0.5% NH40H using the GCMC simulation

GCMC, Grand Canonical Monte Carlo

Conclusions

This study examined the effects of TEA and NH4OH impregnation in activated carbon on CO3 capture
performance. The findings demonstrate that TEA and NH4OH loading significantly influences the pore
structure and CO; adsorption capacity of the activated carbon. Physical treatment with the CO
gasification process resulted in AC-P, a material with a high surface area but limited COy adsorption

compared to chemically treated carbons in the case of TEA. Chemical treatment with TEA solutions
introduced amine groups onto the activated carbon surface, enhancing the CO adsorption capacity.

However, excessively high TEA loading (above 5%) led to pore blocking, hindering CO; diffusion and
reducing adsorption capacity. The optimal TEA concentration for achieving maximum COy adsorption
capacity was found to be 1 wt%. At this concentration, TEA creates favorable surface chemistry for COy
capture without significantly compromising the pore structure. In the case of NH4OH, the pore volume
increases with an increase of NH4OH loading, and the adsorption of CO; in carbon with NH4OH was
greater than that without NH4OH. These findings suggest that TEA and NH 4OH impregnation can be a
viable strategy for improving the CO5 capture performance of activated carbon. However, careful
optimization of the TEA and NH4OH loading is crucial to balance the creation of favorable adsorption sites
with the maintenance of a well-developed pore structure for efficient CO; diffusion. This work is

particularly valuable for its simple preparation method and low-cost pre-treatment of commercial
activated carbon, making it suitable for industrial applications.
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