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CO:2 desorption performance is critical for adsorbent regeneration and process design in CO2 capture systems. This work compared CO>
desorption behaviours of 13X, 4A, 5A zeolites and CMS-240 under thermal, vacuum and CH4 purging conditions. CMS-240 achieved
excellent regeneration, with CO2 desorption exceeding 90% under all conditions. For zeolites, pore size had a higher influence on
regeneration performance than cation type. During CHa purging, the total purge volume primarily governed the desorption ratio. Among
the tested adsorbents, 13X exhibited the highest CO2 working capacity (3.650 mmol g-%) under thermal regeneration at 200 °C, providing
valuable guidance for adsorbent selection and regeneration optimisation.
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INTRODUCTION

Adsorption technology has been widely applied in gas
separation and purification for over 70 years and is extensively
used in natural gas decarbonisation and flue gas treatment [1,2].
CO; adsorption technology is realised in adsorption towers,
taking advantage of adsorption capacity difference of gas
mixture on adsorbents, CO, as the component easy to be
adsorbed into the porous solid material under high pressure
and low temperature and hard to be adsorbed component such
as CH4 flows out of the tower. Following adsorption, CO; is
desorbed from the adsorbent under reduced pressure and/or
elevated temperature to regenerate the adsorbent. Regenera-
tion can be accomplished using thermal, purge-gas or vacuum
techniques, all of which require external energy. Consequently,
adsorbent regeneration represents one of the major contributors
to the energy demand of adsorption-based gas separation
processes.

Although CO; desorption is theoretically the reverse of
adsorption, the two processes are not fully reversible due to
the heat effects and strong adsorbate—adsorbent interactions,
resulting in incomplete CO. desorption from the adsorbent

[3]. Therefore, regeneration characteristics are a critical indi-
cator of adsorbent performance in solid adsorption processes
[4,5]. A systematic understanding of the CO; desorption step
and regeneration behavior under different operating conditi-
ons is essential for selecting suitable adsorbents and optimi-
sing regeneration strategies for various CO- capture applica-
tions, thereby improving the economic and energy efficiency
of adsorption-based separation processes.

Solid CO; adsorbents in common use includes X-type
zeolite such as JLPM-3, 13X and its modifications, A-type
zeolite such as 5A and 4A and carbon molecular sieves such as
CMS-220, CMS-240 and CMS-260 [6-9]. Kareem et al. [10]
reported that 13X zeolite adsorbed 5.226 mmol g* of CO; at
50 °C. They further concluded that the heat of adsorption refl-
ects the strength of the interaction between CO, molecules
and the adsorbent framework. A lower heat of adsorption
facilitates faster and more energy-efficient adsorbent regene-
ration. Sun et al. [11] reported that JLOX-500 exhibited higher
CO; adsorption capacity and selectivity than 13X, which was
attributed to its lower Si/Al ratio, larger specific surface area
and pore volume and smaller pore size. Mendes et al. [12] and
Hwang et al. [13] investigated the adsorption performance of
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4A and 5A zeolites for CO, and CH, separation from flue gas,
respectively. Both studies demonstrated that these zeolites
exhibit a significantly higher affinity for CO, than CHa, with
adsorption capacity closely related to the adsorbent’s polari-
sation characteristics. Song et al. [14] examined the influence
of pore structure and surface chemistry on the CO_ adsorption
capacity and selectivity of three carbon molecular sieves. The
results indicated that CO, and CH4 adsorption capacities are
primarily governed by the specific surface area and micro-
pore volume. Similarly, Siriwardane et al. [15] reported that
a larger volume of narrow micropores enhances CO; adsor-
ption, with micropores smaller than 0.48 nm playing a domi-
nant role in determining adsorption capacity. Sarker et al. [9]
investigated the equilibrium and kinetic characteristics of
CO; adsorption on 13X, 5A and MSC-3R carbon molecular
sieves. They found that 13X and 5A zeolites possess a stron-
ger affinity for CO than carbon molecular sieves, whereas
carbon molecular sieves exhibit higher CO, mass-transfer
coefficients at low pressures.

In addition to adsorption performance, considerable atten-
tion has also been devoted to adsorbent regeneration using
thermal, vacuum and purge-gas techniques. However, most
studies have focused either on the regeneration time required
to achieve complete desorption or on the regeneration effici-
ency under specific operating conditions. Comprehensive
investigations of the CO; desorption process and the factors
governing regeneration performance under different regene-
ration modes remain limited. Yassin et al. [16] compared the
regeneration performance of 13X zeolite and activated carbon
using microwave heating and conventional thermal regene-
ration with N purging following CO»/N; separation. Micro-
wave heating significantly enhanced the CO, desorption rate
of 13X, while activated carbon exhibited more stable regene-
ration efficiency under microwave irradiation. The regenera-
tion stability of 13X was found to be comparable under both
heating methods. Clausse et al. [17] investigated the combined
effects of regeneration temperature and N purge flow rate
during CO- desorption and reported that the specific energy
consumption initially decreased and subsequently increased
with increasing temperature due to the existence of an optimum
regeneration temperature. Vogtenhuber et al. [18] further
demonstrated that purge-gas velocity had little influence on
the cyclic regeneration performance at a regeneration temp-
erature of 100 °C. Jiang et al. [19] reported that combining
vacuum with thermal regeneration reduced energy consum-
ption compared with thermal regeneration alone. Santos et al.
[20] observed that extending the purge duration improved
product purity, whereas Punpee & Phalakornkule [21] found
that 13X exhibited both higher CO, adsorption capacity and
faster desorption kinetics than 5A under N, purging.

The economic viability of adsorption-based gas separa-
tion processes depends largely on the efficiency of adsorbent
regeneration. However, most of the previous studies have
evaluated the regeneration performance of individual adsor-
bents or compared specific regeneration techniques, while
systematic investigations of the desorption behaviour of
structurally distinct adsorbents under different regeneration
driving forces (heating, purge gas and vacuum) remain scarce.
This know-ledge gap limits the rational selection of adsor-
bents and regeneration strategies. Therefore, this study
establishes a unified framework to systematically investigate
the regeneration behaviour of three representative adsorbent
classes viz. X-type zeolite (13X), A-type zeolites (4A and 5A)
and carbon molecular sieve (CMS-240). The effects of thermal,
purge-gas and vacuum regeneration are evaluated indepen-
dently to investigate the influence of intrinsic adsorbent pro-
perties and external operating parameters on CO; desorption
performance. The findings provide practical guidance for
adsorbent selection and regeneration process design in diverse
CO; capture and decarbonisation applications.

EXPERIMENTAL

Gas cylinders and molecular sieves: Carbon dioxide
(CO2) and methane (CH4) with a purity of 99.999% were
supplied by Qingdao Xinkeyuan Gas Co., Ltd. The gases were
introduced into the experimental system through pressure-
reducing valves. Commercial 13X, 4A and 5A zeolites, along
with carbon molecular sieve (CMS-240), were procured from
Luoyang Jianlong Micro Nano New Materials Co., Ltd. and
Jiangxi Xintao Technology Co., Ltd. The physico-chemical
properties of the adsorbents are summarised in Table-1. The
properties of 13X were experimentally characterised in this
study, whereas those of 4A, 5A and CMS-240 were obtained
from the literature.

Estimation of CO: adsorption and desorption character-
istics
Experiment set-up and operation methods

Experiment system set-up: The experimental setup for
CO, adsorption and desorption on solid adsorbents is shown in
Fig. 1. The system was constructed based on the static volume
adsorption method. CO; desorbed via heating was conducted
by heating the adsorption column with an electrically heated
steel jacket, CO. desorbed via vacuuming was achieved by
connecting a vacuum pump at the column outlet and CO,
desorbed via purging was operated by connecting a gas cylin-
der and a flow meter at the inlet of the adsorption column.
The length of adsorption and reference columns was 200 mm,
the inner diameter was 25 mm. The temperature control device

TABLE-1
CHARACTERISTICS OF ZEOLITE-4A, 5A, 13X AND CMS-240 [22,23]

Adsorbent Framework Cation location Cation type Average pore size (nm)
CMS-240 No crystal structure and cation and the internal pore are connected. None ~0.4
13X Truncated oc_tahedron structure, _ Every unite cell has positons of 16 I, Na* ~21
hexagonal prisms connect each unit. 31, 3211, 3211', 4811, 4811I' ’
4A Truncated octahedron structure, Every unite has positions of 8, 3lI, Na* ~0.42
5A quaternary prisms connect each unit. 12111. Ca?* ~ 0.49
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Fig. 1. Experlmental system (1 14 CO; and CH4 cyllnders 2,15 pressure reducing valve; 3,16 pressure gauges; 4,6,8 needle valve; 5
reference column; 7 adsorption column; 9 vacuum pump; 10 pressure sensor; 11 temperature sensor; 12 data-collection service;
17 gas mass flow controller; 18 back pressure valve; 19 blowoff valve)

includes a thermostatic water bath and an electrically heated
steel jacket. The thermostatic water bath (HH-60 Qingdao
Chuanghesheng Scientific and Educational Instrumentation
Co., Ltd.) controls temperature up to 100 °C. The electrically
heated steel jacket can control temperature up to 500 °C, with
a control accuracy of £ 0.5 °C. Detection system includes a
pressure sensor with 0~6 MPa and accuracy of 0.25% F.S., a
temperature sensor with 0~1100 °C and a mass flow controller
with flow control range of 0~3 MPa. The experimental system
was equipped with a pressure sensor (0-6 MPa, accuracy +
0.25% full scale), a temperature sensor (0-1100 °C) and a mass
flow controller with a flow rate range of 0-3 L mint. The
mass flow controller operated over a differential pressure
range of 0.2-0.8 MPa and a backpressure range of 0-800 psi.

Thermodynamic properties measurement: The CO;
adsorption isotherms were determined using the static volum-
etric method prior to regeneration. The specifications of the
adsorbents used in the experiment are shown in Table-2. Before
the experiment, the adsorbent samples were placed in a vacuum
tube furnace and activated at 380 °C for 2 h to remove mois-
ture and adsorbed impurities; they were then cooled to room
temperature under vacuum. High-purity CO, (99.999%) was
used as the adsorbate and adsorption was carried out at diff-
erent equilibrium pressures. Before adsorption, evacuate the
entire system before back-flushing the column. Wait until the
temperature and pressure have remained constant for at least
30 min before conducting the experiment. For each pressure
point, record the pressure before and after adsorption after
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ensuring that the system pressure has fluctuated by less than
0.1 kPa for at least 10 min. The CO; adsorption capacity and
heat of adsorption were calculated using eqns. 1 and 2, respec-
tively. Once adsorption is complete, close the inlet and outlet
valves of the adsorption column and switch to the specified
regeneration mode.

TABLE-2
SPECIFICATION OF STUDIED
ZEOLITES FOR THIS EXPERIMENT

Molecular sieve Shape Particle size (mm)
13X Spherical 3~5
CMS-240 Striped 1.3
5A Spherical 1.7~25
4A Spherical 1.7~25

CO:2 desorption experiment: During CO, desorption
experiments, solid adsorbents regenerated via heating was
realised by the electrically heated rigid sleeve attached to the
outer wall of the adsorption column. Vacuum method was
operated by a pump connecting to adsorption column. Adsor-
bents regenerated via purging was operated through a purge
gas cylinder connected to the inlet of the adsorption column.
The mass of empty column, the mass of column after loading
molecular sieve and the mass of column after vacuuming
were measured by a high-precision electronic balance before
doing CO; desorption experiment. Then, the column was put
into a thermostatic water bath to keep warm.

In vacuuming experiment, the vacuum pressure of pump
was set and then the saturated molecular sieve was regenera-
ted by vacuum pumping, vacuum pump was turned off when
the set time was reached. For the purge-gas regeneration
experiments, the purge gas flow rate was set at the desired
value and the cylinder pressure was regulated to 0.2 MPa. The
adsorption column was removed after the prescribed purging
time, weighed, and then returned to the system for continued
purging. This procedure was repeated until a total regenera-
tion time of 60 min was reached. For the thermal regeneration
experiments, the adsorption column was placed inside an
electrically heated sleeve and heated to the desired tempera-
ture to facilitate CO, desorption. The adsorption column was
removed and weighed at predetermined time intervals to
monitor the desorption process. The CO, desorption rate and
desorption ratio were calculated using egns. 3 and 4, respect-
ively.

Calculation of indexes

CO2 adsorption amount:

n, =nn_l+l PV, +P Vi Pn[ Vi + Vi ﬂ (@h)

R ZnTr " Z’n—lTn - Z/n Tr Zn Tn

where nn_1 is CO adsorbed amount at n,_y pressurisation (mol);
Tr and T, are temperature of the reference and equilibrium
adsorption columns, respectively (K); V, and V, are the volume
of the reference column and the free volume of the equilibrium
adsorption column after putting in the adsorbent, respectively
(m3); Py and P’y the reference column pressure and system
equilibrium pressure after the n pressurisation (Pa), Z, and
Z'y are the compression factors at the reference column

pressure and at the equilibrium pressure of the system after
the n pressurisation, P'nq and Z'y1 are the compression
factors at the n — 1 system equilibrium pressure and system
equilibrium pressure and R is the universal gas constant.

Heat of adsorption calculation: The heat of CO; adsor-
ption on the solid adsorbents was determined using the Van’t
Hoff equation, which describes the relationship between tem-
perature and the Henry’s law constant (Ku) (eqn. 2). By
transforming the Van’t Hoff equation into its logarithmic form,
the heat of adsorption (AH) was obtained from the linear rela-
tionship between In Ky and the reciprocal of the absolute
temperature (T1).

K, = KHOe(%T) 2

where Ky is Henry’s law constant (mmol g kPa™); Ky is
parameter of the Van’t Hoff equation (mmol gt kPa?); AH
is heat of adsorption (J mol); T is temperature (K). In this
study, the Henry’s constant values for CO, on 13X, 4A, 5A
and CMS-240 are shown in Table-3.

TABLE-3
HENRY’S CONSTANT VALUES FOR CO, ON
13X, 4A, 5A AND CMS-240 MOLECULAR SIEVES

Ku (mmol g kPa™)

Adsorbents

30°C 50°C 70°C

13X 0.2087 0.1225 0.0747
5A 0.3248 0.1928 0.1175
4A 0.2052 0.1067 0.0554
CMS-240 0.0213 0.0140 0.0102

Calculation of CO: desorption volume and desorption
rate: In this study, the gravimetric method was employed to
determine the amount of CO; desorbed from the solid adsor-
bents. The regeneration performance under different operating
conditions was evaluated using the CO; desorption amount and
CO; desorption rate, as defined by egns. 3 and 4, respectively.

(m, —m,)x10°

(m, —m,)x44 @)

Oges =0y —
where (s = CO; desorption from molecular sieves (mmol g™);
0. = saturated adsorption capacity of the molecular sieve at
this pressure (mmol g™); mg = mass of molecular sieves
contained in vacuum (g); m1 = mass of empty column before
adsorption (g); m2 = total mass of the system before adsor-
ption (g); ms = total mass of the system after regeneration (g).

n @) =%2"% 100 @)
a,

where n = CO- desorption rate of the molecular sieve, g2 =
total adsorbed amount after desorption (mmol g2).

RESULTS AND DISCUSSION

Adsorption thermodynamics characteristics: As shown
in Fig. 2, the CO, adsorption isotherms and heat of adsorp-
tion of 13X, 5A, 4A and CMS-240 were determined. Among
the four isotherm models evaluated (Langmuir, Freundlich,
Toth and Sips), the Sips model provided the best fit to the
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Fig. 2. CO2 adsorption isotherms at 13X, 5A, 4A and CMS-240 molecular sieves, respectively

experimental data for all adsorbents (Tables 4 and 5). There-
fore, the parameters obtained from the Sips model were used
to calculate the heat of CO, adsorption.

By combining the adsorption data with the structural
characteristics of the adsorbents (Table-1), it is evident that
the heat of adsorption does not necessarily correlate with the

TABLE-4
ADSORPTION MODEL PARAMETERS OF CO2 ON 13X, 5A AND 4A MOLECULAR SIEVES
Model Temp. gm (mmol g k (kPa™) n R?
oce (°C) 13X 5A 4A | 13X 5A 4A 13X 5A 4A 13X 5A 4A

30 412 352 3.09 | 0.06912 0.12756 0.08345 - - - 0.98721 0.97382 0.98231
Langmuir 50 3.83 319 275 | 0.04059 0.07184 0.05540 - - - 0.99346 0.99015 0.96306
70 3.64 293 252 | 0.02108 0.04321 0.03466 — — — 0.99921 0.99727 0.98568
30 524 452 3.81 | 0.21225 1.17913 0.42425 | 0.49222 0.38986 0.45342 | 0.99987 0.99946 0.99925
Toth 50 468 371 3.61 | 0.07840 0.18848 0.26882 | 0.58075 0.55812 0.43489 | 0.99990 0.99998 0.99997
70 3.77 3.18 3.52 | 0.02243 0.06335 0.13509 | 0.91044 0.73446 0.43384 | 0.99938 0.99990 0.99973
30 486 4.18 3.58 | 0.04295 0.07710 0.05731 | 1.54589 1.87331 1.68328 | 0.99988 0.99987 0.99963
Sips 50 440 356 3.33 | 0.02784 0.05416 0.03204 | 1.37593 1.47086 1.71297 | 0.99988 0.99990 0.99995
70 3.71 312 3.17 | 0.02014 0.03765 0.01749 | 1.04122 1.21805 1.67130 | 0.99931 0.99981 0.99951
Freundlich 30 - - - 1.06368 1.27142 1.00378 | 4.08513 5.49298 5.11184 | 0.97307 0.97458 0.97394
50 - - - 0.75400 0.95499 0.76578 | 3.53120 4.78615 4.61623 | 0.97697 0.96966 0.98208

70

= |0.45205 0.70830  0.55009 | 2.87669 4.18652 3.97622 | 0.97102  0.96460 0.98
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TABLE-5
SIPS ADSORPTION MODEL
PARAMETER OF CO2, ON CMS-240

Temp. Om k

bt ©C)  (mmolgl)  (kPal) R
30 277 0.00770 099776
Sips 50 239 0.00586  0.99817
70 2.82 0.00362  0.99981

CO, adsorption capacity. Instead, it is strongly influenced by
the framework structure and chemical composition of the
adsorbent. Under the experimental conditions (30 °C and 350
kPa), the saturated CO; adsorption capacities followed the
order: 13X (4.089 mmol g1) > 5A (3.596 mmol g1) > 4A
(3.108 mmol g!) > CMS-240 (2.442 mmol g™?). In contrast,
the heats of adsorption were followed the order as: 4A (28.26
kJ mol) > 13X (22.20 kJ mol?) > 5A (21.98 kJ mol?) >
CMS-240 (15.92 kJ mol™).

CMS-240, which lacks a crystalline framework and ex-
changeable cations, exhibited both the lowest CO; adsorption
capacity and the lowest heat of adsorption. In contrast, the
crystalline zeolites (13X, 4A and 5A) demonstrated higher
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adsorption capacities owing to their well-defined pore struc-
tures and cationic adsorption sites (Table-5). Although 13X
exhibited the highest CO, adsorption capacity, its heat of
adsorption was considerably lower than that of 4A. A similar
trend was observed for 5A confirmed that CO, adsorption
capacity and the heat of adsorption are controlled by different
factors. CO; adsorption capacity is mainly influenced by the
pore structure and the availability of adsorption sites, whereas
the heat of adsorption depends largely on the interaction strength
between CO, molecules and the adsorbent framework. These
results are consistent with those reported by Khoramzadeh et
al. [24].

CO:2 desorption performance via heating: In practical
applications, the regeneration temperature is generally limited
to below 300 °C to avoid damage to the pore structure of the
adsorbent. Therefore, regeneration temperatures of 150, 200
and 250 °C were selected to investigate the thermal desorp-
tion performance of CO,.

The CO; desorption profiles of the four adsorbents are
presented in Fig. 3. Effective regeneration was achieved at all
three temperatures (150-250 °C). More than 80% of the
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Fig. 3. Effect of regeneration temperature (150, 200 and 250 °C) on the CO2 desorption behaviour of molecular sieves 13X, 5A, 4A and CMS-240
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adsorbed CO, was desorbed within the first 5-10 min, while
desorption efficiencies exceeding 90% were obtained after 5-
10 min of heating at 200 and 250 °C. The results also revealed
a close relationship between the heat of adsorption and regen-
eration performance. CMS-240 exhibited the lowest heat of
adsorption (15.92 kJ mol) and consequently the fastest CO,
desorption rate and the highest desorption efficiency, with the
desorption ratio exceeding 90% under all heating conditions.
In contrast, 13X and 5A showed similar heats of adsorption
(22.20 and 21.98 kJ mol, respectively) and correspondingly
lower desorption rates than CMS-240. Among the 4 adsorbents,
4A possessed the highest heat of adsorption and exhibited the
slowest CO; desorption, with a maximum desorption ratio of
only approximately 90%.

CO2 desorption performance via vacuuming: CO;
desorption under vacuum was investigated at absolute press-
ures of 100, 80 and 60 kPa for 10 min at 30 °C. As shown in
Fig. 4, vacuum pressure had a pronounced influence on the
regeneration performance of the adsorbents. A pressure of 60
kPa produced the highest desorption efficiency, followed by
80 kPa and 100 kPa, reflecting the stronger driving force for
desorption at lower pressures. Under vacuum regeneration,
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the maximum CO; desorption ratios of CMS-240, 13X, 4A,
and 5A were approximately 90%, 80%, 50% and 45%, resp-
ectively, all of which were lower than those achieved by
thermal regeneration.

CMS-240 reached a CO; desorption ratio of approxi-
mately 90% within the first 5 min, after which the desorption
profile approached a plateau with little further change. For
13X, the desorption ratio increased from approximately 70%
at 5 min to 80% after 10 min. In contrast, the desorption ratios
of 4A and 5A remained below 50% throughout the regenera-
tion period, with 4A consistently exhibiting values approxi-
mately 5% higher than those of 5A.

The superior vacuum regeneration performance of CMS-
240 can be attributed to both its pore structure and surface
chemistry. Unlike zeolites, CMS-240 does not possess a
crystalline aluminosilicate framework with well-defined pore
windows. Its interconnected pore network provides relatively
low diffusion resistance, allowing CO, molecules to diffuse
rapidly from the adsorbent during the initial stage of desor-
ption [25]. Nevertheless, the bottle-neck pore structure within
its narrow micropores can hinder the release of a small
fraction of strongly confined CO, molecules, resulting in a
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Fig. 4. Time-dependent CO2 adsorption profiles of molecular sieves 13X, 5A, 4A and CMS-240 at adsorption pressures of 60 80 and 100 kPa
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slower final stage of desorption. From a chemical perspective,
carbon molecular sieves lack the exchangeable cations present
in zeolites, thereby eliminating the strong electrostatic inter-
actions between CO, molecules and cationic adsorption sites
that hinder desorption. This interpretation agrees with previous
study [25]. In addition, a high concentration of oxygen-
containing surface functional groups may strengthen the inter-
action with CO,, thereby prolonging the desorption process.
Among the zeolites, 13X exhibited substantially better
regeneration performance than 4A and 5A. Its larger average
pore diameter (approximately 2.1 nm) facilitates the diffu-
sion of CO; from both the adsorption sites and the pore net-
work, leading to a higher desorption ratio. This observation is
consistent with the results reported by Montanari & Busca [26].
Combining the regeneration results with the structural
characteristics of the adsorbents demonstrates that the crystal
structure strongly influences CO; desorption under vacuum
conditions. Adsorbents with open pore networks and lower
diffusion resistance exhibit faster and more efficient desorp-
tion. For adsorbents with similar framework structures, the

80

70

60 [

50

40

30

2

CO, desorption proportion (%)

10F 1

—@— CH,-200 mL min~
—&— CH,-100 mL min~
—&— CH,-50 mL min”'

1

0—

_1 O 1 1 1 1 1 1 1
0 10 20 30 40 50 60

Time (min)

70

60

50

40

30

20

CO, desorption proportion (%)

10 =
—— CH,-200 mL min

—8— CH,-100 mL min”'
—&— CH,-50 mL min™’

10 ] ! ! ] ] 1 ]
0 10 20 30 40 50 60

Time (min)

type and concentration of exchangeable cations further affect
regeneration performance. Lower cation density and lower
cation charge reduce the electrostatic attraction between CO-
molecules and the adsorption sites, thereby promoting CO;
desorption.

CO: desorption performance via CHs purging: In
industrial pressure swing adsorption (PSA) processes, the
purge-to-feed ratio (P/F) typically ranges from 0.08 to 0.16,
with feed gas flow rates of 1000-1500 mL min~! under elev-
ated operating pressures [27]. Purge gas flow rates of 50, 100,
and 200 mL min~! were selected to investigate their effect on
CO desorption.

Fig. 5 presents the CO, desorption behaviour of the four
adsorbents during purge-gas regeneration. CMS-240, which
lacks a crystalline framework, exhibited the highest regenera-
tion efficiency. At purge flow rates of 100 and 200 mL min™,
the CO-, desorption ratio exceeded 90%. The maximum desor-
ption ratios of 13X, 4A and 5A remained below approxi-
mately 70%, 60% and 60%, respectively. The same behaviour
was observed during vacuum regeneration.
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Fig. 5. Variation of CO2 adsorption capacity with adsorption time for molecular sieves 13X, 5A, 4A and CMS-240 at different gas flow rates

(50, 100 and 200 mL min)
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The purge gas flow rate had little influence on CO; des-
orption during the first 10 min of regeneration. A higher flow
rate accelerated desorption after 10 min. Purge gas lowers the
CO, partial pressure inside the adsorption column, develop-
ing the driving force required for CO, desorption. The contin-
uous gas flow removes desorbed CO; from the adsorbent sur-
face and reduces mass-transfer resistance [21]. At the begin-
ning of regeneration, CO, molecules weakly adsorbed on the
surface or located in large and mesopores desorb readily. As
regeneration continues, the remaining CO; is retained within
narrow micropores or at cationic adsorption sites, where stro-
nger interactions require a larger driving force for desorption.
Higher purge gas flow rates are therefore more effective
during the middle and final stages of regeneration.

The final regeneration efficiency depended primarily on
the total volume of purge gas rather than the purge flow rate
or regeneration time considered independently. The CO;
desorption ratio of 13X after 30 min at 100 mL min~ was
nearly identical to that obtained after 60 min at 50 mL min.
Tlili et al. [28] reached the same conclusion, reporting that
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the regeneration degree of solid adsorbents is governed
mainly by the total purge gas volume.

Fig. 6 compares the regeneration performance of the four
adsorbents under thermal, vacuum and purge-gas regeneration.
CMS-240 achieved CO, desorption ratios exceeding 90%
under all three regeneration methods. Thermal regeneration
provided the highest desorption efficiency for the crystalline
zeolites. For 13X, the desorption ratios obtained by thermal
and vacuum regeneration differed by less than 5%. For 4A
and 5A, thermal regeneration achieved desorption ratios app-
roaching 95%, whereas vacuum and purge-gas regeneration
remained below 60%.

The desorption curves of 4A and 5A obtained by vacuum
and purge-gas regeneration intersected at approximately 20
min. Vacuum regeneration yielded a higher desorption rate
during the initial stage due to the larger pressure gradient.
Purge-gas regeneration became more effective after approxi-
mately 20 min. This crossover was not observed for 13X. The
difference is closely related to the pore structure of the zeo-
lites. The pore openings of 4A and 5A (~ 0.5 nm) are much
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Fig. 6. Comparison of regeneration characteristics of adsorbent under different regeneration methods
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smaller than those of 13X (~ 2.1 nm). During the initial stage,
the strong pressure gradient generated by vacuum removes
CO rapidly from readily accessible adsorption sites. As desor-
ption progresses, the remaining CO2 becomes confined within
narrow micropores and interacts strongly with exchangeable
cations. The continuous sweeping action of the purge gas
supplies additional mass-transfer driving force, facilitating
the removal of the residual CO,, in agreement with the
observations reported by Jiang et al. [29].

Thermal regeneration achieved high CO, desorption
efficiencies for all four adsorbents. Vacuum and purge-gas
regeneration were less effective for the crystalline A-type and
X-type zeolites. The regeneration behaviour of these zeolites
was influenced more strongly by pore size than by differences
in cation type or cation density under the conditions investi-
gated.

Effect of regeneration mode on CO: desorption chara-
cteristics: CO. desorption efficiency alone is insufficient for
evaluating adsorbent performance. The CO, working capa-
city is equally important since it determines the amount of
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CO», which can be captured and released during each adsor-
ption—desorption cycle. Fig. 7 presents the repeatability errors
together with the maximum adsorption capacities, desorption
capacities and working capacities under the optimum regen-
eration conditions. Under thermal regeneration at 200 °C, the
working capacities followed the order: 13X (3.650 mmol g %) >
5A (3.363 mmol g?) > 4A (2.803 mmol g?) > CMS-240
(2.569 mmol g3). Under vacuum regeneration at 100 kPa, the
working capacities were 13X (3.291 mmol g*) > CMS-240
(2.383 mmol g1) > 5A (1.679 mmol g*) > 4A (1.482 mmol
gh). During CH,4 purge-gas regeneration at 100 mL min?, the
working capacities followed the order: 13X (2.938 mmol g %) >
CMS-240 (2.286 mmol g) > 5A (2.026 mmol g?) > 4A
(1.760 mmol g™2).

CMS-240 exhibited the highest CO, desorption effici-
ency but a lower working capacity as it lacks the abundant
adsorption sites provided by exchangeable cations in zeolites.
The 13X framework contains numerous cationic adsorption
sites (161, 321", 3211, 3211, 48111 and 48111’ per unit cell), which
strengthen the electrostatic interaction with the highly polar
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CO, molecules and result in a much higher adsorption
capacity. The stronger adsorption interactions increase the
energy required for desorption, creating a trade-off between
adsorption capacity and regeneration efficiency. Practical
process design should balance these two factors according to
the requirements of the target CO; capture application inclu-
ding feed gas composition, regeneration energy demand and
product purity. CMS-240 is well suited to applications where
regeneration energy is the primary consideration or where
CO partial pressures are low, such as direct air capture. The
higher working capacity of 13X makes it more attractive for
treating gas streams with relatively high CO. concentrations.
The larger average pore diameter of 13X (2.1 nm), compared
with those of 4A and 5A (0.42-0.49 nm), also contributes to its
superior regeneration performance among the zeolite adsorbents.

Conclusion

This study systematically investigated the CO, desorp-
tion behaviour of 13X, 4A, 5A and CMS-240 under thermal,
vacuum and CH. purge-gas regeneration. CMS-240 achieved
CO; desorption ratios above 90% under all regeneration
conditions, whereas 4A exhibited the lowest regeneration
efficiency due to its high heat of adsorption (28.26 kJ mol).
Among the zeolites, pore size exerted a greater influence on
regeneration performance than cation type. During CH, purge-
gas regeneration, the final CO. desorption ratio depended
primarily on the total purge-gas volume rather than the purge
flow rate or regeneration time. Under thermal regeneration at
200 °C, 13X exhibited the highest working capacity (3.650
mmol g %), followed by 5A (3.363 mmol g*), 4A (2.803 mmol
gt and CMS-240 (2.569 mmol g?). Thermal regeneration
was the most effective regeneration method for all adsorbents.
The high CO, working capacity and favorable regeneration
performance of 13X make it a suitable adsorbent for indus-
trial CO; capture and separation.
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